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Preface

There has been a revolution in our understanding of
infections and the infective process as well as in our
ability to detect, identify, characterize, and understand
commensal and pathogenic bacteria. Molecular methods
for diagnosis and to identify and type microorgamsms
are becoming increasingly established in routine diag-
nostic laboratories, and in particular in specialist micro-
biology laboratories. The capability to detect and iden-
tify new pathogens is also becoming increasingly
enabled. These new understandings are reflected in this
10th edition. As well as the opportunity and need to
update the last edition, a complete revision was under-
taken of the structure of the bacteriology volume.

The first key change was our decision to propose that
the key immunology chapters, which have traditionally
appeared in the volume on bacterial infections, should
form the basis of a comprehensive volume on immu-
nology. The second key change was to move from the
separation of systematic bacteriology and bacterial infec-
tions into two separate volumes (118 chapters in total in
the 9th edition). This approach had led to a degree of
duplication and was not conducive to 'joined up' reading
or integrated cohesive presentation and exposition. The
approach adopted for the 10th edition is to have six
major parts divided as general basic characteristics of

bacteria (six chapters), general ecosystems such as soil,
air, food (six chapters), general epidemiology (six chap-
ters), organ and system infections such as bacterial infec-
tions of the respiratory tract (nine chapters), laboratory

aspects (four chapters), and the organisms and their
biology (fifty chapters). The only exception to this
formula was for gastrointestinal infections. For some
diseases, in particular those confined to the gastro-

intestinal tract, the coverage was restricted to the
specific organism chapters to avoid redundancy.

The style and content are intended to make this
volume of interest and value to students, research
workers, and teachers of microbiology. As editors we
hope that the excitement and wonder of bacteria is
apparent to the reader. If it is, then it will match our
wonder at the expertise and knowledge of the chapter
authors and our excitement as editors in being involved
in production of the bacteriology volume.

Peter Borriello
Patrick R. Murray

Guido Funke
London, Bethesda, and Ravensburg

May 2005





Abbreviations

Ab/tIRP antibody coupled to horseradish peroxidase AUIC area under the curve inhibitory concentration
ABC ATP-binding cassette AV arteno-venous
AC adenylate cyclase

ACA acrodermatitis chronica atrophicans BA bacillary angiomatosis
ACE accessory cholera enterotoxin BAp bacillary angiomatosis peliosis
AcEs N-2-acetamido-2-amino-ethanesulfonic acid BB mid-borderline (leprosy)
ACMSF Advisory Committee on the Microbiological BC blood culture

Safety of Food BCDMH bromo_chloro_dimethyldantoin
ACP acyl carrier protein BCESM B. cepacia epidemic strain marker
ACT adenylate cyclase toxin BCG bacille Calmette-Gu6rin
ADH arginine dihydrolase BCp bromocresol_purple agar lactose
ADP adenosine diphosphate BCYE buffered charcoal yeast extract
AE attaching and effacing (lesions) bDNA branched DNA
AFB acid-fast bacilli BE bile_esculin
AFLP amplified fragment length polymorphism BFP biological false-positives; or bundle-forming pilus
AGE agarose gel electrophoresis BI?AI B. fragilis pathogenicity island
AGG agglutinogen BFT B. fragilis toxin
AHL acylhomoserine lactone BG Bordet_Gengou
AIDS acquired immune deficiency syndrome BGs buffered glycerol saline
AIP autoinducing peptides BHI brain_heart infusion
ALA 8-aminolevulinic acid BHIA brain_heart infusion agar
ALAT alanine aminotransferase BI biological indicators; or bacterial index
ALP alkaline phosphatase BIG botulism immune globulin

AMP adenosine monophosphate BLIS bacteriocinlike inhibitory substances
ANCA antineutrophil cytoplasmic antibodies BLNAR B-lactamase-negative, ampicillin resistant
APC amino acid-polyamine choline; or antigen- BLp bacterial lipoprotein

presenting cell BOD biochemical oxygen demand
APD average pore diameter bp base pairs

AP-PCR arbitrary primer PCR BpF Brazilian purpuric fever
APR acute-phase response BpL p-propiolactone

APS adenyl sulfate BPSU British paediatric Surveillance Unit
ARD antimicrobial removal device BR-PCR broad-range polymerase chain reaction
ARDRA amplified 165 ribosomal DNA restriction BrkA Bordetella resistance to killing protein A

analysis BsA bovine serum albumin
ASAT aspartate aminotransferase BSAC British Society for Antimicrobial Chemotherapy
ASHP accelerated and stabilized hydrogen peroxide BSC biological safety cabinets
ASP amnesic shellfish poisoning BSE bovine spongiform encephalopathy
AT adenine-thymine BSI bloodstream infections
ATF ambient temperature fimbriae BSL biosafety level
ATP adenosine 5i triphosphate BT borderline tuberculoid (leprosy)
ATP/GTP adenosine 5/-triphosphate/guanosine S-BU 5-bromouracil

5'-triphosphate Bv bacterial vaginosis
ATR anthrax toxin receptor

ATS American Thoracic Society cAA cold agglutinin antibodies



xx Abbreviat ions

CABG coronary artery bypass graft CRA chlorine-releasing agent

CAMHB- cation-adiusted Mueller-Hinton broth with 2-5 CRBSI catheter-related bloodstream infection

LHB percent lysed horse blood cRF coagulase-reacting factor

CAMP Christie-Atkins-Munch-Petersen (test) CRMOX Congo red magnesium oxalate

cAMP cyclic adenosine 5'-monophosphate CRP C-reactive protein; or cAMP receptor protein

CAP catabolite gene activator protein CRS congenital rubella syndrome

CAPD continuous ambulatory peritoneal dialysis CS coli surface

CAR Cobas Amplicor, Roche CSF competence and sporulation factor

CAT chloramphenicol acetyl transferase CSP competence stimulating peptide

CbpA choline binding protein A CSS chlorhexidine silver sulfadiaztne

ccc covalently closed circular CT cholera antitoxin; or cholera toxin; or computed

CCDC consultant for communicable disease control tomography

CCP critical control point CTA cystine trypticase agar

CcpA catabolite control protein CTBA cystine-tellurite blood agar

ccu color-changing units CVA cefoperazone-vancomycin-amphotericin

CDAD Clostridium difficile-associated disease CVC centtal venous catheters

CDC Centers for Disease Control and Preventton

CDP cytidine S'-diphosphate 2D two-dimensional

CDR Communicable Disease Report DAEC diffusely adhering Escheric.hia coli

CDSC Communicable Disease Surveillance Center DAF decay-accelerating factor

CEC cation-exchange capacity DAP diaminopimelic acid

CF complement fixation; or cystic fibrosis DAPI 4' ,6'-diamino-2-phenylindole hydrochloride

CFA cellular fatty acids; or colonization factor DBNPA 2,2-dibromo-3-nitropropionamide

antrgen DC dendritic cell

CFT complement-fixation test ddNTP dideoxynucleotide triphosphate

cfu colony-forming units DEAC di-ethyl aluminum chloride

CGD chronic granulomatous disease DEFRA Department of the Environment, Food and

CGI complicated gonococcal infection Rural Affairs (UK)

CGRP calcitonin gene-related peptide DFA direct immunofluorescent antibody

CHEF counter-clamped homogeneous electric-field DFA-TP direct fluorescent antibody test for Treponema

electrophoresis Pallidum

CIE countercurrent immunoelectrophoresis DGI disseminated gonococcal infection

CIN cefsulodin-Irgasan-novobiocin DGIcDAG diglucosyl diacylglycerol

CJD Creutzfeldt-Jakob disease DHFR dihydrofolate reductase

CLO campylobacter-like organism DIC disseminated intravascular coagulation

cma chromosome-mobilizing ability DNA deoxyribonucleic acid

CMBCS continuously monitoring blood culture system DNP 2,4-dinitrophenol

CMC critical micelle concentration DNT dermonecrotic toxin

CMGS cooked meat medium containing glucose and DoH Department of Health (UK)

starch DOTS diseases other than syphilis; or directly observed

CMI cell mediated immunity therapy, short-cause

CMR chloroform-methanol residue DPA dipicolinic acid

CMRNG chromosomally-mediated resistant DPG diphosphatidylglycerol

Neisseria gonorrhoeae DR direct repeat

CMV cytomegalovirus DRAG dinitrogenase reductase-activating

CNA colistin sulfate and nalidixic acid; or colistin- glycohydrolase

nalidixic acid DRAT dinitrogenase reductase ADP-ribosyltransferase

CNF1 cytotoxic necrotizing factor 1 DS double-stain

CNS central nervous system DSB double-strand breaks

COz carbon dioxide DSO double-strand origin

COL chronic obstructive lung DSP diarrhetic shellfish poison

CoNS coagulase-negative staphylococci DT definitive phage type

COPD chronic obstructive pulmonary disease DTH delayed-type hypersensitivity

CP capsular polysaccharide dUMP deoxyuridine 5'-monophosphatase

CPE cytopathic effect

CPS carbohydrate phosphotransferase system EAE erythema arthriticum epidemicum

CPT cycling probe technology EAF EPEC adherence factor



Abbrevations xxi

EAggEC enteroaggregative Escherichia coli FBP ferripyochelin-binding protein; or ferrous
EAST enteroaggregative heat-stable enterotoxin sulfate-sodium metabisulfite-sodium pyruvate;

EB elementary body; or ethidium bromide or fructose-1,6-biphosphate

EBSS Earle's balanced salt solution FDA Food and Drug Administration (USA)

EC Escherichia coli FHA filamentous hemagglutinin

ECM extracellular matrix FIGE field-inversion gel electrophoresis
ECP extracellular products FISH fluorescent in situ hybridization

ED Entner-Doudoroff FITC fluorescein isothiocyanate

EDTA ethylene diamine tetraacetic acid FMeline immunodeficiency virus

EF edema factor FMN flavin adenine mononucleotide

EF-2 elongation factor2 Fp flavoprotein

EGF epidermal growth factor FRET fluorescence resonance energy transfer
EGIA evoked gamma interferon assays FSA Food Standards Agency (UK)

Elr redox potential FTA fluorescent treponemal antibody
EHEC enterohemorrhagic Escherichia coli FTA-ABS fluorescent treponemal antibody-absorption
EIA enzyme immunoassay FUO fever of unknown origin
EIC extracellular induction components FYSA formalized yolk-sac antigen
EIEC entero-invasive Escherichia coli

ELISA enzymeJinked immunosorbent assay 3GC third generation cephalosporins
EM erythema migrans G+C guanine and cytosine

EMB eosin methylene blue GABA gamma-aminobutyric acid

EMP Embden-Meyerhof-Parnas GAp GTpase-activating proteins

ENL erythema nodosum leprosum GBS group B streptococci; or Guillain-Barr6
ENT ear, nose, and throat syndrome

EntFM enterotoxin FM GCAT glycerophospholipid cholesterol acetyltransferase
EntK enterotoxin K GCFI gonococcal complement fixation test
EntT enterotoxin T GDI guanine nucleotide dissociation inhibitors
EOP efficiency of plating GEF guanine nucleotide exchange factors
EPEC enteropathogenic Escherichia coli GERD gastroesophageal disease; or gastroesophageal

EPP exposure prone procedures reflux disease
EPS exopolysaccharide; or extracellular GFP green fluorescent protein

polysaccharide GI gastrointestinal

ERIC enterobacterial repetitive intergenic consensus GLC gas-liquid chromatography
ERIC-PCR enterobacterial repetitive intergenic consensus GLp glycolipoprotein

polymerase chain reaction typing GM-CSF granulocyte-monocyte colony-stimulating factors
ESAT6 early secretory antigen type 6 GPAC gram-positive anaerobic cocci

ESBL extended spectrum betalactamase GSP general secretory pathway

ESC extracellular sensing components GTp guanosine si-triphosphate
ESM extended-spectrum macrolide GUM genitourinary medicine

Esp enterococcal surface protein GUS glucuronidase

ESR erythrocyte sedimentation rate

ET electrophoretic type; or epidermolytic toxin H2 hydrogen
ETA exfoliatin A HAART highly active antiretroviral therapy
ETB exfoliatin B HAI hospital-acquired infection
ETBF enterotoxigenic B. fragilis Hbl hemolysin BL
ETEC enterotoxigenic Escheichia coli HBsAg hepatitis B surface antigen
ETO ethylene oxide HBV hepatitis B virus
EU European Union HCFC hydrochlorofluorocarbon

EWGLI European Working Group for Legionella HCV hepatitis C virus

Infections HE hektoen enteric; or hematoxylin_eosin

HEPA high efficiency particulate arr
FA fluorescent antibody Hfr high frequency recombination

FAD flavin adenine dinucleotide HFT high-frequency transduction
FAE follicle-associated epithelium HG hybridization group

FAFLP fluorescence-based amplified fragment length HGE human granulocytic ehrlichiosis

polymorphism hGH human growth hormone

FAME fatty acid methyl ester Hib Haemophilus influenTae type b



xxii Abbrevrations

HiPIP high-potential iron protein IJSEM Intemational Journal of Systematic and

HIV-I human immunodeficiency virus-1 Evolutionary Microbiology

HL human lung IL interleukin

HLE heat-labile enterotoxin IL-l interleukin-l

HLR highJevel resistance IL-10 interleukin-1O

HME human monocytic (or monocytotropic) IMP inosine-5'-phosphate

ehrlichiosis IMS immunomagnetic separation

HMP hexose monophosphate pathway iNOS inducible NO synthase

HPA Health Protection Agency (UK) IP intraperitoneally

HPI high-pathogenicity island IPTG isopropyl-p-D-galactopyranoside

HPLC high performance liquid chromatography IR inverted repeat; or intercept ratio

HPV human papilloma vrrus IRMA immunoradiometric assay

HSE heat-stable enterotoxin IS insertion sequence

HSP heat shock protein ISF immunosuppressive fraction

HSPG heparan sulfate proteoglycans ITS internal transcribed spacer

HSSA heat-stable somatic antigens IU international units

HST heat-stable toxin IUDR iodoxyuridine

HT hemorrhagic toxin IUTLD International Union Against Tuberculosis and

HTE hamster trachea epithelial Lung Disease

HTH helix-turn-hehx fV intravenous

HTIG human tetanus immunoglobulin IVDU intravenous drug users

HTM Haemophilus test medium MT in vivo expression technology

HTST high temperature, short time M in vitro fertilization

HUS hemolytic-uremic syndrome

HVAC heating, ventilation, and air-conditioning kb kilobases

KDO keto-deoxy-octulonate; or 2-keto-3-deoxy-

i.c. intracerebral D-manno-oct-2-ulosonic acid; or 2-keto-

IATS International Antigenic Typing Scheme 3-deoxyoctonic acid

ICAM-I intercellular adhesion molecule-1 KDPG 2-keto-3-deoxy-6-phosphogluconate

ICC Infection Control Committee KE KlebsiellalEnterobacter

ICD infection control doctor KIA Kligler's iron agar

ICE integrative conjugative elements

ICLN infection control link nurses LAF laminar air flow

ICN infection control nurse LAM lipoarabinomannan

ICS immunochromatographic strip LAMPf Mycoplasma fermentans lipoproteins

ICSB International Committee for Systematic LB Lyme borreliosis

Bacteriology LBP LPS-binding protein

ICSP International Committee on Svstematics of LBSN List of Bacterial names with Standing in

Prokaryotes Nomenclature

ICT infection control team LCR ligase chain reaction

ICU intensive care unit LD Legionnaires'disease

ID immunodiffusion LDC lysine decarboxylase

IDSA Infectious Diseases Society of America LDH lactate dehydrogenase

idt indeterminate (leprosy) LEM leukocyte-endogenous mediator

IEBC International Entomopathogenic Bacillus Centre LF lethal factor

IEOP immunoelectro-osmophoresis LGV lymphogranuloma venereum

IF immunofluorescence; or inactivation factor LH light-harvesting

IFA indirect fluorescence antibody LJP localized juvenile periodontitis

IFAT immunofluorescent antibody test; or indirect lktA leukotoxin A

immunofluorescent antibody test LL borderline lepromatous (leprosy)

IFN-y interferon gamma LLAP Legionella-like amebal pathogens

Ig immunoglobulin LLO listeriolysin O

IHA indirect hemagglutination LOS lipo-oligosaccharide

IHC immunohistochemical LP lipopolysaccharide; or lactoperoxidase

IHSS idiopathic hypertophic subaortic stenosis LPS lipopolysaccheride (see LP)

IID infectious intestinal disease LRN laboratory Response Network

IJSB International Journal of Systematic Bacteriology LRT lower respiratory tract



Abbrevations xxiii

LT lethal toxin MpD maximum pore diameter

LTA lipotechoic acid MpN most probable number

LTBI latent TB infection MPTR major polymorphic tandem repeats

LTSF low-temperature steam with formaldehyde MR mannose-resistant; or methyl red; or mino-

LVS live vaccine strain cycline-rifampin; or multiresistant

MREHA mannose-resistantandelutinghemagglutinins

mAb monoclonally derived antibodies MRI magnetic resonance imaging

MAC Mycobacterium avium complex; or membrane MR/K mannose-resistant Klebsiella-like

attack complex MR/p mannose-resistant proteus-like

MALDI- matrix-assisted laser desorption/ionization time of nRNA messenger RNA

TOF-MS flight mass spectrometry MRSA methicillin resistant Staphylococcus aureus

MALP mycoplasmal lipopeptides MRSE methicillin-resistant Staphylococcus epidermidis

MALT mucosa-associated lymphoid tissue MRSP mapped restriction site polymorphisms

Map mitochondrial associated protein MS macrolide, lincosamide, and streptogramin; or

MAT microscopic agglutination test mannose-sensitive; or multiple sclerosis

MATE multidrug and toxic compound extrusion MSCRAMM microbial surface components recognizing

Mb megabases adhesive matrix molecules

MBC minimal bactericidal concentrations MSHA mannose-sensitive hemagglutinin

MCLO Mycobacterium chelonae-llke organism MSM men who have sex with men

MCP methyl-accepting chemotaxis proteins MSSA methicillin-sensitive Staphylococcus aureus
MCS multiple cloning site MW molecular weight

MDH malate dehydrogenase

MDP muramyl dipeptide No initial number

m-i[^p neso-diaminopimelic acid NAA nucleic acid amplification

MDR multidrug resistance NAAT nucleic acid amplification tests

MDT multidrug therapy NAD nicotinamide adenine dinucleotide

2ME 2-mercaptoethanol NADp+ nicotinamide adenine dinucleotide phosphate

MEE multienzyme electrophoresis; or multilocus NAF non agglutinating fimbdae

enzyme electrophoresis NAG N_acetylglucosamine; or nonagglutinable

MEM minimal Eagle medium; or minimal essential NAH naphthalene

medium NALC- N-acetyl-r--cysteine-sodium hydroxide

methyl-CoM methyl-coenzyme M NaOH

MF membrane-filter NAp p-titro-ct-acetylamino-B-propiophenone

MFP membrane-fusion protein NASBA nucleic acid sequence-based ampliflcation

MFS major facilitator superfamily NBT nitroblue tetrazolium

MGIcDAG monoglucosyl diacylglycerol NBTE nonbacterial thrombotic endocarditis

MGP methyl-o-o-glucopyranoside NCBI National Center for Biotechnology Information

MHA-TP microhemagglutination assay for antibodies to NCCLS National Committee for Clinical Laboratory

Treponema pallidum Standards (USA)

MHC major histocompatibility complex NCHI noncapsulate Hemophilus influenzae

MHRA Medicines and Healthcare products Regulatory NCV noncholera vibdos

Agency (UK) NF nuclear factor

MI morphological index NGU non-gonoccocal urethritis

MIC minimal inhibitory concentration Nhe non-hemolytic enterotoxin

MIF microimmunofluorescence NHS National Health Service (UK)

Mip macrophage infectivity potentiator NIBSC National Institute of Biological Standards and

D|IP-? macrophage inflammatory protein-2 Control (UK)

MIRU mycobacterial interspersed repetitive units NK natural killer

MLEE multilocus enzyme electrophoresis NNA neomycin nalidixic acid

MLo Mycoplasma-llke organisms NNIS National Nosocomial Infection Surveillance

MLRT multilocus restriction typing (USA)

MLST multilocus sequence typing NO nitric oxide

MMO methane monooxygenase NPHS-ARL National public Health Service Anaerobe
MMR measles, mumps, and rubella Reference Laboratory for England and Wales

MOI multiplicity of infection NSAID nonsteroidal antiinflammatory drus

MOMP major outer-membrane protein NSP neurotoxic shellfish poison

MOTT mycobacteria other than tubercle nt nucleotides



xxiv Abbreviat ions

NTM nontuberculous mycobacteria PGU post-gonococcal urethritis

NTNH nontoxic nonhemagglutinating protein PHB poly-p-hydroxybutyrate

NUD nonulcer dyspepsia PHLS Public Health Laboratory Service, now HPA

nvCJD new variant Creutzfeldt-Jakob disease (UK)

NVFA non-volatile fatty acid PHMB polyhexamethylene biguanide

NVS nutritionally variant streptococci pI isoelectric point

PI gonococcal protein; or propamidine isethionate;

OA oleic acid-albumin or Protein I

OC Outbreak Committee PIA polysaccharide intercellular adhesin

ODC ornithine decarboxylase PICC peripherally inserted central catheters

OE outer envelope PID pelvic inflammatory disease

OF opacity factor; or oxidation-fermentation PLET polymyxin-lysozyme EDTA-thallous acetate

OHPAT outpatient and home parenteral antibiotic PMC pseudomembraneous colitis

therapy PMF Proteus mirabilis fimbriae

OL ornithine amine lipid pmf proton motive force

OM outer membrane PMMA polymethylmethacrylate

OMP outer-membrane protein PMN polymorphonuclear cells; or polymorphonuclear

ONPG orthonitrophenol-B-o-galactopyranoside neutrophils

ONS Office for National Statistics (UK) PMNL polymorphonuclear leukocytes

OOA oxoline-esculin agar PMS pyrolysis mass spectrometry

OPAT outpatient parenteral antibiotic therapy; PNSG poly-N-succinyl beta-1-6 glucosamtne

or outpatient parenteral antibiotic pOz partial pressure of oxygen

treatment POGS Parinaud's oculoglandular syndrome

OPCS Of{ice of Population Censuses and Surveys PPD purified protein derivative of tuberculin; or

(UK) purified Protein derivative

ORF open reading frame PPE Pro-Pro-Glu

oriT origin of transfer PPI proton pump inhibitors

oriV origin of vegetative replication PPNG penicillinase-producing Neisseria gonorrhoeae

PQS pseudomonas quinolone signal

PA protective antigen PRA polymerase chain reactionirestriction enzyme

PAD phage antibody display analysis

PAE post antibiotic effect PRAS pre-reduced, anaerobically sterilized (media)

PAF platelet-activating factor PRN pertactin

PAGE polyacrylamide gel electrophoresis PROM premature rupture of the membranes

PAI pathogenicity island PROS pathogen-related oral spirochetes

PAL peptidoglycan-associated lipoprotein PRP penicillin resistant pneumonia; or polyribose-

Pap pyelonephritis-associated pili phosphate; or polyribosyl ribitol phosphate

PAS periodic acid-Schiff PsaA pilus adhesin

PBL peripheral blood lymphocytes PSP paralytic shellfish poison

PBP penicillin-binding protein PspA pneumococcal surface protein

PCD propamidine isothionate; or programmed cell PT pertussis toxin; or phage type

death PTd pertussis toxoid

PCR polymerase chain reaction Ptl pertussis toxin liberation

PCT procalcitonin PTS phosphoenolpyruvate phosphotransferase; or

PDH pyruvate dehydrogenase complex phosphoenolpyruvate-dependent

PE phosphatidylethanolamine; or Pro-Glu phosphotransferase system; or

PEG polyethylene glycol phosphotransferase transport systems

PEI polyethylenermrne PVE prosthetic valve endocarditis

PEP phosphoenolpyruvate; or post-exposure PVL Panton-Valentine leukocidin

prophylaxis PYG peptone yeast glucose; or peptone-yeast

PFGE pulsed field gel electrophoresis extract-glucose

Plk phosphofructokinase PYR pyrrolidonyl-p-naphthylamide

pfu plaque-forming unit

PGL-I phenolic glycolipid I QAC quarternary ammonium compound

PGN peptidoglycan QPCR quantitative polymerase chain reaction

PGPR plant growth-promoting rhizobacteria QRDR quinolone resistance determining region

PGRS polymorphic GC-rich repetitive sequences QRNG quinolone-resislant Neisseria gonorrhoeae



Abbrevations xxv

RA rheumatoid arthritis SAI sexually acquired infection
RAPD random amplification of polymorphic DNA SAK staphylokinase
RAPD-PCR random amplified polymorphic DNA SAL sterility assurance level

polymerase chain reaction SALT skin_associated lymphoid tissue
RB reticulate body SARA sexually acquired reactive arthritis
RBC red blood cells SARS severe acute respiratory syndrome
RBS ranitidine bismuth citrate; or ribosome binding SASP small acid-soluble protein

sequence SAT standard tube_agglutination test
RC repeat clusters; or rolling circle SBA sheep blood agar
RCCS random cloned chromosomal sequence sBCYE selective buffered charcoal yeast extract agar
RCI reaction center I SBE subacute bacterial endocarditis
RCII reaction center II SBT serum bactericidal titer
r-det resistance determinant SCID severe combined immunodeficiency
rDNA ribosomal DNA SCIEH Scottish Centre for Infection and Environrnental
REA restriction endonuclease analysis Health
REAC restriction endonuclease digestion of scv small colony variants

chromosomal DNA SD smooth domed; or Shine_Dalgarno
REAP restriction endonuclease digestion of plasmid SDA strand-displacement arnplification

DNA SDD selective decontamination of the disestive tract
REP repetitive element sequence; or repetitive extra- SDH succinate dehydrogenase

genic palindromic SDS sodium dodecyl sulfate
rep-PCR repetitive DNA PCR; or repetitive extragenic SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

palindromic element typing; or repetitive- electrophoresis
element polymerase chain reaction SEA staphylococcal enterotoxin A

RF rheumatoid factor SEM scanning electron microscopy
RFLP restriction fragment length polymorphism sFG spotted fever group
RGD Arg-Gly-Asp SIDS sudden infant death syndrome
RGM rapidly growing mycobacteria sIgA secretory IgA
RH relative humidity SIGN speciflc intracellular adhesion molecule_3
RIA radioimmunoassay grabbing nonintegrin
RIL rabbit ileal loop SIRS systemic inflammatory response syndrome
Ris regulator of intracellular stress SLE systemic lupus erythematosus
RIT rabbit infectivity testing SLT Shigalike toxins
RITARD removable intestinal tie adult rabbit diarrhea SMAC sorbitol MacConkey
RMT recombinase-based IVET SMD smooth domed (colony morphology)
RMP reduction-modifiable protein SmD streptomycin dependent
RNA ribonucleic acid SMEZ streptococcal mitogenic exotoxin Z
RNAP RNA polymerase SMG Streptococcus milleri grotp
RND resistance/nodulationicell-division family SMRF small multidrug resistance family
RODAC replicate organism detection and counting SMT smooth transparent (colony morphology)
ROS reactive oxygen species SOD superoxide dismutase
RPCFT Reiter protein complement fixation test SOFA sequential organ failure assessment
RPLA reversed passive latex agglutination soM soil organic matter
RPR rapid plasma reagin SpC standard plate count

rysU ribosomal protein subunit SpE streptococcal pyrogenic exotoxins
rRNA ribosomal RNA SpG sucrose phosphate glutamate
RSS recurrent nontyphoidal salmonella septicemia SPI Salmonella pathogenicity island
RT-PCR reverse transcriptase polymerase chain reaction SPS sodium polyanethol sulfonate
RTD routine test dilution SRE small repetitive elements
RTF reduced transport fluid; or resistance transfer SRL Shigella resistance locus

factor SRSV small round structured viruses
RTX repeats in toxln SS Stainer_Scholte
RuMP ribulose monophosphate SSA streptococcal superantigen

SSB single-strand break
SAFLP single-enzyme amplified fragment length ssl surgical site infection

polymorphism fingerpdnting SSp serotype-specific plasmid
SAg superantigens SSp streptomycin/spectinomycin



xxvi Abbreviations

SSSS staphylococcal scalded skin syndrome TRNG tetracycline-resistant Neisseria gonorrhoeae

ST Shiga toxin TRUST toluidine red unheated serum test

STD sexually transmitted disease TSB tryptic-soy-broth; or trypticase-soy broth

STEC Shiga toxin producing.E coll TSE transmissible spongiform encephalopathies

STI sexually transmitted infection TSI triple sugar iron (agar)

STM signature tagged mutagenesis TSS toxic shock syndrome

suPAR soluble urokinase plasminogen activator receptor TSST-I toxic-shock syndrome toxin-1

TST tuberculin skin tests

TA transaldolase TT tuberculoid

TAN total adenine nucleotide TTE transthoracic echocardiography

TAT twin arginine translocation TTGA taurocholate tellurite gelatin agar

Tt Tbilisi TTP thrombotic thrombocytopenlc purpura

TB tuberculosis

TBE tick-borne encephalitis UBT urea breath test

TBSA tuberculostearic acid UCA uroepithelial cell adhesin

TBW tracheobronchial washings UCLA University of California, Los Angeles

TCA tricarboxylic acid; or trichloracetic acid UGI uncomplicated gonococcal infection

TCBS thiosulfate-citrate-bile salts-sucrose UHT ultra-heat-treated

TCF tracheal colonization factor UMP uridine 5'-monophosphate

TCP toxin coregulated pilus UNG uracil-N-glycosylase

TCSTS two-component signal transduction systems uPAR urokinase-type plasminogen activator receptor

TCT tracheal cytotoxin UPEC uropathogenic E. coli

TDE transmissible degenerative encephalopathy USDA United States Department of Agriculture

TDHT 5-thyminyl-5,6-dihydrothymine USR unheated serum reagin

TDM trehalose dimycolate UTI urinary tract infection

TDP thermal death point UV ultraviolet

TDT thermal death time

TEE transesophageal echocardiography VAP ventilator-associated pneumonla

TEM transmission electron microscopy VBNC viable but nonculturable

TF tissue factor; or transferrin VD venereal disease

TFSS type IV secretion system VDRL Venereal Disease Research Laboratory

TG typhus group VE vaccine efficacY

Th T helper VIM Verona imiPenemase

Ti tumor-inducing VNTR variable number of tandem repeats

Tir translocated intimin receptor VP Voges-Proskauer

TK transketolase VPI vibrio pathogenicity island

TLC thin-layer chromatography VRE vancomycin resistant enterococci

TLR Toll-like receptor VRSA vancomycin-resistant Staphylococcus aureus

TLR2 Toll-like receptor 2 VT verotoxin

Tm DNA pseudo-melting point VTEC Vero cytotoxin-producing Escherichia coli

TMA transcription-mediated amplification

TNF tumor necrosis factor WABO Whipple's-associated bacterial organism

TNF-a tumor necrosis factor alpha Wb Weybridge

TOC total organic carbon WBC white blood cell count; or white blood cell

TOL toluene WCP whole-cell protein

topos topoisomerases wHo world Health organization

TPHA Treponema pallidumhaemagglutination assay WMD weapons of mass destruction

TPI Treponema pallidum immobllization wR wassermann reaction

TPP thiamine pyrophosphate

TPPA Treponema pallidum particle assay; or Trepo- XLD xylose-lysine-deoxycholate

nema pallidum particle agglutination

tRNA transfer RNA ZOT zonula occludens toxin
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Staphylococcus

SHARON J.  PEACOCK

Historical perspective
Def in i t ion of  the genus
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Rosenbach provided the first formal description of the
genus Staphylococcus and divided the genus into two
species, Staphylococcus aureus and Staphylococcus albus.
Passet added a third species, Staphylococcus citreus. Cell
morphology and type of cell aggregation provided the
criteria for genus classiflcation, and colony color was
used for species classification. Zopf placed the staphylo-
cocci and a group of saprophytic, tetrad-forming micro-
cocci back into the gents Micrococcus and Fliigge rear-
ranged the cocci and separated the genus Staphylococcus
from the gents Micrococcus. He differentiated the two
genera primarily on the basis of their action on gelatin
and on the symbiotic relationship to their hosts. Evans
et al. (1955) proposed separating staphylococci from
micrococci on the basis of their relation to oxygen uslng
a standard oxidation-fermentation (OF) test for glucose
fermentation. The facultative anaerobic cocci were
placed in the genus Staphylococcu.s and the obligate
aerobes were placed in the genus Micrococcus. The
separation of the genera based on the OF test continued
until it became apparent that this division was not abso-
lute. A clear distinction could be made between staphy-
lococci and micrococci on the basis of DNA base
composition (Silvestri and Hill 1965); however, this
property could not be determined in the routine

Resistance to antimicrobial agents
Laboratory isolation and identif ication

of staphylococci
Typing methods
S. aureus disease
Cl in ica l  syndromes
Prevention of S. aureus infection
References
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H ISTORICAL PERSPECTIVE diagnostic laboratory. Surveys of gram-positive, catalase-
positive cocci indicated that staphylococci have a G + C
content of DNA of 30-39 molo/o, whereas micrococci
have a G + C content of 63-73 mol%. Although both
genera were placed in the family Micrococcaceae
(Pr6vot 1961), the very wide divergence in DNA base
composition indicates that they are not significantly
related. More recent systematic studies have distin-
guished staphylococci from micrococci and other
bacteria on the basis of cell wall composition (Schleifer

and Kandler t972), cytochromes (Faller et al. 1980),
menaquinones (Collins and Jones 1981), cellular fatty
acids, polar lipids (Nahaie et al. 1984), DNA-rRNA
hybridization (Kilpper et al. 1980; Schleifer 1986), and
comparative oligonucleotide cataloging of 165 rRNA
(Ludwig et al. 1981). It is now recognized that the genus

Staphylococcus belongs to the broad Bacillus-Lactoba-
cillus-Streptococcus cluster consisting of gram-positive

bacteria that have a low G + C content of DNA. These
organisms are now tentatively arranged together with
staphylococci in the family Bacillaceae of the order
Bacillales (Cato and Stackebrandt 1989). The closest
relatives of staphylococci are the macrococci (Kloos et al.
1998a), and on the basis of partial oligonucleotide
sequencing of 165 rRNA and rDNA, staphylococci are
also related to salinicocci, enterococci, planococci,

bacilli, and listeriae (Ludwig et al. 1985; Stackebrandt
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et al. 1987). The closest relatives of the micrococcl are

the arthrobacters, renibacteria, rothias, dermatophili,

and stomatococci (Koch et al 1994). The genus Micro-

coccushas, more recently, been dissected into six genera

(Micrococcus, Kocuria, Nesterenkonia, Kytococcus,

Dermacoccus, and Arthrobacter) on the basis of 165

rDNA sequence relationships and several chemotaxo-

nomic characters (Koch et al. 1995; Stackebrandt et al.

1995).

Early medical bacteriologists placed major emphasis

on distinguishing the pathogenic species S. aureus from

the presumed commensal staphylococci, referred to as S.

albus, Staphylococcus epidermidis albus (Welch 1891), or

Staphylococcus epidermidis (Evans 1916). The distinc-

tion was of considerable importance since S. aureus was

a major cause of morbidity and mortality and clinical

specimens often carried both types of organisms. Von

Dar6nyi (1925) was the first person to draw attention to

the practical value of the coagulating principle (coagu-

lase) test to identify S. aureus, and it remains one of the

most important tests used by the clinical laboratory to

identify this species. Baird-Parker (1963, 1965a)

attempted to subdivide the genera Staphylococcus and

Micrococcus by using many classical morphological,

physiological, and biochemical tests. He flrst divided

staphylococci into six subgroups (I-VI) and micrococci

into eight subgroups (1-8). In subsequent schemes,

Baird-Parker (1965b, 1974) recognized the species S.

aureus, S. epidermidis, and Staphylococcus saprophy-

ticus, and divided the latter two species into several

biotypes. His schemes were widely used for more than a

decade, especially by medical and food diagnostic

laboratories. Meyer (1967) and H5jek and Mar5Slek

(1971) divided the species S. aureus into several biotypes

on the basis of physiological, biochemical, and phage

typing properties, and host preferences.

DEFINITION OF THE GENUS

Members of the genus Staphylococcus are gram-positive

cocci (0.5-L.5 pm) that occur singly, in pairs, tetrads,

short chains, and irregular'grape-like' clusters. They are

nonmotile and nonspore-forming. Most species demon-

strate catalase activity and are facultative anaerobes,

growing better under aerobic than anaerobic conditions;

the anaerobic species Staphylococcus saccharolyticus and

subspecies S. aureus sttbsp. anaerobius are exceptions.

Most species grow in the presence of 10 percent sodium

chloride and at 18-40"C. Staphylococci are susceptible

to furazolidone (100 pg furazolidone disk) and resistant

to low levels of bacitracin (0.04 unit TAXO A bacitracin

disk). They are susceptible to lysis by lysostaphin (some

species more than others) and are relatively resistant to

lysis by lysozyme. The cell wall contains peptidoglycan

and teichoic acid. The diamino acid present in the pepti-

doglycan is r--lysine except in the ancient species S.

succinus where it is meso-draminopimelic acid; the inter-

peptide bridge of the peptidoglycan consists of oligogly-

cine peptides that are susceptible to the action of lyso-

staphin. Depending on the particular species, some

glycine residues may be substituted by L-serine or

L-alanine. The teichoic acids of staphylococci are either

of the poly(polyolphosphate), poly(glycerolphosphate-

glycosylphosphate), or poly(glycosylphosphate) class.

Glycerol or ribitol or both occur as typical components

of poly(polyolphosphate) teichoic acids. Species contain

either a- and b-type cytochromes or a-, b- and c-type

cytochromes. Staphylococci contain unsaturated poly-

isoprenoid side chains in their menaquinones. The major

isoprenologues are MK-6, MK-7 or MK-8. The principal

cellular fatty acids are C16.e, C1s 6 and C26.e and iso- and

anteiso-methyl-branched C15.s and C17.e. The G + C

content of DNA is 30-40 mol%.

Investigations on cell structure, cell wall composition,

G + C content of DNA, DNA-DNA hybridization, 165

rRNA sequence similarities, and the genome sizes of

Staphylococcus caseolyticus (Schleifer et al.1982) and the

newly introduced species Staphylococcus bovicus,

Staphylococcus carouselicus, and Staphylococcus equi-

percicus have indicated that this group of four species

should be placed into a separate, but closely related

genus, which has been given the tame Macrococcus

(Kloos et al. 1998a). Gram-stained cells of these organ-

isms are generally larger (1.3-2.5 pm diameter) than the

cells of staphylococcal species. S. caseolyticus (renamed

Macrococcus caseolyticus) has a small amount of an

unusual cell wall teichoic acid and the other species of

this genus fail to demonstrate teichoic acid. The G + C

content of DNA is 38-45 mol%. The estimated genome

size of the members of the genus Macrococcus is 1 500-

1 820 kbp, which is significantly smaller than the genome

size of2 000-3 000 kbp shown for Staphylococcus spp.

CLASSIFICATION OF SPECIES AND
SUBSPECIES

Species

The currently recognized species in the genus Staphylo-

coccus are shown in Table 32.1. Staphylococcus succinus

is considered to be an ancient species as it was recov-

ered viably from 25-35 million year old Dominican

amber free of cracks and fissures (Lambert et al. 1998).

The two strains isolated had meso-diaminopimelic acid

instead of r--lysine in their cell wall and contained tuber-

culostearic acid characteristic of coryneform bacteria.

Staphylococcu,r spp. are currently classified on the basis

of DNA-DNA hybridization (DNA relatedness) as

determined by the relative binding of DNAs in reasso-

ciation reactions conducted at nonrestrictive (optimal),

restrictive (stringent) conditions, or a combination of

both (Kloos 1980; Schleifer 1986; Kloos et al. 1991).

Members of the same species demonstrate relative
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Species

S. arlettae

S. aureus
S. auricularis

S. capitis

S. caprae
5. carnosus
S. chromogenes

S. cohnii
S. condimenti

S. delphini
S. epidermidis

S. equorum
S. felis

S. fleurettii
S. gallinarum

S. haemolyticus

S. hominis

S. hyicus
S. intermedius

S. kloosii

5. /entus

S. lugdunensis

S. Iutrae

5. muscae
S. pasteuri

S. piscifermentans

S. saccharolyticus

5. saprophyticus
S. schleiferi
S. sciuri
S. simulans
S. succlnus

S. vitulinus

S. warneri

5. xylosus

Tabfe 32.1 Currently recognized Staphylococcus specles catalases (Rupprecht and Schleifer 1979; Schleifer et al.
1979) and fructose-1,6-biphosphate (FBP) aldolases
(Fischer et al. 1983), using microcomplement fixation
techniques have, essentially, indicated the same related-
ness as DNA-DNA hybridization.

Chemical properties of the cell wall, especially the
amino acid composition and sequence of the interpep-
tide bridges of the peptidoglycan (Schleifer 1983, 1986)
and teichoic acid composition (Endl et al. 1984), provide
useful chemotaxonomic markers for the classification of
species. Penta- and hexaglycine interpeptide bridges are
found in the peptidoglycan in approximately half the
species, whereas in the other half a minor portion of the
glycine residues are replaced by L-serine. In three
species (Staphylococcus sciuri, Staphylococcus lentus,
Staphylococcus vitulinus), an L-alanine residue, in place
of glycine, is bound to lysine of the peptide subunit.
Most species have cell wall teichoic acids of the poly
(glycerolphosphate) and/or poly(ribitolphosphate) type
that are substituted with various combinations of sugars
and/or N-acetylamino sugar residues. Some strains of S.
sciuri, S. vitulus, and Staphylococcus hyicu^s have the
poly(glycerolphosphate-N-acetylglucosaminylphosphate)

type and Staphylococcus auricularis has the poly(N-acetyl-
glucosaminylphosphate) type, where the N-acetyl-
amino sugar residues form an integral part of the
polymer chain. Certain other biochemical properties of
staphylococci are useful for the differentiation of species
including production of lactic acid when grown under
anaerobic conditions (Schleifer 1986), or the lactate
isomer formed and the occurrence of NAD-dependent
L- and/or Dlactate dehydrogenases. Many of the staphy-
lococcal species can also be distinguished on the basis of
their relative percentages of cellular fatty acid compo-
nents, as determined by gas-liquid chromatography
(Durham and Kloos 1978; Kotilainen et al. 1991). Some
of the biochemical and physiological properties of
staphylococci can be determined by simple conventional
tests and rapid identification systems. These include
various enzyme activities, hemolysins, oxygen require-
ments, products of glucose metabolism, utilization of
substrates, production of acid from carbohydrates, and
intrinsic resistance to certain antibiotics (Kloos et al.
1991; Kloos and Bannerman 1995). Colony morphology
and pigment can serve as secondary characters for the
classification of species and are valuable markers for the
initial identification of staphylococci growing on primary
isolation plates (Kloos and Bannerman 1994). Specific
combinations of the above phenotypic characters have
been quite accurate in predicting the identification of
species based on DNA relatedness.

Molecular approaches have also been used for species
classification. The comprehensive ribotyping studies
of Webster and colleagues (Webster et al. 1994) have
identified conserved, chromosome EcoRI fragments
containing portions of the rRNA operons that are
species-specific. PFGE studies have identified conserved,

Reference

Schleifer et al.  1984
Rosenbach 1884
Kloos  and Sch le i fe r  1983
Kloos and Schleifer 1975a
Devriese et al.  1983
Schleifer and Fischer 1982
Devriese et al.  1978;
H5 jek  e t  a l .  1986
Schleifer and Kloos 1975
Probst et al.  1998
Varaldo et al.  1988
Winslow and Winslow 1908;
Evans 1916;  Sch le i fe r  and
Kloos  1975
Schleifer et al.  1984
lg imi  e t  a l .  1989
Vernozy-Rozand et al.  2000
Devriese et al.  1983
Schleifer and Kloos 1975
Kloos and Schleifer 1975a
Devriese et al.  1978
H6jek 1976
Sch le i fe r  e t  a l .  1984
Kloos et al.1976;
Schleifer et al.  1983
Freney et al.  1988
Foster et al. 1997
H5jek et al. 1992
Chesneau et al.  1993
Tanasupawat et al.  1992
Foubert and Douglas 1948;
K i lpper -B5 lz  and
Sch le i fe r '1981

Shaw e t  a l .  1951
Freney et al.  1988
Kloos et al.1976
Kloos and Schleifer 1975a
Lambert et al.  1998
Webster et al.  1994
Kloos and Schleifer 1975a
Sch le i fe r  and K loos  1975

DNA-binding values of generally 70 percent or greater
when reactions are performed at the optimal criterion.
Organisms representing different species demonstrate
relative DNA-binding values of less than 70 percent at
the optimal criterion and have a much lower relative
binding percentage at the stringent criterion. A dendro-
gram depicting the DNA relationships of most of the
species is shown in Figure 32.1. 

-the 
thermal stability

(AZ-t.l) of the DNA duplexes formed in reassociation
reactions conducted at nonrestrictive conditions supports
the conclusions drawn from the relative DNA-binding
studies, although not all species have been investigated
by this approach. Comparative immunological studies of
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% DNA relatedness at  opt imal  condi t ions
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ca p iti s subsp.u reo lyti cus
caprae
sacharolyticus
hominis
haemolyticus subsp. 1
haemolyticus subsp.2
warnen
pasteun
lugdunensis
auricularis subsp 1
auricularis subsp.2
aureus
cohnii subsp. cohnii
cohnii subsp. u re a lyti cu m
cohnii subsp 3

saprophyticus
xyrosus
kloosii
equorum
arlettae
gallinarum
carnosus
simulans
piscifermentans
fel is
sc h I e ifer i subsp. coa g u I a n s
sch/eiferi su bsp. sch leife r i
intermedius
delphini
hylcus subsp. 7
hyicus subsp.2
chromogenes
sciuri subsp. sciuri
sciuri subsp. carnaticus
sci u ri subsp. rodenti u m
vitulus
lentus
caseolyticus

Figure 32.1 Dendrogram of the DNA relationships o/ Staphylococcus spec/es and subspecies based on the relative percent of DNA-
DNA hybridization (reassociation) Optimal DNA reassociation conditions were pertormed at 55'C (29-31'C below the T^ of the DNA)

Kloos and Wolfshohl 1979)

chromosome SmaI fragments that are species-specific

(George and Kloos 1994; Bannerman et al. 1995;

Shimizu et al. 1996). Polymerase chain reaction (PCR)-

amplified ribosomal DNA spacer and tDNA intergenic

spacer fingerprinting has also been applied to species

identification (Welsh and McClelland 1,992; Jensen et al.

1993). Goh et al. (1997) have demonstrated that a

600 bp region of the chaperonin 60 genes from 28

staphylococcal species could be amplifled by PCR with a

pair of degenerate primers and the resulting amplifica-

tion products used as species-specific probes. However,

DNAs from the closely related species S. intermedius

and ,S. delphini crosshybridized. Sequencing of whole

genomes and comparative genomics will ultimately

provide the opportunity to reexamine the current taxo-

nomic scheme and will provide new insights into what

defines a species. Seven S. aureus genomes are known to

have been sequenced to date, five of which have been

reported in the published literature (Kuroda et al. 2001;

Baba et al.20O2; Holden et aL.2004). A recent compara-

tive genomics study of five S. aureus genomes reported

that around 80 percent of the genome is highly

conserved between strains (Holden et al. 2004). The

genome sequence of one strain of S. epidermidis has

been published (Zhang et al. 2003). Publication of

comparisons between the S. aureus and S. epidermidis

genomes, and between the S. haemoly/lcas genome and

other available staphylococcal genomes are expected in

the near future. A comprehensive taxonomic overview

using this approach will require sequencing of a large

number of species, together with sufficient numbers of

strains within a given species to detect the full spectrum

of divergence. This may ultimately provide the frame-

work for the development and validation of more rapid

sequence-based approaches for the study of taxonomy.

Subspecies

Staphylococcal subspecies ('table 32.2) have been identi-

fied on the basis of phenotypic characters and DNA
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Table 32.2 Staphylococcus subspecles

Subspecies

S. aureus subsp. aureus and 5. aureus subsp. anaerobius
S. auricularis subsp. 1 and S- auriculars subsp. 2
S. capitis subsp. capitrs and S. capltrs subsp. ureolyticus
S. caprae subsp. 1 and 5. caprae subsp. 2
S. carnosus subsp. carnosus and S. carnosus subsp. utilrs

S- cohniisubsp. cohnlt S. cohnii subsp. urealyticum, and S. cohniisubsp. 3
S. equorum subsp. equorum and 5. equorum subsp. /inens
S. haemolyticus subsp. 1 and 5. haemolyticus subsp. 2
S. hominis subsp. novobiosepticus and S. hominis subsp. homrnis

S. hyicus subsp. 1 and S. hyicus subsp. 2

S. saprophyticus subsp. saprophyticus and 5. Saprophyticus subsp. bovis
S- schleiferi subsp schleiferl and 5. schleiferi subsp. coagulans
S. sciuri subsp. scluri, S. sciuri subsp. rodentium and S. sciuri subsp. carnaticus
S. succinus subsp. succinus and 5. succinus subsp. casei

Reference

De la Fuente et al.  1985
Kloos 1986a. 1986b
Bannerman and K loos  1991
George and Kloos 1994

Schleifer and Fischer 1982; Probst et al.
1 998
Kloos and Wolfshohl 1983, 1991
Schleifer et al.  1984; Place et al.  2003
Kloos and Wolfshohl 1979
Kloos and Schleifer 1975a; Kloos et al.
1 998b)

Ph i l l i ps  and K loos  1981;  Sh imizu  e t  a l .
1997

Shaw e t  a l .  1951;  H6 jek  e t  a l .  1996
lg imi  e t  a l .  1990
Kloos et a!.1997
Lambert et al.  1998; Place et al.2002

relatedness (Igimi et al. 1990; Bannerman and Kloos
1991; Kloos et al. 199'7), ribotyping (De Buyser et al.
1992; Kloos et al. 1997) and pulsed field gel electrophor-
esis (PFGE) (George and Kloos 1994). Members of the
same subspecies demonstrate relative DNA-binding
values of, generally, 80 percent or greater when DNA-
DNA hybridization reactions are performed at either
optimal or stringent conditions. Different subspecies
demonstrate relative DNA-binding values of, generally,
65-80 percent at the optimal criterion, but have signifi-
cantly lower relative DNA-binding values, in the range
of 30-70 percent, at the stringent criterion. S. pasteuri
(Chesneau et al. 1993) is a borderline species-subspe-
cies, as it demonstrates relative DNA-binding values of
50-67 percent at the optimal criterion and relative
DNA-binding values of 19-36 percent at the stringent
criterion when its DNA is hybridized to S. warneri DNA
(Kloos and Wolfshohl 1979).

Host range

sequence data (Goodman et al. 1985; Saccone et al.
1991; Milinkovitch 1992) indicates a close alignment
between the position of most staphylococcal taxa and
their corresponding mammalian hosts. These observa-
tions suggest the possibility that staphylococci, like the
eukaryotic parasites of mammals, may have coevolved
with their hosts (Kloos and Wolfshohl 1979; Kloos 1980;
Brooks and Glen 1982; Kim 1985). S. xylosus, the prin-
cipal resident species of rodents, is an exceptional
species in that populations are very widespread in
nature. lts extensive distribution appears to be primarily
the result of host and environmental transfer rather than
by descent, perhaps as a consequence of the very large
population size and geographical range of rodents. .S.
aureus and S. caprae, resident species of primates, are
also exceptional in that distinct ecovars can be found
living on various domestic animals.

HABITAT

Many of the staphylococcal species and subspecies living
on mammals demonstrate host specilicity (Table 32.3).
The host range may be narrow to wide, depending on
the particular species or subspecies. With the exception
of staphylococci that prefer the single host species
Homo sapiens, preferences are either at the host sub-
familial, familial, or ordinal levels. Generally, staphylo-
cocci from closely related hosts are more closely related
to one another than staphylococci from distantly related
hosts. A comparison of the dendrogram of resident
mammalian staphylococcal species and subspecies, based
on DNA-DNA hybridization data (Kloos et al. 1991;
Webster et al. 1994), and proposed consensus trees of
mammalian orders, based on amino acid sequence data
(Goodman et al. 1985; Prothero 1993) and nucleotide

Cutaneous habitats, excluding the nose

Staphylococci are one of the major groups of bacteria
inhabiting the skin, skin glands, and mucous membranes
of mammals (Noble and Somerville 1,974; Kloos 1980,
1986a; Devriese 1986; Kloos et al. 1991). Noble and
Somerville (1974) proposed three categories of skin
microbes according to their host relationship, a useful
fiamework when considering the habitats of staphylo-
cocci. Residents are natural inhabitants of the skin,
temporary residents are contaminants that multiply and
persist for short periods of time, and transients are
contaminating organisms that do not multiply. Resident
staphylococcal species and subspecies are represented by
at least several differerit strains on an individual host.
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Tabfe 32.3 Host range ofStaphylococcus specres and subspeces

Species and subspecies' Natural host Temporary (recent) host

S. epidermidis Humans

S. capitis subsp. capitrs Humans

S. capitis subsp. ureolyticus Primates

S. caprae subsp. 1 Humans

S. caprae subsp.2 Domestic goats

S. saccharolyticus Humans

S. hominis subso. hominrs Humans

S, hominis subsp. novoblosepticus Humans

S. haemolyticus subsp. 1 Humans Domestic artiodactyls and horses

S. haemolyticus subsp. 2 Primates

S. warneri Humans Domestic artiodactyls and horses

S. pasteuri Primates Domestic artiodactyls and horses

S. lugdunensis Humans

S. auricularis subsp. 1 Humans

S. auricularis subsp.2 Primates

S. aureus subsp. aureus (A) Primates Domestic artiodactyls, poultry

5. aureus subsp. aureus (B) Domestic pigs, poultry

S. aureus subsp. aureus (C) Domestic artiodactyls

S. aureus subsp. aureus (D) Lagamorpha, Rodentia

S. aureus subsp. anaerobius Domestic sheep

S. saprophyticus subsp. saprophyticus Primates, Scandentia Rodentia

5. saprophyticus subsp. bovrs Domestic cattle

S. cohniisubsp. cohnii  Humans

S. cohnii subsp. urealyticum Primates, Scandentia

S. cohnii subsp.3 New-world monkeys

S. xylosus Rodentia Mammals and birds

S. kloosii Rodentia Domestic artiodactyls

S. equorum subsp. eguorum Domestic horses and cattle

S. arlettae Poultry

S. gallinarum Poultry

S. simulans Carnivora Domestic art iodactyla, humans

S. carnosus subsp. carnosus Domestic artiodactyla

S. fel is Carnivora

S. lutrae Carnivora (otters)

S. intermedius Carnivora Domestic horses, poultry

S. schleiferi subso. schleiferi Carnivora Humans

S. schleiferi subsp. coagulans Carnivora

S. delphini Cetacea

S. hyicus subsp. 1 Artiodactyla (Suidae)

S. hyicus subsp. 2 Art iodactyla (Bovidae) Poultry

S. chromogenes Artiodactyla, Perissodactyla

S. sciuri subsp. scluri Rodentia, Artiodactyla, Poultry
Perissodactyla, Cetacea,
Marsup ia l ia

S. sciuri subsp. rodentium Rodentia, Cetacea

S. sciuri subsp. carnaticus Artiodactyla, Cetacea

5. /entus Artiodactyla, Perissodactyla,
Cetacea

S. vitulinus Artiodactyla, Perissodactyla,
Cetacea

a) ThehostrangeofS muscae,s piscifermentans,S condimenti,S succinus,S fleurettii,S carnosus subsp util6. andS equorum subsp eguorurnis
unknown S aureus subsp aureus biotypes are designated by the letters (A-D) From Kloos et al (1 99 1 ) and Kloos and Bannerman (1994, 1995)
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many of which may persist for a period of several weeks
to several years (Kloos 1986a; George and Kloos 1994;
Kloos and Bannerman 1994).

The commonest resident staphylococcal species on
human skin in terms of population size is S. epidermidis.
The largest populations of cutaneous staphylococci (c.
104-106 cfulcmz) are found in regions of the skin of
mammals supplied with large numbers of pilosebaceous
units and sweat glands and on the skin and mucous
membranes surrounding openings to the body surface.
The microenvironment of a given host site strongly influ-
ences the predominant species present. For example, S.
epidermidis, S. hominis, and ,S. haemolyticus are the
major staphylococci found on the scalp of preadolescent
children. An increase in sebaceous gland activity at
puberty is associated with an increase in the S. capitis
population which becomes the predominant species. S.
caplrrs subsp. capitis has a strong preference and S
capirls subsp. ureolyticus has a moderate preference for
the human head. The external auditory meatus of the ear
also provides a unique habitat. The outer two thirds of
the canal contain sebaceous and ceruminous glands, but
no eccrine sweat glands. Nutrients are supplied to the
area by the processes of keratinization, sebaceous secre-
tion, and ceruminous secretion. Although amino acids
and proteins are present, there is only a very small
amount of urea. The major species and subspecies found
living in the external auditory meatus of adults, S. auri-
cularis and S. capitis subsp. capitis, do not exhibit urease
activity. S. auricularis has a strong preference for this
habitat and reaches a maximum population in young
adults, following the onset of ceruminous gland activity.
The face provides several different habitats, the predo-
minant species for which is S. epidermidis.

Other important anatomical sites for colonization of
the human host are the axilla and groin. The axilla
contains a rich supply of both eccrine and apocrine
glands and is characterized by high humidity, rich supply
of nutrients, near-body temperature, and a higher pH
(6.8-7.9) than is found on the general skin surface,
factors that enhance the growth of staphylococci and
certain other bacteria. Populations of staphylococci
reach very high densities in this habitat (c. 104-106 cfu/
cm';. The major species of the axillae and groins are S.
epidermidis and S. hominis. S. schleifed is part of the
axillary flora in some individuals, while S. lugdunensis is
predominantly a 'below the belt'colonizer. populations

of urease producing S. capitis subsp. ureolylicas also
reach a relatively large size in the groin of some adults.
S. aureus and S. saprophyticus are sometimes found in
the inguinal and perineal area. The environment
presented by the arms and legs is different in that it is
relatively dry to moderately moist and is bathed in an
emulsion of lipids and eccrine sweat containing lactic
acid-lactate, amino acids, urea, and electrolytes. These
habitats support small populations of staphylococci (c.
10-103 cfu/cm2;. The major resident is S. epidermidis,

but members of the axillary, inguinal, and perineal flora

are often dispersed to adjacent areas of skin. A wide

variety of transient staphylococcal species may also be
isolated from the arms and lees.

The anterior nares

The nose provides a major habitat for S. epidermidis,

and is the dominant ecological niche for S. aureus.-fhree

S. aureus catriage patterns have been described in the
healthy adult population, with approximately 20 percent

of individuals being persistent S. aureus carriers, about

60 percent intermittent carriers, and 20 percent persis-

tent non-carriers (Kluytmans et al. 1997). This is prob-

ably an oversimplification, but there is sufficient data to
support the idea that some individuals within the popu-

lation are never, or hardly ever, positive for S. aureus,
others are infrequent carriers and the remainder are
usually carriers. This pattern of carriage suggests the
possibility of a host genetic influence. Consistent with
this is the observation that carriage rates vary between
different ethnic groups (Noble 1974), together with a
community-based carriage study that demonstrated a
family predisposition to nasal carriage of S. aureus that
could not be explained solely on the basis of exposure to
a common reservoir of bacteria (Noble et al. 1967).
Variation in host phenotype in the nares has also been
demonstrated. in which nasal secretions from three

subjects colonized with S. aureus Iacked antimicrobial

activity against S. aureus in vitro, whereas fluid from
noncarriers was bactericidal (Cole et al. 1999). The
number or nature of host receptors in the nares may also
vary, one study demonstrating that adherence of .S.
aureus to desquamated epithelial cells from carriers was
significantly gteater than that for noncarriers (Aly et al.
1977). Genetic studies of host susceptibility for carriage

of S. aureus have been conducted, but their findings are
inconclusive (Hoeksma and Winkler 1963; Aly et al.
1974; Kinsman et al. 1983).

The host may also modulate carriage through immune
regulation. In a human experimental inoculation study,
those susceptible to the smallest initial S. auteus
inoculum were colonized for the greatest period of time
(Ehrenkranz 1966). After spontaneous nasal elimination,
survival of the same strain on repeated reinoculation
was uniformly brief, but duration of colonization of a
second strain of S. aureus mirrored that of the primary

inoculation. These data suggest an acquired immune
response. Studies examining the potential role of the
local immune IgA response, such as differences between
persistent carriers and noncarriers of S. aureus, have not
been reported. Other circumstantial evidence for the
involvement of the immune system comes from carriage

rates in patient groups who are immunocompromised.

Rates of S. aureus carriage are higher in those infected
with human immunodeficiency virus compared with both
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health care workers and patients with a range of chronic

diseases (Weinke et al. 1992). Carriage rates are also

higher in individuals with insulin-dependent diabetes, in

patients on continuous ambulatory peritoneal dialysis

and hemodialysis, and in intravenous drug abusers when

compared with the healthy population (Kluytmans et al.

1997).

Unlike other bacterial species that colonize nasophar-

yngeal tissue, S. aureus is predominantly localized to the

anterior nares. The epithelium in this region is stratified,

keratinized, nonciliated epithelium, contrasting with the

rest of the nasal cavity and respiratory tract which is

lined with ciliated columnar epithelium. S. aureus atta-

ches to a specific region of moist epithelium devoid of

hair and cilia (Cole et al. 2001). Some individuals carry

S. aureus in the pharynx as detected by throat swab, but

scanning electron microscopy using human nasal tissue

obtained from surgical specimens has demonstrated that

adherence of S. aureus to ciliated epithelium is poor
(Shuter et al. 1996). Other sites such as the axilla and

perineum may become colonized, but S. aureus appears

to be a temporary resident here since elimination of

nasal carriage by topical antibiotics generally leads to

loss of carriage in other sites (Reagan et al. 1991). The

nature of the host receptor recognized by S. aureus

during attachment and colonization of the nose is

unclear. Possible sites of S. aureus adherence include

stratified epithelial cells, or mucus or serum constituents

associated with these cells. Epithelial cells express a

complex array of glycoproteins, glycolipids, and proteo-

glycans and the presence/absence or heterogeneity in

one or more of these molecules could be important in S.

aureus caruiage. An association has been described

between blood group A and nasal carriage (Veselov and

Malyshkina 1988), and between adhesion of S. aureus to

buccal epithelial cells and expression of the Lewisu

blood group antigen (Saadi et al. 1993). Adherence of S.

aureus to gangliosides and asialo-GM1 extracted from

corneal epithelial cells has been described (Schwab et al.

1996), and asialoganglioside t has been identifled as a

receptor for S. aureus in a cystic fibrosis bronchial

epithelial cell line (Imundo et al. 1995). S. aureus also

adheres to glycolipids (fucosylasialo-GM1, asialo-GMl,

and asialo-GM2) extracted from lung tissue (Krivan et al.

1988). To date, there are no published studies evaluating

the role of these host receptors in adherence of S. aureus

to nasal cells.

S. aureus adhere to desquamated epithelial cells

harvested from the anterior nares by a swab or cyto-

brush, and this has been utilized to study bacterial-host

cell interactions in vitro. Squamous epithelium under-

goes a process of maturation from basal layer to the

exposed surface involving a change of shape, loss of

nucleus, and increasing keratinization. Bacterial adher-

ence has been compared between squamous epithelial

cells of different maturity. Adherence appears to be

related to the age of the cell and state of keratinization,

the greatest adherence occurring to the most mature cell

type (Bibel et al. 1982). Adherence is reduced if epithe-

lial cells are pretreated with high concentrations of

ribitol teichoic acid or lipoteichoic acid extracted from

the cell wall of group A streptococci (although this may

represent a steric effect) (Aly et al. 1980; Carruthers and

Kabat 1983). Mucin may enhance adherence since ,S.

aureushas been shown to adhere to ferret airway mucus,

bovine submaxillary gland mucin, and purifled human

mucin in vitro (Sanford et al. 1989; Shuter et al. 1996).

The bacterial adhesin for mucin has not been character-

ized. The surface expressed S. aureus protein clumping

factor B (ClfB) was the first bacterial determinant to be

ascribed a role in nasal carriage. Initially described as a

fibrinogen-binding protein, this multifunctional adhesin

also interacts with epidermal cytokeratins and desqua-

mated nasal epithelial cells in vitro (O'Brien et al.

2002a). The S. aureus strface protein SasG, identified

previously by in silico analysis of genome sequences, and

two homologous proteins, Pls of S. aureus and AAP of

S. epidermidis, also promote bacterial adherence to nasal

epithelial cells (Roche et al. 2003).

Colonization resistance is likely to influence the strain

of S. aureus carried. During the late 1950s it was recog-

nized that colonization of newborn infants with staphy-

lococci of the 52152A/80/81 phage group complex was

often followed by disease in infants and their contact

(Schaffer et al. 1957), and that the presence of S. aureus

in the nose before contact with phage type 80/81 strains

prevented colonization with this strain. This was attrib-

uted to bacterial interference, which was further verifled

by a study in which newborn infants were inoculated

with the 'non-pathogenic' S. aureus strain 5024, the

effect being a reduction in colonization with a second

strain (Shinefield et al. 1963). The relevance of interac-

tions between S. aureus and other microbial species

present in the anterior nares to carriage status is under-

going investigation. One study has reported a low inci-

dence of S. aureus carriage in individuals whose nose

swabs were positive by culture for Corynebacterium sp.

(Uehara et al. 2000). S. aureus carriage was interrupted

in 12 of 17 persistent carriers after an avetage of 12

inoculations of Corynebacterium sp. (the actual species

was not deflned) (Uehara et al.2000). The presence of

viridans streptococci has been reported to prevent colo-

nization with methicillin-resistant Staphylococcus aureus

(MRSA) in newborns, possibly as a consequence of

H2O2 production by the streptococci (Uehara et al.

2001a,2001b). The bacterial aerobic nasal flora of 216

healthy volunteers was defined to identify potential

competitive interactions among different species (Lina

et al. 2003). The S. aureus colonizatton rate correlated

negatively with the rate of colonization by Coryne-

bacterium spp. and non-aureus staphylococci, especially

S. epidermidls, suggesting that both Corynebacterium

spp. and S. epidermidis antagonize S. aureus coloniza-

tion. The effect of other components of the normal nasal
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Light microscopy and staining
reacilons

flora on the development of S. aureus carriage was exam-
ined in 157 consecutive infants over the flrst 6 months of
life (Peacock et al.2003). Negative associations (putative
bacterial interference) between S. aureus and other
species occurred early in infancy but were not sustained.
An increasing antistaphylococcal effect was observed
over time, but this was not attributable to bacterial inter-
ference. These studies suggest that complex interactions
are likely to occur both within the polymicrobial human
flora, and between the flora and host.

CELL MORPHOLOGY AND CULTURAL
CHARACTERISTICS

designed to distinguish S. aureus from other species on

the basis of colonial and biochemical properties;

however, with the discovery of additional staphylococcal

species that share some properties with S. aureus, it is

now recognized that such a distinction cannot be made

accurately. Schleifer-Kriimer a5at (Schleifer and

Krdmer 1980) is used by some laboratories for the selec-
tive isolation and enumeration of staphylococci from
foods and other heavily contaminated sources. Incuba-
tion of cultures on selective media should be for at least
48-72 h at 35-37'C for colony development.

P agar (Kloos et al. t974) and tryptic soy agar have
been widely used in the primary culture and subculture of
staphylococci from cutaneous habitats (Kloos et al. I99l).

Colonies of each of the recognized species and subspecies
can be distinguished from one another on these media
with considerable accuracy, provided reference strains of
each of the taxa are included for comparison. Detailed
descriptions (and in some cases color photographs) of
colonies have been reported in the original taxonomic
descriptions of the species and subspecies. Pigmentation
and pigment sectoring patterns are usually more
pronounced in colonies growing on these media than on
blood agar. When pigment is present, colonies are usually
different shades of cream-yellow, yellow, yellow-orange,

or orange, depending on the particular species and strain.
Some strains of S. epidermidis, S. intermedius, and S.
lentus demonstrate a subtle violet, pinkish, or brownish
pigment. All staphylococcal species grow well on tryptic
soy agar, bfi S. vitulus, S. lentus, S. caseolyticus, and some
strains of S. sciuri, grow poorly on P agar. These species
should be cultured on tryptic soy agar or tryptic soy agar
supplemented with blood. The anaerobic species S.
saccharolyticus and subspecies S. aureu,r subsp. anaero-
bius grow well on the above nonselective media under
anaerobic conditions, but grow very poorly under aerobic

conditions.

Colonies of the same strain generally exhibit similar
features of size, consistency, edge, profile, luster and
pigment, but some strains may produce two or more
morphotypes. The mechanisms for this are undergoing
investigation, particularly for S. epidermidis; one expla-
nation for this phenomenon is variable expression of the
ica operon, a gene cluster encoding the production of
polysaccharide intercellular adhesin (PIA) which
mediates intercellular adherence of bacteria and the
accumulation of a multilayered biofilm. Several unusual
morphotypes of S. aureus have been described that
depart signiflcantly from the normal colony morphology,
and include certain encapsulated strains (Wiley 7972),
L-forms (Kagan 1972) arrd small colony variants (SCV)
(Quie 1969). SCVs are believed to have a defect in elec-
tron transport and are resistant to aminoglycosides by
virtue of poor drug uptake (Wilson and Sanders 1976;
Proctor and Peters 1998). These variants are character-
ized by a slow growth rate, absence of pigmentation, a
reduced range of carbohydrate utilization, and failure to

Gram stained cells of staphylococci are uniformly gram-
positive in young (18-24 h) cultures and appear sphe-
rical with an average diameter of 0.5-1.5 pm on light
microscopy. The cells of old cultures (>48 h) are often
gram-variable to nearly gram-negative. Cells divide in
more than one plane to form irregular clusters and
aggregates of pairs, tetrads, and short chains, depending
on the species. For example, S. aureus mainly produces
irregular clusters of cells; S. hominis, S. haemolyticus,
and S. capitis mainly produce aggregates of tetrads and
pairs; and S. saprophyticus and S. cohnii produce loose
aggregates of single cells and pairs. Cell wall defective
or deficient (L-form) cells have been described for S.
aureus (Kagan 1972) and S. epidermldls (Acevedo et al.
1985). These organisms fail to take Gram strarn, are
osmotically sensitive, and are not easily cultured on the
usual isolation media. As a result, their frequency and
relevance to medical practice are not known. They may
be induced by benzylpenicillin, methicillin, and lysosta-
phin. Most of the L-form strains isolated from clinical
specimens have been associated with chronic infections.
malignant tumours and body fluids of immunodeficient
patients.

Colony morphology

Staphylococci produce distinctive colonies on a variety
of commercial, selective, and nonselective agar media.
The commonly used selective media include mannitol-
salt agar, lipase-salt-mannitol agar, phenylethyl alcohol
agar, Columbia colistin-nalidixic acid (CNA) agar, and
Baird-Parker agar base supplemented with egg yolk tell-
urite enrichment. These media inhibit the growth of
gram-negative bacteria, but allow the growth of staphy-
lococci and certain other gram-positive bacteria. Baird-
Parker agar base, when supplemented with egg yolk tell-
urite enrichment, is widely recommended for the detec-
tion and enumeration of S. aureus in foods (Schwab et al.
1984). This medium and the other selective media were
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express several putative virulence factors. There are two

classes of SCVs distinguished on the basis of whether

they are stable following serial passage or revert back to

wild type (McNamara and Proctor 2000). SCVs have

been reported to arise after uptake of bacteria by endo-

thelial cells in vitro (Vesga et al. 1996), following expo-

sure to gentamicin in broth culture, and during human

infection or experimental models (Proctor et al. 1995;

von Eiff et al. t997; Kahl et al. 1998; Abele-Horn et al.

2000; von Eiff et al. 2001a). SCVs also persist within

endothelial cells in vitro (Balwit et al. 1994). It has been

proposed that SCVs represent a small subpopulation of

organisms that become auxotrophs following the acquisi-

tion of a mutation in genes involved in the electron

transport chain. However, recent work suggests that

reversible phenotypic switching can occur between S.

aureus SCY and the parental phenotype (Massey and

Peacock 2002). Switching between gentamicin resistant

SCV and gentamicin sensitive wildtype may circumvent

the lasting fltness cost of antibiotic resistance associated

with permanent genetic mutation. The significance of

SCVs for human infection is that they are associated with

cases of S. aureus infection that prove resistant to anti-

biotic cure as manifest by persistence or relapse (Proctor

et al. 1995; Kahl et al. 1998; Abele-Horn et al. 2000).

Growth in broth and semisolid media

Staphylococci grow well in a variety of commercial

broth media, including tryptic soy broth, brain-heart

infusion broth, nutrient broth, and tryptose phosphate

broth, with or without the addition of blood. Most of the

species are butyrous and easy to emulsify, but the S.

sciuri species group and the strong slime-producing

strains of S. epidermidis are glutinous and difficult to

emulsify. Many of the staphylococcal species can

produce abundant anaerobic growth in a semi-solid

Brewer's thioglycollate medium within 24J2 h at 35-

37'C (Kloos and Schleifer 1975b; Kloos and Bannerman

1995). Species such as S. aureus, S. epidermidis, S. lugdu-

nensis, and S. schleiferi, which are among the most

pathogenic species, produce abundant anaerobic growth

with overnight incubation. Some species such as S.

hominis, S. auricularis, S. kloosii, S. equorum, S. arlettae,

S. vitulinus, and S. lentus fail to grow, or grow only very

slowly, in the anaerobic portion of this medium.

METABOLISM

Carbohyd rate metabolism

Glucose and other reducing sugars are present in very

small amounts in the sweat and aqueous surface fllm of

human skin and is probably not a major exogenous

source of carbon for staphylococci growing in their

primary habitat. Higher levels of glucose are present in

certain host tissues (e.g. blood, liver, kidneys, muscle),

and may be available to invading staphylococci. Lactic

acid and lactate are major sources of carbon for staphy-

lococci which can readily and reversibly convert these

end products into pyruvic acid, thereby allowing them to

enter the pathways of pyruvate metabolism and assimila-

tion. These compounds are derived mainly from glyco-

lysis in host tissues and the breakdown of glycogen in

the sweat glands. Staphylococci are capable of using a

variety of carbohydrates as carbon and energy sources.

The carbohydrate can be taken up and accumulated

inside the cell without a change in its form, or it can be

covalently modified during uptake. In the latter type of

carbohydrate uptake, the carbohydrate is phosphory-

lated during the transport process mediated by the

phosphoenolpyruvate (PEP)-carbohydrate phospho-

transferase system (PTS). Glucose, mannose, glucosa-

mine, fructose, lactose, galactose, mannitol, N-acet-

ylglucosamine, and B-glucosides are taken up by the PTS

(Reizer et al. 1988). The lactose-specific PTS of S'

aureus is composed of four enzymes, enzyme I (El),

Hpr .  enzyme l l l  (E I l l ) r ' "  and enzyme I l  (E I I )1 " " .  tha t

appear to form a membrane-bound multienzyme

complex (Kalbitzer et al. 1981). Some carbohydrates are

not taken up via the PTS, such as the pentoses ribose,

xylose, and arabinose, and the corresponding pentitols.

These are taken up unsubstituted in the species S. sapro-

phyticus and S. xylosu.s (Lehmer and Schleifer 1980).

The Embden-Meyerhof-Parnas (EMP) (glycolytic)

pathway and the oxidative hexose monophosphate

pathway (HMP) are the two central routes used by

staphylococci for glucose metabolism (Strasters and

Winkler 1963; Blumenthal 1972). S. aureus and S. epider-

midis metabolize glucose mainly by glycolysis, and to a

limited extent by the HMP (Sivakanesan and Dawes

1980). The major end product of anaerobic glucose

metabolism in S. aureus is lactate (73-94 percent);

smaller quantities of acetate (4-7 percent) and traces of

pyruvate are also formed. Under aerobic conditions,

only 5-10 percent of the glucose carbon appears as

lactate and most of it appears as acetate and CO2. In S.

epidermidis, lactate is the major end product of anae-

robic glucose metabolism. The other end products are

acetate, formate, and CO2, which are formed in trace

amounts. S. saccharolyticus appears to be an exceptional

species in that it ferments glucose mainly to ethanol,

acetic acid, and COz; only small amounts of lactic and

formic acid are produced (Kilpper-Biilz and Schleifer

1981). In members of the S. saprophyticus species group

and S. intermedius, S. capitis, S. haemolyticus, and S.

warneri, lactose and galactose are metabolized via the

Leloir pathway whereby galactose-1-phosphate is

epimerized to glucose-l-phosphate (Schleifer et al. 1978;

Schleifer 1986). S. aureus, S. epidermidis, S. hominis, S'

chromogenes, S. sciuri, and S. lentus metabolize lactose

and galactose via the tagatose-6-phosphate pathway,

whereby galactose-6-phosphate is isomerized to taga-
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tose-6-phosphate, which is further converted to tagatose-
1,6-diphosphate and then cleaved to triosephosphates
(Schleifer et al.1978; Schleifer 1986).

Respiration

Cytochromes and unsaturated menaquinones form the
membrane-bound electron transport system. The major
cytochromes of the respiratory chains of staphylococci
&ra a662, b557, and, o555 (previously b555) (Faller et al.
1980). It has been suggested that cytochrome a does not
play a major role in the respiration of at least some
staphylococci. The minor cytochromes bssz, bseo, and b566
are widely distributed in staphylococci, although b552 is
not found in S. sciuri and S. lentus. Cytochrome b557
appears to be an intermediate electron carrier of the
cytochrome b or b1 type. Members of the S. sclu rl species
group have cytochromes of the c type, in addition to
cytochromes a and b. Cytochrome o555 binds carbon
monoxide and is probably the major terminal oxidase.
Menaquinones (MK-6 through MK-9) are the sole
isoprenoid quinones of staphylococci and play important
roles in electron transport and oxidative phosphorylation
(Collins and Jones 1981). Most staphylococcal species
contain MK-7 as the major isoprenologue. MK-S is a
major isoprenologue in S. aureus and, S. lugdunensis and
MK-6 is a major isoprenologue in S. hyicus, S. equorum,
and members of the S. sclarl species group (Collins 1981;
Nahaie et al. 1984; Schleifer and Kroppenstedt 1990).

Amino acid biosynthesis and nitrogen
requtrements

Most staphylococcal species are capable of synthesizing
a large proportion of the different amino acids needed
for growth. The genetic control of histidine (Kloos and
Pattee 1965), isoleucine and valine (Smith and pattee

1967), lysine (Barnes et al. l97l), tryptophan (proctor
and Kloos 1970), leucine (Pattee et al. 1974) and
alanine, threonine, tyrosine, and methionine (Schroeder
and Pattee 1984; Mahairas et al. 1989) biosynthesis has
been studied extensively in S. aureus. The histidine
(hisEABCDG), isoleucine-valine (ilvABCD) and
leucine (leuABCD), lysine (/ysOA BFG) and tryptophan
(ITpABFCDE) genes of S aureus are each clustered in
what appear to be individual operons. Many naturally
occurring strains have mutations in one or more of the
amino acid biosynthesis genes, resulting in certain amino
acid requirements. The amino acid requirements of
approximately half the recognized species of staphylo-
cocci have been determined in vitro with the use of
chemically defined media (Tschdpe 1973; Emmett and
Kloos 1975, 1979; Hussain et al. 1991). Members of the
S. epidermidls species group have numerous (c. 5-13)
amino acid requirements (Emmett and Kloos 1975). All
require arginine, the principal amino acid of human

sweat and one that is present in moderate amounts (10-

18 mg per 100 ml) (Heir et al. 1946). Most of the strains
of species in this group also require isoleucine-valine

and proline, and with the exception of S. epidermidis,
most require histidine. S. capitis generally requires more
different amino acids than other members of the group.

S. aureus requires arginine and has either an absolute or
partial requirement for proline. Most strains of this
species require isoleucine-valine and have either an
absolute or partial requirement for cysteine and leucine.
Different ecovars of S. aureus demonstrate some differ-
ences in their amino acid requirements (Tschiipe 1973).
S. simulans requires arginine, and most strains of this
species also require proline, isoleucine-valine, leucine,
and alanine. Members of the S. saprophyticus and S.
sclarl species groups require fewer amino acids than the
other species and some do not even require an amino
acid or an organic nitrogen source. Some strains of S.
saprophyticus have an absolute or partial requirement
for proline and isoleucine-valine and some strains of S.
cohnii require arginine and proline. Most strains (89-95
percent) of S. xylosus, S. kloosii, and S. sciuri do not
require an organic nitrogen source (Emmett and Kloos
1979). They can grow well with (NH4)2SO4 as the
nitrogen source. Relatively high levels of ammonia (3-

78 mg per 100 ml) and urea (24-620 mg per 100 ml) are
present in the sweat of humans (Rothman 1954) and
certain animals (Montagna and Parakkal 1974), making
them available to staphylococci as additional sources of
substrate nitrogen. These nitrogenous compounds may
also reach the skin surface of mammals from urine.
Many of the amino acid requirements of staphylococci
exhibit spontaneous reversion to independence. S. capitis
is an exceptional species in that it has a large number
(9-13) of amino acid requirements and, of these, only
requirements for alanine, glycine, proline, and cysteine
have been known to exhibit reversion, either sponta-
neously or in response to alkylating mutagens (Emmett

and Kloos 1979).

Vitamin requirements have been determined for
approximately a third of the recognized staphylococcal
species. Nicotinic acid and thiamine are usually required
by S. aureus and members of the S. epidermidis and S.
saprophyticus species groups (Tschiipe 1973; Cove et al.
1983). Biotin, or pantothenic acid, or both, are also
required by many strains of species in the S. epidermidis
species group (Emmett and Kloos 1975). Some strains in
the S. saprophyticus species group may also require
pantothenic acid.

CELLULAR COMPONENTS

Cell membrane

The cell membrane appears to be a typical lipid-protein
bilayer, being composed mainly of phospholipids and
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proteins. It represents a selective barriel. 'Edlflls 

many functions, including electron transport, wuve 
transport, participation in septum formation, and segre- 
gation of DNA. The cytochromes and menaquinones 
bound to cell membranes are important components of 
the electron transport system. Phospholipids, glycolipids, 
menaquinones, and carotenoids make up the major lipid 
components of the membrane. The major polar lipids 
are phospholipids and glycolipids (Shaw 1975; Nahaie 
et al. 1984). The major phospholipids are phosphati- 
dylglycerol, diphosphatidylglycerol (cardiolipin), and 
phosphatidic acid. Lysylphosphatidylglucose is also a 
major component of the cell membrane of S. aureus and 
S. intermedius. The glycolipids are monoglucosyl and 0- 
diglucosyl diglycerides and phosphatidyl glucose. 
Various proteins have been isolated from the 
membranes of S. aureus, such as adenosine tripho- 
sphatase (Gross and Coles 1968), polyprenolpho- 
sphokinase (Sandermann and Strominger 1972), various 
oxidases and dehydrogenases (Theodore and Weinbach 
1974), and several penicillin-binding proteins (PBP), 
which catalyze terminal reactions of peptidoglycan 
biosynthesis (Hayes et al. 1981; Hartman and Tomasz 
1984). Some PBPs are species- or species group-specific 
(Canepari et al. 1985; Pierre et al. 1990). The pigments 
of staphylococci are triterpenoid carotenoids having a 
C30 chain (Marshall and Wilmoth 1981a). In S. aureus, 
carotenoids range from colorless polyisoprene 
compounds such as squalene, diapophytoene, and diapo- 
phytofluene, to the yellow, orange, and red triterpenoid 
carotenoids. The main pigment is staphyloxanthin, a 
compound in which glucose is esterified with both a 
triterpenoid carotenoid carboxylic acid and an anteiso- 
methyl-branched CI5 fatty acid (12-methyl tetradecanoic 
acid). 

Certain iron-regulated cell membrane proteins are 
expressed under iron limitation in S. aureus (Domingue 
et al. 1989) and members of the S. epidermzdas species 
group (Smith et al. 1991; Wilcox et al. 1991). Two side- 
rophores are known to be produced extracellularly by 
staphylococci: staphyloferrin A (Meiwes et al. 1990) and 
staphyloferrin B (Haag et al. 1994). Staphyloferrin A, B, 
or both, are produced by a wide range of staphylococcal 
species. A 42 kDa cell wall protein that binds human 
transferrin, the major iron-binding protein in serum, has 
been detected in S. aureus and certain members of the S. 
epadermidzs species group (Modun et al. 1994) and a 
protein that binds human lactoferrin, an iron-binding 
protein found in milk, tears, saliva, and some other body 
fluids, has been identified in S. aureus (Naidu et al. 
1992). 

Cell wall 
- - - 

Peptidoglycan and teichoic acid are the major compo- 
nents of the staphylococcal cell wall. The peptidoglycan 

amemts LO approximately 50-60 percent of the dry 
weight (Schleifer and Kandler 1972; Schleifer 1983). The 
cell wall teichoic acid amounts to approximately 30-50 
percent of the dry weight, and it is covalently linked to 
peptidoglycan. The peptidoglycan is the main structural 
polymer in the wall and it plays an important role in 
maintaining the spherical shape of the cell. I t  is a 
heteropolymer consisting of glycan chains that are cross- 
linked by short peptides. The glycan moiety is made up 
of alternating P-1,4-linked units of N-acetylglucosamine 
and N-acetylmuramic acid. Some of the C-6 hydroxyl 
groups of muramic acid are phosphorylated and the 
resulting muramyl-6-phosphate residue represents the 
attachment point between peptidoglycan and teichoic 
acid (Kojima et al. 1985). The carboxyl group of 
muramic acid is substituted by an oligopeptide (peptide 
subunit) containing alternating L- and D-amino acids. 
The peptide subunits are cross-linked by the insertion of 
an interpeptide bridge that extends from the COOH- 
terminal D-alanine in position four of one peptide 
subunit to the €-amino group of L-lysine in position 
three of an adjacent peptide subunit (Schleifer 1973). 
Interpeptide bridges consist of oligoglycine peptides, 
though some glycine residues may be replaced by 
L-serine or L-alanine. The biological activities of pepti- 
doglycans include endotoxin-like properties (pyrogeni- 
city, complement activation, generation of chemotactic 
factors, aggregation and lysis of animal blood platelets), 
inflammatory skin reactions, inhibition of leukocyte 
migration, adjuvant activity, mitogenic activity, and 
induction of immunosuppressive cells (Schleifer 1983). 
Peptidoglycan antibodies can be found in normal human 
and animal sera. The cell wall teichoic acids of staphylo- 
cocci are water-soluble polymers composed of alditol 
(glycerol, ribitol), sugar and/or N-acetylamino sugar, and 
sometimes D-alanine (Schleifer 1983). Most staphylo- 
coccal species contain ribitol, or glycerol teichoic acids, 
or both. Cell wall teichoic acids are at least partially 
exposed to the cell surface where they contribute to the 
binding of antibodies (Knox and Wicken 1973), bacter- 
iophages (Schleifer and Steber 1974) and lectins (Reeder 
and Ekstedt 1971). 

Cell surface associated and secreted 
ad hesins 

A range of S. aureus cell wall-associated protelns have 
been characterized and shown to promote adherence to 
extracellular matrix proteins and/or soluble plasma 
components (Patti and Allen 1994) (Table 32.4). These 
adhesins may play a central role in colonization and 
invasive disease. A total of 21 genes encoding surface 
proteins that are anchored to the peptidoglycan cell wall 
have been identified by in silico analysis of six S. aureus 
genome sequences. The best characterized of these are 
protein A SpA (Forsgren et al. 1983; UhlCn et al. 1984; 
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Tabfe 32.4 S aureus cell surface assocrated and secreted proteins

Bacterial determinant

Fibronectin binding
p r o t e i n s A a n d B ( F n B P A
and FnBPB)

Clumping  fac to r  A  and B
(ClfA and ClfB)

Co l lagen b ind ing  pro te in
(Cna)

Protein A (SpA)

Members of serine-
aspartate mult igene family
(5drC, SdrD, SdrE)

Bone sialoprotein-binding
protein (Bbp)

Elastin-binding protein
(Ebps)

Map/Eap

Plasmi n-sensit ive protei n
(Pls)

B iof i lm-asociated protei n
(Bap)

Extracel lular matrix-binding
protein homolog (Ehb)

Putative function

Adhesin for f ibronectin
FnBPA also shown to recognize
fibrinogen

Adhesins for f ibr inogen
ClfA and ClfB mediate platelet act ivat ion
and aggregation
ClfB mediates binding to epidermal
cytokerati n
Adhesin for col lagen

Binds  Fc  domain  o f  lg  and von
Wil lebrand factor
Function of SdrC and SdrD unknown:
putative adhesins
SdrE mediates platelet act ivat ion and
aggregation
Member of the 5dr family
A l le l i c  var ian t  o f  SdrE
Adhesin for bone sialoprotein
Adhesin for elast in

Map (cel l  associated) described as an
MHC class l l  analog protein
Eap (secreted protein) has a broad
binding specif ici ty; involved in adherence
to f ibroblasts, and enhances
internal izat ion into eukaryotic cel ls in
vitro; serves as anti- inf lammatory factor
by inhibit ing the recruitment of host
leukocytes

Associated with mecA
Large surface protein that may interfere
with bacterial interactions with host
proteins including f ibronectin and
immunog lubu l ins

Present in 5o/o of bovine strains but
absent from 75 human isolates tested
May interfere with bacterial attachment
to host t issues and cel lular
interna l izat ion
Very large cel l  wal l-associated
proteinBinds human f ibronectin

Ref.

Switalski et al.  1983; Ryd6n et al.
1983; Signas et al.  1989; Jonsson et al.
1991;  Greene e t  a l .  1995
McDevitt  et al.  1994; Ni Eidhin et al.
1998; O'Brien et a|.2002a, b;
5 iboo e t  a l .  2001

Patti et al. 1992;'1994

Forsgren et al.  1983; Uhl6n et al.  1984;
Hart leib et al.  2000
Josefsson et al.  1998

Ryd6n et al.  1989; Tung et al.  2000

Park et al.  1996; Downer et al.  2002

McGavin et al.  1993; Jonsson et al.
1995;  Pa lma e t  a l .  1999;  F lock  and
Flock 2001; Hussain et a!.2001,2002;
Chavakis et al.  2002; Haggar et al.
2003

Savo la inen e t  a l .  2001

Cucarel la et al.  2001. 2002

Clarke et al.2002

Hartleib et al. 2000), collagen-binding protein Cna (patti
et al. 1992), the fibrinogen-binding proteins clumping
factor A and B (ClfA and ClfB) (McDevitt et al. 1994:
Ni Eidhin et al. 1998), and the two flbronectin-binding
proteins FnBPA and FnBpB (Switalski et al. 19g3;
Ryd6n et al. 1983; Signas et al. 1989; Jcinsson et al. 199'1,:
Greene et al. 1995). Other less well characterized
proteins include three members of the serine-aspartate
multigene family (SdrC, SdrD, and SdrE) (Josefsson
et al. 1998); the bone sialoprotein-binding protein Bbp
(an allelic variant of SdrE) (Tung et al. 2000); the
plasmin-sensitive protein Pls (Savolainen et al. 2001;
Huesca et al. 2002), and biofilm-associated protein (Bap)
(Cucarella et al. 2001, 2002). These proteins have
features characteristic of gram-positive bacterial surface-
expressed proteins, including a secretory signal sequence

at the N-terminus, and at the C-terminus a positively

charged tail, a hydrophobic transmembrane domain and
a wall-spanning region with an LPXTG (Leu-Pro-X-Thr-

Gly) motif. The latter represents the target of a specific
membrane-associated enzyme (sortase, SrtA) which
cleaves the motif between the threonine and glycine

residues. The protein is then covalently anchored to the
peptidoglycan cell wall (Schneewind et al. L995; Ton-
That et al. 1999; Mazmanian et al. 1999; Ilangovan et al.
2001). A second sortase (SrtB) has been described which
is required for anchoring a surface protein with a

NPQTN motif. The gene encoding SrtB is part of an
iron-regulated locus called iron-responsive surface deter-
minants (lsd), which also contains a ferrichrome trans-
porter and surface proteins with NPQTN and LPXTG

motifs (Mazamnian et al. 2002). Two cell wall proteins
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designated FrpA and FrpB have also been reported to

be expressed under iron-restricted growth conditions.

FrpA may be involved in adhesion of S. aureus to plastic

in vitro, and both proteins are regulated by the ferric

uptake regulator Fur (Morrissey et at.2002).

S. aureus also expresses bacterial adhesins that lack an

LPXTG motif. These include Efb (formally Fib) (Boden

and Flock 1994), rhe elastin-binding protein EbpS (Park

et al. 1996; Downer et aL.2002), the major histocompat-

ibility complex class II analog Map and the highly

similar extracellular adhesin protein Eap (McGavin et al.

1993; Jonsson et al. 1995; Palma et al. 1999), and Ehb

which is a very large cell wall-associated fibronectin

binding protein (Clarke et al.2002). Localization studies

have shown Ebh to be cell envelope associated, and is

proposed to form a specialized surface structure

involved in cellular adhesion (Clarke et al.2O02).

These proteins are variably present in S. aureus

isolates associated with carriage and disease. For

example, some are ubiquitous (or almost so); this

includes FnBPA, CIfA, CIfB, SdrC, SpA, and Map/Eap,

while Bbp, SdrD, and SdrE are present in less than half

of isolates (Peacock et aI.2002a). They are often named

in response to the first identified ligand, but it is

becoming clear that many proteins are multifunctional.

Furthermore, there is considerable redundancy both

within a given protein, (for example, FnBPA has

multiple binding sites for fibronectin (Massey et al.

2001)), and for the bacterium as a whole which has

multiple mechanisms for adhering to host proteins such

as fibrinogen and fibronectin. This is likely to reflect the

biological importance to the bacterium of adhering to,

or becoming coated with, and perhaps masked by, host

proteins. The observation that FnBPA has many ligand

binding sites may be explained by the mechanism by

which S. aureus interacts with flbronectin, in which

attachment occurs via a tandem zipper (Schwarz-Linek

et al. 2003).

Protein expression is influenced by at least three major

regulatory systems, termed the accessory global regulator

(Agr), staphylococcal accessory regulator (Sar) and Sae

(Novick 2000). Other factors can affect expression; for

example, a hemB mutant defective in hemin biosynthesis

and exhibiting a small colony variant phenotype was

reported to have increased expression of genes encoding

ClfA and fibronectin binding proteins (Vaudaux et al.

2002). FnBP expression is also altered in vitro on exposure

to subinhibitory ciprofloxacin (Bisognano et al. 2000).

Clinical isolates with grlA and gy'rA mutations (encoding

altered topoisomerase IV and DNA gyrase, respectively)

exhibited significant increases in attachment to fibro-

nectin-coated surfaces after growth in the presence of one-

quarter the ciprofloxacin (MIC) of ciprofloxacin. This

phenomenon may be explained by the observation that

ciprofloxacin activates fhe fnbB promoter.

Coagulase-negative staphylococci also express surface

adhesins, although fewer have been described to date.

S. epidermidi.s SdrF, SdrG, and SdrH are members of

the Sdr family of proteins (McCrea et al. 2000). SdrF

and SdrG are cell wall-associated proteins as determined

by the presence of an LPXTG motif, but Sdr H lacks

this motif. SdrG (Fbe) is a flbrinogen binding adhesion

molecule (Hartford et al. 2001), but the ligands for the

other two proteins are unknown. A fibronectin-binding

protein has also been described for S. epidermidis

(Williams et al. 2002). S. schleiferi and S. lugdunensis

bind to fibrinogen and fibronectin, although the adhesins

have not been fully characterized to date (Hebert 1990;

Vandenesch er al. 1994).

Exocellular material

Staphylococcal capsules are located external to the cell

wall and they are primarily composed of antigenic

(capsular) polysaccharides (Sutherland 7977). The

capsular polysaccharides of S. aureus ate made up of

different combinations of either amino uronic acids (N-

acetyl-o-aminoglucuronic acid, N-acetyl-o-aminoga-

lacturonic acid, or N-acetyl-n-aminomannuronic acid) or

nonamidated uronic acids (glucuronic acid or galac-

turonic acid), and N-acetyl-n-fucosamine or galactose,

depending upon the particular strain (Wilkinson 1983).

Some S. aureus strains also contain taurine in their

capsule which is linked to the carboxyl group of N-

acetyl-D-aminogalacturonic acid via an amide bond

(Liau and Hash 7977; J.C. Lee et al. 1987). S. aureus

strains can be assigned to at least 11 capsular serotypes

by means of polyclonal rabbit antiserum speciflc for

their associated capsular polysaccharides. Of these, sero-

types 5 and 8 are associated with microcapsules and are

the ones most frequently encountered in bacteremia

(Arbeit et al. 1984) and a variety of other infections

(Hochkeppel et al. \987; Albus et al. 1988). Highly

encapsulated S. aureus isolates of serotypes I and 2 are

more virulent in mouse lethality tests than isolates of

serotypes 5 and 8 (J.C. Lee et al.1987,1993). Further-

more, they are relatively resistant to phagocytosis, are

not phage typable, and have negative clumping factor

reactions and diminished coagulase reactions. The

capsule acts in varying degrees as a diffusion barrier,

molecular sieve, and adsorbant. Phagocytosis may be

prevented by the inability of encapsulated staphylococci

to attach to phagocytic cells.

Slime is a complex extracellular substance produced in

varying amounts by many, if not most, staphylococci.

The amounts of slime produced by a particular strain

may vary widely according to genetic factors and growth

conditions. Many strains of S. epidermldls and some

strains of S. capitis sttbsp. ureolyllcus produce copious

amounts of this substance (Peters et al. 1987; Kloos et al.

1992). Other members of the S. epidermidls species

group such as S. capitis subsp. capirls, S. hominis, S.

haemolyticus, and S. warneri generally produce much
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smaller amounts of slime, and although many strains of
these species may fail to produce detectable quantities
of slime by standard tests (Christensen et al. 1985), it
can usually be detected by transmission electron micro-
scopy. Slime appears to be rather loosely bound to the
cell and is water-soluble. It can be observed trailing
from the cell surface and also detached from the cell.
Continued production of slime by a growing clone of
cells attached to a polymer surface (e.g. an implanted
catheter) results in encasement and formation of
connective cell-slime clusters (biofilm) (Peters et al.
1987). Once established, the bacterial biofilm may act as
a penetration barrier to antibiotics (Gristina et al. 1987;
Peters et al. 1987). Crude slime is a very heterogeneous
substance, which is usually composed of a variety of
monosaccharides, including mannose, galactose, glucose,
glucosamine, and glucuronic acid, and proteins and small
peptides, the chemical composition of which may vary
according to the medium used for cell propagation.
Under some growth conditions, components of teichoic
acids may be present in slime (Hussain et al. 1991).
Some strains of S. epidermidis and S. capitis subsp. ureo-
lyticus, especially those from foreign body infections or
demonstrating a long-term persistence on their host,
produce a slime containing PS/A that is rich in galactose
(Tojo et al. 1988; Kloos et aL. 1992; Muller et al. 1993).
PS/A appears to enhance the very early stages of coloni-
zation of these species on biomaterials and perhaps also
on the surfaces of their natural habitat. It is highly
immunogenic in its purified form and may play a role in
protective immunity. Somewhat similar polysaccharide
antigens have been described that appear to be impor-
tant for the surface proliferation of cells (Christensen
et al. 1990; Mack et al. 1992). Most S. epidermidis strains
can be serotyped and belong to either polysaccharide
surface antigen type 1 (14 percent) or type 2 (77
percent) (Fattom et al. 1992). There is growing evidence
that slime interferes with host defense mechanisms such
as opsonization and phagocytosis (Gray et al. 1987;
Johnson et al. 1989; Stout et al. 1992). The material
which embeds sessile bacteria adherent to prosthetic
surfaces is now commonly referred to as biofilm. The
mechanism by which coagulase-negative staphylococci
(CoNS) attach to prosthetic material and elaborate
biofilm is being increasingly understood, and is clearly a
complex and multistep process (reviewed in Mack 1999
and von Eiff et al. 1999,2002). One important element
in this pathway is the ica operon, a gene cluster
encoding the production of PIA which mediates inter-
cellular adherence of bacteria and the accumulation of
multilayered biofilm (Heilmann et aL. 1996).

Extracel I u lar proteins

Staphylococci produce a variety of different extracellular
proteins acting as either toxins, nontoxic enzymes, or

enzyme activators (Table 32.5). The toxins can attack or
regulate cellular components of the host, thus presum-

ably facilitating the successful invasion and proliferation

of staphylococci within the host. Some of the nontoxic

enzymes and polypeptides provide staphylococci with an

ability to survive or defend themselves in the presence

of competing microorganisms. Other enzymes are

capable of degrading various macromolecules such as

lipids, nucleic acids, proteins, and polysaccharides,

thereby providing low molecular weight nutrients for
growth. Most of the extracellular proteins that have

been investigated in detail have been derived from S.
aureus, a species that produces a wide range of such
proteins.

The hemolytic toxins (hemolysins) attack the

membranes of erythrocytes, as well as some other cells,
from various host species. S. aureus produces at least

four types of hemolysins known as alpha-, beta-, delta-,

and gamma-toxin. Alpha-toxin has been studied exten-

sively, and the wide range of information obtained on its

structure and function has been reviewed by Bhakdi and
Tranum-Jensen (1991). A high percentage (86-95

percent) of human S. aureus strains produce alpha-toxin,

although many produce only small amounts. Alpha-

toxin-defective mutants have reduced virulence in

animal models compared with the wild-type parental

strain (Foster et al. 1990). Beta-toxin has species-depen-

dent activity, with goat, cow, and sheep erythrocytes

being most sensitive, human erythrocytes having inter-
mediate sensitivity, and dog and mouse erythrocytes

being resistant (Bohach and Foster 2000). Around 85
percent of human strains are positive. The gene

encoding beta-toxin carries the attachment site for group

F-converting phages and is disrupted by prophage inte-
gration in lysogens (Coleman et al. 1986). Delta-toxin is
produced by a high percentage (86-97 percent) of S.

aureus strains of human and animal origin. Gamma-
toxin and Panton-Valentine leukocidin (PVL) are

bicomponent toxins encoded by the hlg and luk-PV loci,
respectively (Bohach and Foster 2000). The toxins

contain two synergistically acting proteins, one S compo-
nent (HlgA, HlgC, or LukS-PV), and one F component
(HlgB or LukF-PV). Any S component can combine

with either F component, leading to six combinantions

in strains that carry both loci (less that 2 percent of
human isolates), or two combinations in strains positive

for hlg alone (>95 percent). Gamma-toxin is strongly
hemolytic but weakly leukocytic, while PVL can lyse

neutrophils and macrophages. However, the effect of a
given toxin will be modulated depending on the compo-

nent pairing. For example, Luk-PV paired with HlgA or
HlgC results in a toxin that is weakly hemolytic but
which has strong leukocytic activity. The recently

described community-acquired methicillin-resistant

strains (CA-MRSA) commonly carry the PVL locus
(Vandenesch et al. 2003); this is likely to result in a rise

in the proportion of S. aureus positive for PVL.
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S. aureus produces a group of functionally related
pyrogenic toxins that cause fever and shock in their
hosts. These toxins are classified as superantigens (SAg)
and include the enterotoxins (SE) and TSST-1, which
have in common a potent mitogenic activity for T
lymphocytes of several host species (Iandolo 1989; Flei-
scher 1994). Exfoliative toxins are also reported to have
superantigenic activity. Positivity of human isolates for
the genes enocoding enterotoxins varies between toxins;
for example, 23, 8, and 60 percent of 333 human isolates
tested in one study were positive for sea, seb, and seg,
respectively (Peacock et al. 2002a). TSST-1 causes
approximately 75 percent of all staphylococcal TSS cases
(Bergdoll et al. 1981; Schlievert et al. 1981). Approxi-
mately 90 percent of S. aureus strains isolated from the
vagina of patients with TSS produce TSST-1. The inci-
dence of TSST-1 is much lower (in the region of 25
percent) in S. aureus strains isolated from other types of
patients or healthy individuals, and it has not been
detected in other staphylococcal species. The S. aureus
epidermolytic toxins (ET) known as exfoliatin A (ETA)
and exfoliatin B (ETB) are recognized as the cause of
staphylococcal scalded skin syndrome (SSSS), a disease
associated with severe blistering of the skin, especially in
young children (Rogolsky 1979). ETs are produced by a
low percentage of S. aureus strains (14 percent and 2
percent for eta and etb, respectively, in one study)
(Peacock et al.2002). Staphylococcal superantigens are
encoded by accessory genetic elements (reviewed in
McCormick et al. 2001 and Novick et al. 2001). The first
five to be described (SapI 1-4 and SapI bov) are patho-
genicity islands that each encode one or more of the
superantigens (Novick et al. 2001). A further six novel
pathogenicity islands have been identified in the genome
sequences of two S. aureus isolates (N315 and Mu50)
(Kuroda et al.2001).

Coagulase clots plasma in the absence of Ca2* but
requires a plasma constituent known as coagulase-
reacting factor (CRF). CRF, perhaps a derivative of
prothrombin, reacts with coagulase, and the resulting
coagulase-CRF complex (staphylothrombin) converts
fibrinogen to fibrin (Drummond and Tager 1963). A
very high percentage (98-99 percent) of S. aureus slrains
exhibit coagulase activity. Coagulase activity is also
exhibited by the species S. intermedius, S. hyicus, S.
delphini, and S. schleiferi slbsp. coagulans. Staphylo-
kinase (SAK), a protein that exhibits fibrinolytic activity
indirectly by binding to plasminogen, is produced by a
relatively high percentage (60-95 percent) of human S.
aureus stratns of biotype A, but by only a small percen-
tage (5-10 percent) of bovine S. aureus strains of
biotype C (H5jek and MarSrilek 1969).

Various lipases (and esterases) are produced by
staphylococci (Saggers and Stewart 1968; Zimmerman
and Kloos 1976). Staphylococcal lipases hydrolyze a
wide range of substrates, including both water-soluble
and water-insoluble triglycerides, as well as oxyethylene-

sorbitan fatty acids (Tweens), phosphatidylcholines, and
lysophospholipids (Rollof et al. 1987; van Oort et al.
1989). Both heat-stable and heat-labile nucleases are
produced by staphylococci. A large percentage (95-100

percent) of the strains of S. aureus, S. hyicus, S. inter-

medius, and S. schleiferl produce detectable levels of the

heat-stable nuclease (or thermonuclease) (Devriese et al.

1978; Freney et al. 1988). Some staphylococcal species

exhibit proteolytic activity on casein and gelatin, espe-

cially S. aureus (.Lbramson 1972), S. sciuri (Kloos et al.
1976) and S. hyicus (Devriese et al. 1978). S. aureus
produces four major extracellular proteases (Karlsson

and Arvidson 2002). These are: staphylococcal serine
protease (V8 protease; SspA), cysteine protease (SspB),

metalloprotease (aureolysin; Aur), and staphopain (Scp).

All four are secreted as proenzymes which become
proteolytically cleaved to become mature enzymes.

Synthesis is activated by the regulator agr and

suppressed by SarA. A survey of 92 clinical isolates

demonstrated that protease genes appear to be

conserved, but the level of protease production is deter-

mined by the level of SigB-dependent expression of
protease repressor sarA (Karlsson and Arvidson 2002).

Their role in human disease pathogenesis is unknown.

IJrease activity is exhibited by many staphylococcal
species, and it apparently plays a role in the invasiveness

of S. saprophyticus in the urinary tract (Gatermann et al.

1989). Hyaluronate lyase (hyaluronidase) is a glycopro-

tein produced by S. aureus and S. hyicus that hydrolyzes

the mucopolysaccharide hyaluronate (Rautela and

Abramson 1973).

Gene regulation

S. aureus gene expression is under the control of regula-
tory systems that respond to changes in environmental
conditions. This is reflected by gene expression of ,S.
aureus growrr in vitro. As a generalization, synthesis of
surface proteins occur very early in exponential phase;
these are downregulated at the transcriptional level later
in the exponential phase. This is followed in the post-
exponential phase by the transcription of a large number
of genes encoding extracellular proteins, synthesis of
which ceases in stationary phase. These observations can
be explained by the coordinated action of several regula-
tory systems. The best characterized of these are Agr
(accessory global regulator) and Sar (staphylococcal
accessory regulator), with a third regulator termed Sae
(Novick 2000). Readers are referred to publications by
Richard Novick and colleagues, and Ambrose Cheung
and colleagues for indepth bodies of work on Agr and
Sar, respectively. The agr locus consists of two divergent
transcription units driven by promoters P2 and P3. The
four genes within the P2 operon are termed agrB, D, C,
and A; all are necessary for transcriptional activation of
the agr system and activate the two promoters P2 and
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P3. The P3 transcript is RNAIII, the effector of gene

regulation which acts predominantly at the level of gene

transcription. This is a density-sensing system which is

autoinduced by a short peptide processed from a

propeptide encoded by agrD. Four agr groups have been

defined based on nucleotide differences. and the auto-

inducing peptides have been demonstrated to exhibit

crossinhibitory responses. Many of the secreted exopro-

teins are downregulated and the cell surface proteins

upregulated in agr mutants. S. lugdunensis also produces

an RNAIIIIike transcript; it is produced from the lgr

locus (Vandenesch et al. 1993). The RNAIII transcripts

from ,S. epidermidis, S warneri, and S. simulan.t are very

similar to that of S aureus, and they can equally repress

transcription of protein A in S. aureus; however, their

ability to stimulate transcription of the s-toxin and

serine protease genes in S. aureus was less than that of

S. aureus RNAIII (Tegmark et al. 1998). The mode of

action of s.zr appears to be at the transcriptional level

(Cheung and Ying 1994). The sar locus upregulates tran-

scription of agr, and also affects the expression of

certain exoprotein genes directly. A large body of data

exist on regulation of S. aureus gene expression in vitro.

Regulation in vivo is poorly defined, but studies addres-

sing this area indicate that regulation does not always

mirror that seen under laboratory conditions (Goerke

et al. 2000).

Bacteriocins

Lantibiotics are low molecular weight bacteriocins

produced by a wide range of gram-positive bacteria

including staphylococci, Iactococci, bacilli, and strepto-

mycetes (Jack et al. 1995). They are small polypeptides

of 19-34 amino acids and have several sulfide rings

consisting of two unusual amino acids, meso-lanthionine

and 3-methyllanthionine (Schnell et al. 1988). Epidermin

(staphylococcin 1580) and Pep5 are lantibiotics

produced by S. epidermldls (Allgaier et al. 1986; Kellner

et al. 1991). The 52 amino acid epidermin is encoded by

the gene epiA contained within an operon located on a

54 kbp plasmid (Schnell et al. 1988, 1992). The

epidermin operon contains a minimum of six genes

(epiABCD and, epiQ, epiP).'fhe epiP gene product is

homologous to serine proteases and may be involved in

the cleavage of the 30 amino acid leader from the

epidermin prepeptide molecule. pepA encodes the 60

amino acid Pep5 and is contained within a gene cluster

Qtepl, pepT, ORF X and pepA, pepP, pepB, pepC)

found on a plasmid (Kaletta et al. 1989; Reis et al.

1994). The pepl gene product is essential for Pep5

immunity. Gallidermin is produced by S. gallinarum

(Kellner et al. 1988). The activity of these lantibiotics is

directed mainly against gram-positive bacteria, many of

which interact or compete with staphylococci in their

natural habitats. These lantibiotics depolarize bacterial

and planar lipid membranes in a voltage-dependent

manner and they can also form pores (up to 1 nm in

diameter) in the membrane (Kordel et al. 1988). Some

strains of S. haemolyticus produce one or more small, 44

amino acid peptides (sharing 65-75 percent sequence

homology) that exhibit antibacterial activity, especially

antigonococcal activity (Frenette et al. 1984; Watson

et al.  1988).

GENETIC MECHANISMS

Genetic exchange mechanisms

Transduction has been demonstrated in both laboratory

and natural populations of S. aureus (Novick and Morse

1967; Richmond and Lacey 1973). Transduction methods

were used for the fine structure mapping of amino acid

biosynthesis genes (Kloos and Pattee 1965; Smith and

Paltee 1967: Proctor and Kloos 1970; Barnes et al. l97l;

Pattee et al. 1974). The generalized transducing phages

of S. aureus belong to the serological group B (Pattee

and Baldwin 1961). The size of the chromosomal DNA

packaged into the phage head is similar to that of the

phage DNA (Beryhill and Pattee 1969). Transducing

DNA fragments appear to be highly uniform in size

(Kloos and Pattee 1965; Pattee et al. 1968). Small plas-

mids of S. aureus (1-5 kbp) may be transduced by being

packaged in a phage head as a phage genome-sized

plasmid concatemer, whose formation requires plasmid-

specific initiation of replication (Novick et al. 1986). The

plasmid concatemer is processed to the monomeric form

in the recipient. The cotransduction of different plasmids

can occur via a stable cointegrate formed between the

plasmid DNAs, which is apparently not resolved in the

recipient cell (Novick et al. 1981). The cointegration

involves recombination at specific sites on certain small

class I plasmids (Novick et al. 1984). The larger class II

plasmids may also be transduced, though plasmid repli-

cation is not required (Novick 1989). Transduction of

plasmids and their maintenance are affected by the host

restriction-modification system, which may limit the

distribution of plasmids in staphylococcal communities

to some extent. Transduction of chromosomal markers

and plasmid DNA has also been demonstrated in

S. epidermidis (Olson et al. 1979).

Transformation of chromosomal and plasmid markers

was first described in S. aureus strain NCTC 8325 by

Lindberg and coworkers (1972). The ability of this strain

to become competent for transformation (and transfec-

tion) depends on the presence of high concentrations of

Caz* and the presence of certain bacteriophages of sero-

type B (e.g. Q11, S14, 83A, 80cr) (Rudin et al. 1974;

Thompson and Pattee 1981). The involvement of bacter-

iophage 80o in conferring competence is believed to be

due to an interaction of externally supplied phage

components with the surface of the cell (Birmingham
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and Pattee 1981). Transformation has played a major
role in determining the genetic map of the chromosome
of S. aureus strain NCTC 8325 (Pattee 1993). Transfor-
mation by plasmid DNA occurs at a low frequency (103-

l0a transformants/pg plasmid DNA). and i t  is lower for
plasmids than for chromosomal markers (Lindberg et al.
1972; Lindberg and Novick 1973). The transformation
frequency is greatly influenced by the restriction-modifi-
cation system of the recipient cell. Heterologous plas-
mids (isolated from a different S. aureus strain or
species) are associated with very low transformation
frequencies (Sjostrom et al. 7975).

Relatively high transformation frequencies (106 trans-
formants/ptg plasmid DNA) can be obtained with proto-
plast transformation of S. carnosu.s by plasmid DNA
(Gcitz and Schumacher 1987). Protoplast transformation
is inefficient for S. epidermidis and other species that are
not very susceptible to lysostaphin. Transformation of S
aureu.s, S. epidermidis, S. carnosus, and ,S. simulans by
plasmid DNA has been accomplished using electropora-
tion techniques, which provide low to moderate transfor-
mation frequencies (103-10s transformants/pg plasmid
DNA) (Augustin and Gotz 1990).

Plasmid mediated conjugative transfer has been
demonstrated both in laboratory and natural populations
of S. aureus, S. epidermidis, S. hominis, and, S. haemoly-
ticus, and includes both intra- and interspecies transfer
(Archer and Johnston 1983; Forbes and Schaberg 1983;
Goering and Ruff 1983; McDonnell et al. 1983; Naidoo
and Noble 1987). Most of the conjugative plasmids are
class III plasmids that encode resistance to gentamicin
and certain other aminoglycosides, such as tobramycin
and kanamycin. Many also encode resistance to ethi-
dium bromide and quaternary amines, whereas some
also encode resistance to penicillin and trimethoprim.
These plasmids are relatively large (30-60 kbp) and
have a conjugative transfer (tra) region that is often
flanked by directly repeated 900 bp IS257 elements
(Thomas and Archer 1989a). They are also capable of
mobilizing or cotransferring certain smaller coresident
plasmids which are not independently transferable. Class
I plasmids that can form DNA-protein relaxation
complexes can be mobilized, whereas nonrelaxable plas-
mids cannot be mobilized or can be mobilized only at a
very low frequency (McDonnell et al. 1983; Projan and
Archer 1989). Conjugative gentamicin-resistance plas-
mids from S. aureus and S. epidermldls strains isolated
from different geographical regions in the USA are very
closely related in their structure and may have had a
clonal origin (Jaffe et al. 1982; Goering et al. 1985). Two
other types of conjugative plasmids have been detected
in S. aureus (Townsend et al. 1986; Udo et al. 1,987,
1992). One of these appears to be unable to mobilize
other plasmids and encodes for the production of a
diffusible pigment, in addition to encoding resistance to
one or more antibiotics. The other type is cryptic except
that it is conjugative and can mobilize nonconjugative

plasmids. Transposon-labeled derivatives of these plas-

mids have been transferred from S. aureus to S. epider-

midis and E. faecalis and back to S. aureus (Udo and

Grubb 1990).

Fusion of lysostaphin-lysozyme-prepared, staphylo-

coccal protoplasts can be accomplished by treatment of
the protoplast mixture with polyethylene glycol (Gotz

et al. 1981). By this method, plasmids can be transferred

between strains of the same species and between strains
of different species. In fusions between different species,

the frequency of transfer is reduced somewhat from that

of intraspecific fusions. A very low frequency ol recom-

bination of chromosomal genes by protoplast fusion has

been demonstrated for strains of S. aureus.

Plasmids

Plasmids are facultative extrachromosomal genetic

systems (elements) which are common in natural popu-

lations of most staphylococcal species (Lacey 1975;
Kloos et al. 1981; Weinstein et al. 1982). They are rare
(<2 percent of strains) in the species S. auricularis
(Kloos 1990) and relatively uncommon ((20 percent of

strains) in S. schleiferi and members of the S. sciuri

species group (Kloos et al. 1981). The characteristics of
many of the plasmids from S aureus have been reviewed

by Lyon and Skurray (1987) and Novick (1989). S.

aureus plasmids have been classified into three general

classes, I through III. Class I plasmids are of small size
(1-5 kbp), have a high copy number (10-55 copies per

cell), and usually encode a single antibiotic resistance or

are cryptic. These plasmids are the most widespread

throughout the genus Staphylococcus. Novick (1989) has

subdivided class I plasmids into four subgroups or
families on the basis of their nucleotide sequence and

functional organization. Plasmids in this class are largely

composed of cassettes or specific segments that are not

transposons. They represent at least ten different incom-
patibility groups and replicate by an asymmetric rolling-

circle mechanism (Ruby and Novick 1975; Iorddnescu

and Surdeanu 1980). The pT181 family is made up of a
group of small (4-4.6 kbp) plasmids that usually encode

tetracycline or chloramphenicol resistance, and is

defined by homologous minimal replicons, consisting of
an initiator (Rep) protein cistron containing the leading-

strand replication origin (Novick 1989). All major tran-

scription units are codirectional with replication. Tetra-

cycline-resistance plasmids belonging to this family are

highly conserved and are very common in a wide range

of staphylococcal species (Kloos et al. 1981; Cooksey

and Baldwin 1985; Wells and Kloos 1987). The pCI94

family contains plasmids with homologous Rep protein

cistrons and replication origins, though the functional
organization of plasmids and their phenotype varies

considerably. Some members of this family are very

closely related to certain Bacillus plasmids (Polak and
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Novick 1982; Muller et al. 1986) and E. faecalis plasmids

(Perkins and Youngman 1983). The pSN2 family plas-

mids have a direction of replication that appears to be

opposite that of the Rep protein coding frame. Most

plasmids of this family encode erythromycin resistance

and contain the recombination site RSa. Some, such as

pSN2, are cryptic. The erythromycin-resistance plasmids

belonging to this family are usually 2-2.5 kbp in size and

except for variation in the control region of the ermC

gene, are highly conserved (Iorddnescu and Surdeanu

1980; Lampson and Parisi 1986; Catchpole et al. 1988;

Kloos et al. 1992). They, like the tetracycline-resistance

plasmids of the pT181 family, are very common in a

wide range of staphylococcal species. A naturally occur-

ring plasmid found in B. subtilis is a member of this

family (Projan et al. 1987). The pE194 family is

currently represented by the 3.7 kbp plasmid pE194 of

S. aureus that contains an ermC gene, which is nearly

identical to the ermC of the pSN2 family, but the

plasmid functional organization is similar to certain

pT181 family plasmids. Somewhat similar erythromycin-

resistance plasmids have also been isolated from

members of the S. saprophyticus species group.

Class II plasmids of S. aureus have been subdivided

into two major families on the basis of incompatibility

(Novick and Richmond 1965). These plasmids,

commonly referred to as penicillinase or BJactamase
plasmids, are relatively large (15-33 kbp), have a low

copy number (4-6 per cell), and replicate using the 0

replication mechanism (Sheehy and Novick 1975). They

carry various combinations of antibiotic and heavy metal

resistance genes, many of which are located on transpo-

sons (Shalita et al. 1980; Lyon and Skurray 1987). Class

II plasmids have been identified in many other staphylo-

coccal species but, unlike class I plasmids, they are very

uncommon in the species S. hyicus, S. intermedius, S.

simulans, and S. lugdunensis (Kloos et al. 1981; Gotz

et al. 1983; Etienne et al. 1990). Class III plasmids

include the large conjugative plasmids discussed above.

Like class II plasmids, they appear to be assemblages of

transposons and transposon remnants (Gillespie et al.

1987).

Bacteriophages

For several decades since its inception rn 1952-1.953,

typing of S. aureus strains by an official International

Basic Set of phages found wide use as an established

method for epidemiology (Williams and Rippon 1952).

By 1970, it became apparent that the Basic Set could not

type S. aureus strains isolated from a wide range of

animal species, so it was redesigned and limited to a

Basic Set of Typing Phages for Human Strains of S.

aureus, which could identify many strains from human

sources as belonging to phage groups I, II, III or V. A

separate set of typing phages was established for bovine

strains. Some unofficial sets of S. epidermldls phages

have been used for the typing of S. epidermldls strains

(Verhoef et al. l97I; Pulverer et al. t976). The use of

phage typing in epidemiology is now being reevaluated

in the light of the newer molecular typing methods

(Bannerman et al. 1995). In general, phage typing

appears not to be as discriminatory or as reproducible as

PFGE, ribotyping or multilocus sequence typing. Most

strains of S. aureus and S. epidermidis (and probably

many other species) are multiply lysogenic and the

phages can usually be induced by UV and mitomycin C

(Verhoef et al. I971a; Pulverer et al. 1976). The tempe-

rate phages of S. aureus can be subdivided into three

main serological groups, A, B, and C. Serological group

B contains most of the known transducing phages and

phages that can confer competence in transformation.

Members of this group exhibit considerable DNA

sequence homology (Inglis et al. 1987). The group B

transducing phage $11 has been studied extensively

(Lofdahl et al. 1981; Chapple and Stewart 1987). It has a

45 kbp genome that is circularly permuted and termin-

ally redundant with a blunt end. Examples of lysogenic

conversion include the prophage carriage of genes

encoding SEA and SAK. The phage $11 genome has

also been shown to acquire the transposon Tn554 from

its primary chromosomal site during lytic infection. It

may transfer Ti554, via transduction, directly or through

a plasmid intermediate, to the chromosome of the reci-

pient cell (Murphy et al. 1981). Phage 51 can exhibit

recombination with the tetracycline-resistance gene of a

class I plasmid, producing a hybrid phage-plasmid

element (Inoue and Mitsuhashi 1976). Negative lyso-

genic conversion has been demonstrated for the geh

(Lee and Iandolo 1986) and hlb (Coleman et al. 1986)

genes, which contain phage attachment sites within their

sequence. Several S. epidermidi.r (Verhoef 1971a. b) and

S. saprophyticzs phages have been characterized, but not

to the extent of the S. aureus phages.

S. aureus genome sequence

The genome of S. aureus is around 2.8 Mb and contains

in the order of 2 500 genes. Whole genome sequences of

S. aureus were first reported in the published literature

in 2001 (Kuroda et al. 2001). Two related S. aureus

strains (N315 and Mu50) were sequenced; N315 is a

MRSA strain isolated in Japan in 1982, and Mu50 is a

MRSA strain with intermediate-level resistance to

vancomycin isolated in Japan in 1997. An important

observation arising from this study was that many genes

seem to have been acquired by lateral gene transfer, and

that most of the antibiotic resistance genes were carried

either by plasmids or by mobile genetic elements

including a unique resistance island. Three classes of

new pathogenicity islands were identified in the genome;

a toxic-shock-syndrome toxin island family, exotoxin
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islands, and enterotoxin islands. The analysis also identi-
fled 70 candidates for new virulence factors. Sequencing
of strain MW2 was subsequently undertaken by the
same research group (Baba et al. 2002). This strain
represented a virulent community-acquired MRSA
isolated from a 16 month old girl in the USA with fatal
septicemia and septic arthritis. The genome of this strain
was compared with that for N315 and Mu50. The methi-
cillin resistance gene (mecA) in MW2 was carried by a
novel allelic form (type IVa) of staphylococcal cassette
chromosome mec (SCCmec), by contrast with type II in
N315 and Mu50. Type IYa SCCmec did not carry any of
the multiple antibiotic resistance genes reported in type
II SCCmec. Nineteen additional virulence genes were
recorded in the MW2 genome, all but two of which were
carried by one of the seven genomic islands of MW2.
Sequencing of two further islolates by The Wellcome
Trust Sanger Institute, UK, provided an opportunity to
undertake comparative genomics for the flve genomes.
The strains used were an methicillin-sensitive Staphylo-
coccus aureus (MSSA) which is phylogenetically close to
MW2 (MSSA476), and a hospital-acquired representa-
tive of the epidemic methicillin-resistant E-MRSA 16
clone (MRSA252), which is phylogenetically divergent
from any other sequenced strain. Comparison of the five
S. aureus whole genome sequences showed that around
80 percent of the genome was highly conserved between
strains. Genes in this core region were often 98-100
percent homologous at the amino acid level, and the
gene order was conserved (Holden et al. 2004). In
contrast, the remaining 20 percent of each sequenced
genome consisted of highly variable genetic elements
that spread horizontally between strains at high
frequency. A total of 166 genes (6 percent) in the phylo-
genetically divergent MRSA252 genome were not found
in the other published genomes. Publication of the
genome sequence of two further strains (COL and 8325)
are imminent. A DNA microarray giving more than 90
percent coverage of the S. aureus genome has been used
to characterize and compare the genomes of 36 strains
of divergent clonal lineages (Fitzgerald et al. 2001).
Genetic variation was found to be very extensive, with
approximately 22 percent of the genome being
comprised of what was termed dispensable genetic mate-
rial. Eighteen large regions of difference were identified,
ten of which contained genes that encode putative viru-
lence factors or proteins mediating antibiotic resistance.

The whole genome sequence of S. epidermldis ATCC
12228 was published in 2003 (Zhang et al. 2003). The
genome consists of a single chromosome (approximately
2.5 Mb) and six plasmids. The chromosomal G + C
content ts 32.1 percent and 2 419 protein coding
sequences are predicted, among which 230 are putative
novel genes. This genome contains a lower number of
putative virulence determinants compared with S.
aureus. Toxins were apparently absent with the excep-
tion of delta-toxin and beta-toxin, although manv adhe-

sins were intact in ATCC 12228. The ica operon coding
for the enzymes synthesizing intercellular adhesin is
absent in A'ICC 12228.

RESISTANCE TO ANTIMICROBIAL
AGENTS

The rising level of resistance to a wide range of anti-

biotics by both S. aureus and CoNS represents a signifi-

cant threat to future treatment efflcacy. The various

major antibiotic and heavy metal resistance mechanisms

described for staphylococci are outlined in Table 32.6.

The most signiflcant events in recent medical history are

the epidemic rise in methicillin resistance, the recogni-

tion of strains with intermediate resistance to vanco-

mycin, and the emergence of S. aureus that is fully resis-

tant to vancomycin.

Resistance of staphylococci to p-lactam
antibiotics

Penicillin-resistant S. aureus strains began emerging

shortly after the introduction of penicillin in medicine in

the early 1940s. Today the percentage of penicillin-resis-

tant strains has risen to 75-95 percent, with the highest

rates being found among hospital strains. Similar percen-

tages have been observed for penicillin-resistant strains

of the S. epidermidis species group. Most penicillin-resis-

tant staphylococcal strains produce B-lactamase which

hydrolyzes the B-lactam ring of the antibiotic. B-Lacta-
mase genes (bla) are most often found on class II plas-

mids that are distributed among many staphylococcal

species (Baldwin et aL.1969; Archer and Scott 1991).

Resistance to methicillin and other B-lactamase-resis-
tant penicillins was first observed in S. aureus soon after

methicillin was introduced into clinical use in Britain
(Jevons 1961). The methicillin-resistant strains isolated

in Britain at that time came from hospitalized patients,

were multiply antibiotic-resistant, belonged to phage

group III, and their resistance to methicillin was hetero-
geneous, affecting only a minority of the cell population

(Barber 1961). After the mid-1970s, large outbreaks of

infection by MRSA were recorded in many hospitals in

Australia (Pavillard et al. 1982), the USA (Schaefler

et al. 1981), Britain (Shanson et al. 1976; Cookson and

Phillips 1988), and Ireland (Cafferkey et al. 1983). Many

of these outbreaks appear to have been caused by a

single epidemic strain that was transferred between

hospitals by the movement of patients (Duckworth et al.

1988). Many clones of MRSA have now been described

throughout the world. A nomenclature has been devel-

oped to differentiate strains associated with epidemic

spread (E-MRSA) from those associated with sporadic

infections which do not appear to have the same degree

of transmissibility. MRSA is now responsible for around

30 percent or more of all serious S. aureus infections.
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although there is considerable variability in this figure
worldwide. Until relatively recently, MRSA was mostly

conflned to the hospital setting and MRSA colonization
of those discharged into the community rarely persisted

except when associated with prosthetic material such as

catheters, or defects in the integrity of the skin (for

example, wounds, ulcers, and bed sores). However, this

situation continues to evolve, with the description of

community-acquired MRSA associated with both coloni-

zation and infection (Daum et al. 2002; Okuma et al.
2002). These strains are resistant to fewer non-beta-

lactam antibiotics than the majority of previously

defined MRSA strains

Methicillin resistance is not confined to S. aureus.
During the 1980s, attention was drawn to the high inci-

dence (20-85 percent of strains) of methicillin-resistant

Staphylococcus epidermidis (MRSE) in nosocomial
infections (Karchmer et al. 1983; Jones et al. 1989; Scha-

berg et al. 1991). Methicillin resistance has also been

detected in several other staphylococcal species,

including S. haemolyticus, S. hominis, S. capitis, S.

warneri, S. caprae, S simulans, S. saprophyticrzs, and S.

sciuri (Archer and Pennell 1990; Pierre et al. 1990;
Murakami et al. 1991; Suzuki et al.1992).

The methicillin resistance gene mecA is carried by the

chromosome of MRSA and MRSE. This encodes an

altered low affinity penicillin-binding protein termed

PBP 2a. This gene is part of a mobile genetic element

termed staphylococcal cassette chromosome mec
(SCCrzec) (Katayama et al. 2000). SCCmec has been

sequenced in its entirety, analysis of which describes a
genomic island which includes two site-specific recombi-

nase genes designated ccrA and ccrB (cassette chromo-

some recombinase) that are responsible for the move-

ment of SCCmec. A further three types of SCCmec have

since been described. Comparison of the first three

elements (SCCmec types I-I[) demonstrated substantial

differences in the size and nucleotide sequences, but

they all share conserved terminal inverted repeats and

direct repeats at the integration junction points,

conserved genetic organization around the mecA gene,

and the presence of ccr genes (Ito et al. 2001). Evalua-

tion of 38 epidemic MRSA strains isolated in 20 coun-

tries (published in 2001) showed that the majority
possessed one of the three typical SCCmec elements on
the chromosome (Ito et al. 2001). SCCmec type IV was

subsequently defined in community-acquired MRSA
(Daum et al. 2002). This element differs from SCCmec
types I-III in its small size and absence of non-beta-

lactam genetic-resistance determinants. SCCmec type IV

has been found in community-acquired isolates with

diverse genetic backgrounds, many of which are resistant

only to beta-lactam antibiotics (Daum et al. 2002).
Multiple MRSA clones carrying type IV SCCrzec have

been identified in the community-acquired MRSA

strains of both the United States and Australia (Okuma

et al.2002).

Chromosomal DNA of S. sciuri hybridizes with mecA-

specific DNA probes, suggesting the presence of an

intrinsic gene homolog in this species that is closely

related to the mecA gene of methicillin-resistant strains

of S. aureus. This property raises the possibility that S.

sciuri may serve as an important reservoir of genetic

determinants of methicillin resistance. More recent

studies have indicated that two major homologs of mecA

may be found in S. sciuri (Kloos et al. 1998b; Wu et al.

1998). They share approximately 79-80 percent base pair

similarity. The mecA homolog present in MRSA and

MRSE, as well as in some other staphylococcal species

and some strains of S. sciuri, has been designated

homolog A. The other mecA homolog which is native to

the species S sciuri, has been designated homolog B.

Strains carrying only this homolog are susceptible or

only uniform borderline-resistant to methicillin.

Sequences of the homologs and their flanking regions

support the speculation that they may be evolutionary

relatives and that the homolog native to S. sciuri may be

a precursor of the homolog present in MRSA (Wu et al.

1998). S. hominis slbsp. novobiosepticus appears to have

lhe mecA homolog A present in a high percentage of

strains (L7 of 17 strains tested) and it is perhaps intrinsic

to this subspecies (Kloos et al. 1998b). A genetic

element that is structurally very similar to SCCmec

except for the absence of mecA has been defined in a

methicillin susceptible strain of S. hominis. Homologs of

the type 1 ccr genes were localized on the element

(Katayama et al. 2003). An SCC element that lacks

mecA has also been defined during sequencing of MSSA

252 (Holden et aL.2004).Investigation of the role of this

element in genetic transfer between and within staphylo-

coccal species represents an exciting and important chal-

lenge.

A DNA microarray giving more than 90 percent

coverage of the S. aureus Eenome has been used to

examine 36 strains with divergent clonal backgrounds

(Fitzgerald et al. 2001). The flndings indicated that

mecA has been horizontally transferred into distinct S.

aureus chromosomal backgrounds at least five times,

demonstrating that methicillin-resistant strains have

evolved multiple independent times, rather than from a

single ancestral strain. The population genetic structure

of an international collection of 972 MRSA and MSSA

isolates has been defined using multilocus sequence

typing. Eleven major MRSA clones were identified

within five groups of related genotypes. The likely

evolutionary origins of each major MRSA clone, the

genotype of the original MRSA clone and its MSSA

progenitor was resolved using an algorthim termed

BURST (based upon related sequence types). The

conclusion of this study was that major MRSA clones

have arisen repeatedly from successful epidemic MSSA

strains, and that isolates with decreased susceptibility to

vancomycin are arising from some of these major

MRSA clones (Enrighr et al.2O02).
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Some mecA S. aureus strains, which harbor Blacta-
mase plasmids and belong to phage grotry 94196, exhibit
borderline susceptibility to methicillin and other BJacta-
mase-resistant penicillins (McMurray et al. 1990; Barg
et al. 1991). The slight increase in resistance of these
closely related strains (oxacillin MIC, 1-2 pg/ml) is
partly due to the hyperproduction of B-lactamase type
A, resulting in some inactivation of B-lactamase-resistant
penicillins (McDougal and Thornsberry 1986; Chambers
et al. 1989). A low-level intrinsic mechanism has been
proposed to explain the moderately increased methicillin
MICs (4-8 pglml) of mecA , borderline methicillin-
resistant strains of S. aureus (Berger-Biichi et al. 1986;
De Lencastre et al. 1991). Although the mechanism is
not fully understood, it at least partly involves the
presence of modified PBPs with decreased p-lactam affi-
nity (Tomasz et al. 1989).

Resistance of S. aureus to vancomycin

The glycopeptide antibiotics teicoplanin and vancomycin

bind to the peptidyl-o-alanyl-o-alanine termini of pepti-

doglycan precursors and prevent the transglycosylation
and transpeptidation steps of cell wall peptidoglycan

synthesis. Since this mode of action is different from that
of B-lactams, glycopeptides are being used to treat
severe infections caused by methicillin- and other B-
lactam-resistant staphylococci.

Three categories of S. aureus resistance to vancomycin
have been described since 1997:

I S. aureus with intermediate-level resistance to vanco-
mycin (VISA)

2 S aureus with hetero-resistance to vancomvcin

(hvrsA)
3 vancomycin-resistant Staphylococcus aureus (VRSA).

Three criteria have been developed by the (CDC) for the
identification of VISA. These are:

1 growth wilhin 24 h on commercial brain heart infu-

sion agar screen plates containing 6 pglml vanco-
mycln

2 E-test vancomycin MIC )6 prglml

3 broth microdilution MIC of 8-16 pglml (Tenover et al.
1998).

A variety of screening methods have been described to
detect hVISA, but the optimal method is still under
debate (Liu and Chambers 2003). VRSA is defined by
an MIC )32 pglml (NCCLS 1997).

S. aureus with intermediate-level reistance to vanco-
mycin (VISA) was first detected in Japan in 1996 (Hira-

matsu et al. 1997a). This strain (Mu50) was isolated
from an infant who had undergone surgery to correct a
congenital cardiac defect, and who had developed a
sternal wound infection postoperatively that was refrac-
tory to treatment. This strain was reported to have an
MIC of 8 mg/l (Hiramatsu et al. 1997a). Since then,

patients infected with VISA have been identified world-

wide, although such strains are currently rare in clinical

practice. Most appear to evolve from MRSA strains in

patients who have received prolonged vancomycin treat-

ment. The first hVISA (Mu3) was also identified in

Japan from the sputum of a patient with MRSA pneu-

monia following surgery (Hiramatsu et al. 1997b). This

strain was reported to have an MIC of 3 pg/ml (Hira-

matsu et al. 1,997b). Typing showed that Mu3 and Mu50

had the same PFGE pattern, and serial passage of Mu5

in increasing Concentrations of vancomycin gave rise to

subpopulations with levels of resistance comparable to

Mu50 (Hiramatsu et al. 1997b). hVISA has since been

reported from around the world and appears, at least

based on the number of literature reports, to be more

common than VISA (Hiramatsu et al. 1997b; Hiramatsu

2001; Liu and Chambers 2003). The first VRSA was

reported in Michigan in July 2002, with a second appar-

ently unrelated case in Pennsylvania two months later
(CDC 2002a,2002b).

The mechanisms of vancomycin resistance for VISA

and VRSA are currently under investigation. Vanco-

mycin-resistant enterococci were reported in 1988, and

the emergence of vancomycin-resistant S. aureus

resulting from transfer of the genetic element encoding

vancomycin has been awaited since. This was achieved

in the laboratory in the early 1990s when vanA was

transferred from E. faecalis to S. aureus by conjugation,

with the concomitant expression of vancomycin resis-

tance. This represents the mechanism of resistance in

the two VRSA isolated in the USA which contain the

vanA gene. This gene encodes a ligase that effects an

alteration of composition of the terminal dipeptide in

muramyl pentapeptide cell wall precursors, leading to

decreased binding afflnity to glycopeptides and high

level resistance to both vancomycin and teicoplanin

(Fraimow and Courvalin 2000). The mechanisms of
vancomycin resistance for VISA and hVISA are less

clear. These strains do not carry the enterococcal vanco-

mycin-resistance genes vanA, vanB, or vanC I-3

(Hanaki et al. 1998a). Comparison of the peptidoglycan

compositions of Mu50 and Mu3 has demonstrated that

Mu50 has increased amounts of glutamine-nonamidated

muropeptides and decreased crosslinking of pepti-

doglycan, with a greatly decreased dimer/monomer ratio

of muropeptides (Hanaki et al. 1998b). The pepti-

doglycan of Mu50 also binds 1.4 times more vancomycin

than that of Mu3 (Hanaki et al. 1998b). It has been

proposed that these factors may contribute to vanco-

mycin resistance by increasing the consumption of

vancomycin by the cell wall of Mu50 and reducing the

amount of vancomycin reaching the cytoplasmic

membrane. Both strains produce three to five times the

amount of PBPs 2 and 2t when compared with vanco-

mycin-susceptible S. aureus cortrol strains with or

without methicillin resistance (Hanaki et al. 1998a).

Transmission electron microscopy has shown a doubling
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in the cell wall thickness in Mu50 compared with the
control strains, although Mu3 did not show obvious cell
wall thickening (Hanaki et al. 1998a). Microarray tran-
scription analysis of two clinical VISA isolates was
compared with two derivatives with MIC of 32 pglml
after passage in the presence of vancomycin (Mongodin
et al. 2003). Of the 35 genes with increased transcription,
15 involved purine biosynthesis or transport and the
regulator of the major purine biosynthetic operon was
mutant (Mongodin et al. 2003). It has been hypothesized
that increased energy (ATP) is required to generate the
thicker cell walls that characterize resistant muranrs
(Mongodin et al. 2003). The genome sequence of Mu50
was published in 2001 (Kuroda et al. 2001) The genome
sequences of Mu50 and vancomycin-susceptible MRSA
strains N315, EMRSA 16, and COL have been
compared (Avison et al. 2002). This revealed several
loss-of-function mutations in Mu50, affecting important
cell wall biosynthesis and intermediary metabolism
genes.

Resistance has also been detected in other staphylo-
coccal species. S. haemolyllcas isolates with teicoplanin
resistance (MIC >16 pg/ml) and/or intermediateJevel
reslstance to vancomycin have been detected, especially
in methicillin-resistant strains of this species (Goldstein
et al. 1990; Bannerman et al. 1991a). Strains of S.
haemolyticus and S. epidermidis that are moderately
resistant to teicoplanin (MIC 16 pgiml) are relatively
common. Vancomycin and teicoplanin resistance can be
selected in vitro rn S. haemolyrlcas (Schwalbe et al. 1990;
Herwaldt et al. 1991).

somal ermA gene is common among methicillin-resistant
(mecA) strains of S. aureus and S. epidermidis, but it is
relatively uncommon in mecA strains and usually
accounts for only 6-11 percent of those resistant to MLS
antibiotics (Thakker-Varia et al. 1987; Kloos et al. 1992;
Eady et al. 1993). ermB is usually not found in staphylo-
coccal species indigenous to primates; however, it
appears to be relatively common in MlS-resistant
strains of S intermedius from dogs, in which expression
can be either inducible or constitutive, and in MlS-resis-
tant strains of S. hyicus and S. xylosus from pigs. in
which expression is constitutive (Eady et al. 1993). The
ermC gene is most often located on class I plasmids of
the pSN2 and pE194 families (Iorddnescu and Surdeanu
L980; Parisi et al. 1981; Thakker-Varia et al. 1987; Kloos
et al. 1992). These plasmids are present in very high
frequencies (85-98 percent of strains) in most staphylo-
coccal populations following treatment of the host with
tylosin (a member of the spiramycin group), eythro-
mycin, or clindamycin (Kloos et al. 1992). Constitutive
ermC genes have been selected in laboratory popula-
tions of S. aureus by the growth of inducible strains in
the presence of tylosin (Horinouchi and Weisblum 1981)
and in natural populations of staphylococci exposed to
clindamycin. On the skin of outpatients receiving topical
clindamycin for acne vulgaris, the percentage of total
staphylococcal strains represented by constitutive MLS-
resistant strains increased from L percent, prior to treat-
ment, to 60 percent after 1 month of treatment, and to
TL percent by 2 months of treatment (Kloos et al. 1992).
Approximately 95 percent of these strains had the
constitutive ermC gene. As an exceptional species, S.
capitis responded very slowly to clindamycin pressure,
with only 12-1.5 percent of its strains expressing constitu-
tive MLS resistance. This species also responds slowly to
penicillin, erythromycin, or tetracycline pressure and it is
seldom multiply resistant to antibiotics (Wells and Kloos
1987). Clinical isolates of constitutive MLS-resistant
staphylococci are continuing to increase in frequency
and this trend may be a reflection of the increased clin-
ical use of clindamycin (Jenssen et al. 1987).

The inducible macrolide and streptogramin (MS)
resistance phenotype involves erythromycin cross-resis-
tance to other l4-16-membered ring macrolides and
streptogramin type B, but not lincosamides (Jenssen
et al. 1987:' Ross et al. 1989; Wondrack and Sutcliffe
1995). MS resistance appears to be most prevalent in
members of the S. epidermidls and S. saprophyticus
species groups, especially in S. hominis and S. cohnii
(Kloos et aI.1992; Eady et al. 1993).

Resistance to tetracycline

This is widespread among staphylococcal species and
ranks along with B-lactam and MLS resistance as one of
the most frequent types of antibiotic resistance found in

Resistance to macrolide, l incosamide,
and streptogramin (MLS)

Erythromycin-resistant staphylococci often have cross-
resistance to macrolides (erythromycin, oleandomycin,
spiramycin, clarithromycin, azithromycin), lincosamides
(lincomycin, clindamycin) and streptogramin type B
antibiotics (designated MLS-resistant). The different
types of MLS antibiotics bind to the 50S ribosomal
subunit at overlapping binding sites, and binding inter-
feres with transpeptidation and translocation reactions
needed for peptide chain elongation. These sites are
protected by the M,lP-Oimettrylation of an adenine-
2058 residue at the peptidyl transferase centre of 23S
rRNA, a reaction performed by an rRNA methylase
(Weisblum 1985). Three distinct rRNA methylase genes
have been detected in staphylococci: ermA (Murphy
1985a), ermB (Novick and Murphy 1985; Leclercq and
Courvalin 1991), and ermC (Horinouchi and Weisblum
1982; Projan et al. 1987). Even though each of the erm
gene classes can be distinguished by hybridization, the
amino acid sequences of the encoded methylases are
highly conserved, which suggests that they evolved from
a common ancestor (Arthur et al. 1987). The chromo-



804 Staphylococcus

natural populations of staphylococci (Cooksey and

Baldwin 1985; Wells and Kloos 1987; Bismuth et al.

1990; Archer and Scott 1991; Schwarz et al. 1993). There

are two mechanisms of tetracycline resistance recog-

nized in staphylococci. The most common one involves

an energy-dependent pumping (efflux) of tetracycline

and doxycycline from the cell, so that levels of these

antibiotics are reduced below that required to inhibit the

ribosome. The efflux protein is most often encoded by

the inducible gene tetK which is located on class I plas-

mids of the pT181 family. The second mechanism, one

that is controlled by the gene tetM, involves ribosome

protection such that protein synthesis is unaffected by

the presence of tetracycline, doxycycline, or minocycline
(Schaefler er al.1976\.

Resistance to aminoglycosides

There are three major mechanisms responsible for

aminoglycoside resistance in staphylococci. One

mechanism involves changes in ribosomal proteins as a

consequence of certain mutations in their structural

genes, such that ribosomes can no longer bind strepto-

mycin. A second mechanism involves the energization

and permeability of the cell membrane. Some energy-

deficient, small-colony mutants of S. aureus have been

shown to be resistant to aminoglycosides due to a dimin-

ished uptake of the antibiotics (Miller et al. 1980). The

third and most common mechanism of resistance

involves modification of aminoglycosides by aminoglyco-

side-modifying enzymes so that the antibiotics are no

longer capable of binding to ribosomes. Genes encoding

these enzymes are either located on plasmids (e.g. genta-

micin-resistance plasmids and neomycin- and kana-

mycin-resistance plasmids) or on the chromosome (Jaffe

et al. 1982; Lyon et al. 1984; Coleman et al. 1985; El

Solh et al. 1986; Thomas and Archer 1989b).

Resistance to trimethoprim

Trimethoprim resistance is either mediated by altera-

tions in the expression of the intrinsic chromosomal d/r

gene (e.g. dfrB of S. aureus or dfrC of S. epidermidis),
possibly resulting in overproduction of the native dihy-

drofolate reductase (DHFR) or a reduced affinity of the

native DHFR for trimethoprim, or by the acquisition of

a second chromosomal or plasmid dfr gene (e.9. dfrA in

S. aureus, S. epidermidis, and S. hominis) that encodes a

trimethoprim-resistant DHFR capable of rescuing the

reduction step leading to tetrahydrofolate in the

presence of trimethoprim (Galetto et al. 1987; Rouch

et al. 1989; Dale et al. 1995). In Australian S. aureus

strains, the drfA gene is usually carried by non-conjuga-

tive plasmids, whereas in the USA S. aureus strains, the
gene is frequently carried by both conjugative and

nonconjugative plasmids, and is occasionally found on

the chromosome.

Resistance to fluoroquinolones

Three mechanisms for fluoroquinolone resistance have

been postulated for staphylococci. One mechanism

found in S. aureus and S. epidermldls involves mutations

in the chromosomal gene gyrA, encoding the DNA

gyrase subunit A, so that its function is no longer inhib-

ited by the antibiotic (Sreedharan et al. t99t; Goswitz

et al. 1992). A second mechanism found in S. aureus, S.

epidermidis, and S. haemolyticus involves mutations in

the chromosomal gene norA (or its regulatory region)

that encodes a membrane efflux protein for hydrophilic

fluoroquinolones and other unrelated antibiotics

(Yoshida et al. 1990; Kaatz et al. 1993). A third

mechanism found in S. aureus involves mutations in the

chromosomal gene grlA that encodes the A subunit of

DNA topoisomerase IV (Trucksis et al. 1991; Ferrero

et aI. 1994,1995). Clinical isolates of S. aureus that have

mutations in both gryA and grlA genes generally exhibit

higher levels of ciprofloxacin resistance (MIC

16+128 pg/ml) than isolates with only mutations in grlA

(MIC 2-16 pg/ml). Wide use of the fluoroquinolone

ciprofloxacin has resulted in a steady increase in the

incidence of fluoroquinolone-resistant (MIC )8 pg/ml)

staphylococci, especially among clinical isolates (Koti-

lainen et al. l99I; Bannerman et al. 1991b; Archer and

Climo 1994). The newer fluoroquinolones such as flerox-

acin. levofloxacin, and clinafloxacin are more active than

ciprofloxacin against ciprofloxacin-susceptible staphylo-

cocci by in vitro testing; however, the problem still

remains that fluoroquinolone-resistant mutants emerge

following exposure to these antibiotics. Fluoroquinolone

resistance has been identified in the species S. aureus, S.

epidermidis, S. haemolyticus, S. hominis, and S. warnen.

The S. saprophyticus and S. sciuri species groups exhibit

an intermediate susceptibility (MIC t4 pglml) to fluor-

oquinolones and this property may be related to their

intrinsic nalidixic acid resistance (MIC 64-1024 p'glml)

and novobiocin resistance (MIC 1.6-64 pg/ml) (Schleifer

1986; Magni and Solt6sz 1986), the latter, presumably

due to modifications of the gyrB gene and/or its regula-

tron.

Resistance to other compounds

Some strains of S. aureus, S. lugdunensis and members

of the S. epidermidis and S. saprophyticus species groups

demonstrate resistance to various combinations of the

heavy metal ions: cadmium, zinc, bismuth, lead,

mercury, arsenate, arsenite, and antimony (III) (Novick

and Roth 1968; Weiss et al. 1977; Gotz et al. 1983;

Poitevin-Later et al. 1992). 
-the genes controlling heavy

metal resistance are usually carried by plasmids, but
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they may be integrated into the chromosome either as a
result of transposon insertion or integration of the resis-
tance plasmid (Novick and Roth 1968; Novick et al.
1979; Shalita et al. 1980; Silver et al. 1981; Witte et al.
1986). Cadmium ions enter the cell via a speciflc,
energy-dependent transport system that normally takes
up manganese ions (Tynecka et al. 1981). One of the
main toxic effects of cadmium is the inhibition of
respiration caused by its binding to sulfhydryl groups on
essential proteins. Both cadmium and zinc resistance in
S. aureus are determined by the same mechanisms. One
mechanism involves the cadA gene product, which is a
membrane-translocating ATPase that prevents internal
accumulation of cadmium and zinc by exporting these
cations to the outside of the cell (Nucifora et al. 1989;
Endo and Silver 1995). Mercury and organomercurial
compounds are toxic primarily because of their ability to
bind to the sulfydryl groups of enzymes, resulting in
their inactivation. Resistance to inorganic mercury is
determined by the gene merA, which encodes a mercuric
reductase capable of reducing the Hg2* ion to the vola-
tile, metallic HgO (Weiss et aI. 1977). Resistance ro orga-
nomercurials is determined by the gene merB that
encodes an organomercurial lyase which cleaves carbon-
mercury bonds, resulting in the liberation of Hg2* ions.
These ions can then be acted upon by mercuric reduc-
tase for volatilization. The other three genes of the mer
operon encode hydrophobic proteins involved in
mercury uptake, presumably allowing the entry of
mercury into the cell to permit detoxification by MerA.
Arsenicals are toxic to staphylococci and other bacteria.
Arsenate is an analog of phosphate and therefore inhi-
bits kinases and can interrupt energy transfer during
glycolysis; arsenite can bind to the cysteine residues of
proteins and inhibit many enzymes with essential thiol
groups. The primary mechanism for arsenic resistance rs
plasmid mediated and involves an energy-dependent
arsenic efflux pump (Silver et al. 1981; Silver and Keach
1982). The gene arsB encodes a membrane efflux
protein specific for arsenite and antimonite (III), and
arsC encodes a thioredoxin-dependent arsenate reduc-
tase that reduces arsenate to arsenite (Broer et al.1993;
h et a1.1994).

LABORATORY ISOLATION AND
IDENTIFICATION OF STAPHYLOCOCCI

This section gives an overview of the isolation and iden-
tiflcation of staphylococci. Identification tests are
described in brief; readers wishing to perform such tests
are referred to dedicated texts on the topic detailing
standard operating procedures. The methods used to
speciate bacteria isolated from a clinical specirnen will
be dictated by the global setting and the investment in
technology. For example, a resource-poor setting relying
on inexpensive tests is likely to aim for identiflcation to
the point where it was possible to distinguish between ,S.

aureus and other staphylococci. Laboratories in affluent
countries will differ depending on inward investment,
but are very likely to be able to speciate with some
precision using either commercially available kits or
fully automated technology.

Laboratory isolation of staphylococci

Culture of clinical specimens should be performed as
soon as possible to minimize changes in the microbial

composition from that originally present. Direct micro-
scopic examination of normally sterile fluids (e.g. cere-
brospinal fluid, joint aspirates, and pus aspirated from

deep sites) may provide a rapid, presumptive report of
gram-positive cocci resembling staphylococci. Isolation

of staphylococci from primary clinical specimens is
usually performed using blood agar (e.g. tryptic soy agar
supplemented with 5 percent sheep blood), following an
incubation period of 18-24 h in air at 35-37'C. Most
staphylococcal species will produce abundant growth

and well isolated colonies will be 1-3 mm in diameter.
circular, smooth and raised, with a butyrous consistency.

Colonies of most of the species and subspecies cannot be
distinguished from one another on this medium.

Screening for the presence of S. aureus in mixed cultures

such as nasal swabs is often performed using mannitol-

salt agar; S. aureus ferments mannitol, resulting in a
change in the color of the medium from pink to yellow.

Blood agar containing antibiotics that inhibit gram-nega-

tive organisms should be used for specimens containing
mixed flora, but again colonies of most of the species
and subspecies are indistinguishable.

Colony morphology can be used by experienced

operators to define presumptive staphylococci. The
presence of gram-positive cocci on Gram stain and a
positive catalase test will provide further positive indica-

tors if there is doubt about colony appearance. Each

discernible staphylococcal morphotype in a given

specimen should be analyzed. The next step in a clinical
diagnostic setting is to distinguish between S. aureus and
the remaining staphylococcal species. This is commonly

determined on the basis of results from two or three
simple tests. The rationale for performing more than
one test is that rare strains of S. aureus occur which are
negative for one or more test. Furthermore, some strains
of coagulase-negative staphylococci are positive for one
or more of these tests (see -fable 

32.7). These species
are rare in clinical practice, and any uncertainty can be
resolved by full speciation. The coagulase test detects
the production of coagulase by S. aureus dtning growth.

A well isolated colony is mixed with plasma, incubated

at 37'C for 4 h, and observed for clot formation. Tests
which are negative at 4 h are incubated and observed
again for clotting at 24 h. Clumping factor can be
detected by a standard slide test performed by making a
heavy suspension of cells in distilled water, stirring the
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mixture to a homogeneous composition, and then adding
a drop of plasma. The mixture should be examined for
clumping within about 10 s. This detects the expression
of ClfA in S. aureus. The majority of S. aureus and 10-
15 percent of S intermedias strains are clumping factor-
positive. S. lugdunensi,r and ,S. schleiferi s.lbsp. schleiferi
are usually clumping factor-positive if human plasma is
used in the slide test (Freney et al. 1988). A number of
commercial tests that are based on latex agglutination
are commonly used in diagnostic laboratories which
detect one or more of clumping factor, protein A,
capsular polysaccharide and group-specific antigens (van
Griethuysen et al. 2001). The DNase test determines the
ability of an organism to produce deoxribonuclease. This
is detected by streaking bacterial isolates onto solid agar
containing DNA. After 24 h inclbation, hydrochloric
acid is added to the surface of the plate which precipi-
tates unhydrolyzed DNA to produce a white opacity.
The production of deoxyribonuclease results in hydro-
lysis of DNA, detected by a zone of clearing around the
bacterial growth. An organism which is positive by two
or three tests in a routine diagnostic laboratory will
usually be considered to be ,S. aureus. If doubt remains,
this can usually be resolved using a commercially avail-
able rapid identification kit. Some isolates from clinical
samples remain difficult to speciate after this process,
when use should be made, where available. of a refer-
ence laboratory.

f dentification of Staphylococcus
species and subspecies

The most prevalent staphylococcal species and subspe-
cies in human infections are S. aureus, S. epidermidis, S.
haemolyticus, and S. saprophyticus, followed by S.
hominis, S. warneri, S. lugdunensis, S. schleiferi sttbsp.
schleiferi, S. capitis sttbsp. ureolyticus, and S. simulans
(Kloos and Bannerman 1994). Those of special veter-
inary interest include S. aureus, S. intermedius, S. hyicus,
S. felis, and S schleiferi subsp. coagulans (Devriese 1986;
Igimi et al. 1989, 1990). The above staphylococcal
species and subspecies can be distinguished on the basis
of the minimal key characters shown inTable 32.7.

Several manufacturers have developed rapid identifi-
cation kits and automated systems requiring only a few
hours to one day for completion of tests. With these
products, identification of most species and subspecies
can be made with an accuracy of 70-90 percent (Kloos
and Wolfshohl 1982; Crouch et al. 1987; Kloos and
George 1991; Bannerman et al. 1993). Currently, S.
aureus, S. epidermidis, S. haemolyticzs, S. caplrrs subsp.
capitis, S. saprophyticus, S. cohnii slbsp. cohnii, S. simu-
lans, S. intermedius, and S. sciuri can be identified reli-
ably by most of the commercial systems available. Some
additional testing may be required to increase the accu-
racy of identification to above 90 percent. The rapid

identification systems now available include the

following: RAPIDEC Staph and API STAPH kits and

the fully automated Vitek system, which utilize a gram-

positive identification (GPI) Card (bioM6rieux Vitek

Inc., Hazelwood, MO, USA); MicroScan Pos ID panel

(read manually or on MicroScan instrumentation),

MicroScan Rapid Pos ID panel (read by AutoScan-

WA), and the Pos Combo and Rapid Pos Combo

panels, which combine species identification and anti-

microbial susceptibility tests (Dade-Behring Inc., West

Sacramento, CA, USA); Crystal Rapid Gram-Positive

Identification System, Sceptor Staphylococcus MIC/ID

panel; Sceptor Gram Positive Breakpoint/ID Panel and

the frozen Pasco MIC/ID Gram-Positive Panel (Becton

Dickinson Microbiology Systems, Sparks, MD, USA);

GP MicroPlate test panel (read manually using Biolog

computer software for interpretation or automatically

with the Biolog MicroStation) (Biolog, Hayward, CA,

USA); Microbial Identification System (MIS) that auto-

mates identification by combining cellular fatty acid

analysis with computerized high-resolution gas chroma-

tography (MIDI, Newark, DE, USA) and the fully auto-

mated RiboPrinter Microbial Characterization System
(Qualicon, Inc., Wilmington, DE, USA), based on ribo-

type pattern analysis. Rapid identification of the species

S. aureus can be made using the AccuProbe culture

identification test for S. aureus (Gen-Probe Inc., San

Diego, CA, USA). This species can also be identified by

an immunoenzymatic assay based on a monoclonal anti-

body prepared against the S. aureus endo-B-N-acetyl-
glucosaminidase (Guardati et al. 1993). These specific

tests are especially useful in identifying coagulase-nega-

tive, protein A-negative, and/or clumping factor-negative

mutants of S. aureus, that would otherwise be misidenti-

fied by coagulase and latex agglutination tests.

The oxacillin agar screen test has been a mainstay for

the detection of MRSA in diagnostic laboratories over

many years. However, this test has been reported to be

ineffective for CoNS (Tenover et al. 1999), and its use

for this bacterial group is no longer recommended.

Readers are referred to NCCLS recommendations for a

detailed description of methodology for the reference

methods (broth microdilution, disk diffusion, oxacillin

agar screen) (NCCLS 2000a, b). A wide range of other

tests is available for the identiflcation of methicillin

resistance which can be grouped together according to

the technology used. Genotypic testing for detection of

the presence of mecA can be performed using the PCR
(Swenson et al. 200I; Jonas et al. 2002; Grisold et al.

2002; Fang and Hedin 2003). This has become a gold

standard for the comparison of sensitivity and specificity

of other tests. Some investigators include PCR detection

of a second gene such as femA, femB, or the S. aureus

specif,c marker Eene nuc, and multiplex PCR can be

performed to detect several genes associated with resis-

tance to different antibiotic groups (Perez-Roth et al.

2001). PCR methodology has also been described for the
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detection of MRSA directly from swabs (Jonas et al.

2002), including those taken from colonized sites (Fran-

cois et al. 2003). The latter involved an initial enrich-

ment step for S. aureus using immunomagnetic separa-

tion (Francois et al. 2003). The use of real-time PCR has

also been developed for the detection of MRSA (Fang

and Hedin 2003; Grisold et aI.2002). Gene probe hybri-

dization assays have also been devised and are commer-

cially available. One example is the EVIGENE MRSA

detection kit, which has been evaluated for S. aureus

and coagulase-negative staphylococci using blood

cultures or bacteria from agar plates (Levi and Towner

2003; Poulsen et al. 2003). This appears to be an accu-

rate test when valid test results are produced, although

readable results are not always produced. For example,

eight of 59 tests for CoNS were not valid in the study

reported by Poulsen et al (2003). Detection of PBP 2a

can be performed using a latex agglutination test (for

example, MRSA-Screen test (Horstkotte et al. 2001)).

This has a lower sensitivity and specificity compared

with PCR (Yamazumi et al. 2001; Jureen et al. 2001).

Latex tests may represent an alternative for resource-

poor laboratories that cannot afford PCR technology,

but are not sufliciently accurate to replace PCR as the

gold standard method in well funded laboratories.

Studies that compare different technologies are a

useful source of information when deciding on the rela-

tive usefulness of a range of tests that have been indivi-

dually reported in the literature. One such study used a

set of 55 S. aureus challenge organisms including several

borderline oxacillin resistant strains that were mecA

positive (Swenson et al. 2001). Comparison was made

between six routine methods (three reference methods

(broth microdilution, disk diffusion, oxacillin agar

screen), two commercial automated systems (MicroScan

conventional panels and Vitek cards), the MicroScan

rapid panel), and two new rapid methods, Velogene
(cycling probe assay) and the MRSA-Screen (latex

agglutination)). PCR for mecA was used as the gold

standard. On initial testing, the percentage of correct

results (percent sensitivity/percent specificity) were

reported as: broth microdilution, 100/100; Velogene, 100/

100; Vitek, 95/97; oxacillin agar screen, 90/92; disk diffu-

sion, L00/89; MicroScan rapid panels, 90/86; MRSA-

Screen, 90i100; and MicroScan conventional, 74197.'fhe

MRSA-Screen sensitivity improved to 100 percent if

agglutination reactions were read at 15 min.

In summary, there are now many methods described

and commercially available for the rapid identification of

MRSA. The method used for detection of methicillin

resistance in any given laboratory will be dictated by

funding and availability of technical expertise. Conven-

tional microbiological methods are likely to persist in

many laboratory settings. PCR is highly sensitive but

requires careful standardization and quality control to

maintain reproducibility and to prevent false positives.

Many of the other technologies do not offer the same

degree of sensitivity as PCR, but may be chosen in
particular laboratory settings.

Interpretation of the clinical
significance of cultures positive for
staphylococci

Staphylococci are normal members of the human

commensal flora. They are ubiquitous and widely distrib-

uted on the human body, and microbiological sampling

without contaminating the specimen can be diff,cult.

However, it is often crucial to the diagnostic process of

an individual suspected of having bacterial infection that

interpretation is accurate. This has caused problems to

microbiologists and clinicians for more than 100 years.

This section briefly highlights some factors that can be

useful in this process.

The first essential step is to have an appreciation of

the quality of the specimen. As a rule of thumb, good

quality samples are those taken from normally sterile

sites (such as cerebrospinal fluid, pus from joints or deep

sites obtained by aspiration or during theater proce-

dures, and blood cultures). Some samples will inevitably

contain contaminating bacteria, such as those from

patients with suspected urinary tract sepsis or ventilator-

associated pneumonia.

Once an organism has been isolated, the next step is

bacterial speciation and application of this information

within the clinical context. S. aureus is a rare contami-

nant of specimens taken from normally sterile sites.

Patients with invasive S. aureus disease usually have

obvious clinical manifestations of disease, and a positive

culture often confirms a strong clinical suspicion. Inter-

pretation of S. aureus from colonized samples such as

urine and bronchial lavage is more complex. Defining

the significance of coagulase-negative staphylococci from

any specimen always required careful consideration

(Archer 1985). Contamination of the clinical sample

with CoNS may occur during even the most carefully

conducted procedure (such as in the theater setting).

Further factors that can be taken into account when

interpreting these culture results fall into three broad

categories: (1) microbiological, (2) clinical, and (3) other

investigations.

1 Microbiological evidence for infection versus contam-

ination can be gathered from data on quantitative

bacteriology. The number of bacterial organisms in a

defined volume of sample such as urine or bronchial

lavage can help distinguish between a contaminated

sample and one representative of true infection.

Quantitation of staphylococci in blood cultures has

also been used, on the basis that very low bacterial

numbers are more likely to represent skin contami-

nants. Bacterial quantitation is time consuming in a

routine laboratory where surrogates of the number of

colony forming units per ml of sample are commonly
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used, including time of blood culture to positivity
(using automated machines), or the number of blood
culture bottles positive versus the number taken. For
example, one blood culture bottle positive for a
coagulase-negative staphylococcus out of a total of
four taken reflects a very low bacterial inoculum and
often represents contamination, assuming that all
samples have been taken in the absence of antibiotic
treatment. Blood cultures that contain more than one
strain or species of coagulase-negative staphylococcus
usually represent contaminated samples. Useful infor-
mation can also be derived from the reproducibility
of microbial culture, that is, repeated culture of the
same organism from either multiple samples from the
same site (as may be taken during orthopedic proce-
dures to deflne bone sepsis), or serial sampling over
time (such as blood cultures). Repeated sampling
following a positive culture of dubious significance
can be extremely helpful if taken before the start of
antibiotics, where this is clinically feasible. Culture of
the same organism from a different sample may be
pivotal. For example, culture of the same bacterium
from blood and from the tip of an intravenous device
which has been removed indicates a high probability
of intravenous device-associated bacteremia.

2 Clinical information is always crucial to the correct
interpretation of positive microbiological specrmens.
This includes a full medical history and findings on
clinical examination. Determining whether a patient
has risk factors for a given infection is extremely
helpful. For example, coagulase-negative staphylo-
cocci are not considered to be virulent pathogens and
usually cause opportunistic pathogens in the immuno-
compromised or in association with prosthetic mate-
rial. Relevant symptoms and signs of infection will
depend on the type of infection in question.

3 Other investigations may prove very helpful. These
include the broad tests such as white cell count and
C-reactive protein, and the targeted tests focusing on
specific suspected diagnoses, for example, echocardio-
graphy in suspected endocardtis and MRI in the
investigation of bone and joint sepsis.

Some specimens verge on the uninterpretable. For
example, isolation of S. aureus in swabs from wounds,
ulcers and other skin defects may reflect colonization or
infection, and the diagnosis of superflcial tissue infection
is best judged using clinical criteria.

TYPING METHODS

Typing techniques can be used to study both the macro-
epidemiology and micro-epidemiology of staphylococci.
A wide range of typing techniques have been described.
These differ in their discriminatory ability, and in repro-
ducibility and portability, factors which will dictate which
method to use for a given question. Phage typing was the

mainstay of typing for many years but has been replaced
by alternative methods. These include ribotyping, PFGE,
multilocus enzyme electrophoresis (MLEE), plasmid
profiling (reviewed by Kloos and Bannerman 1994;
Arbeit 1995) and multilocus sequence typing (MLST)
(Enright et al. 2000). Plasmid profiling and plasmid
restriction endonuclease analysis have been applied to all
the recognized species and subspecies (Kloos et al. 1981,
1992: Archer et al. 1982: Parisi 1985; Wells and Kloos
1987; Etienne et al. 1990). PCR techniques for random
amplified polymorphic DNA (Welsh and McClelland
1991; Marquet-Van Der Mee et al. 1995) and specific
gene sequences, e.g. mecA sequences combined with
variable DNA sequence motifs (van Belkum et al. 1993)
or coa sequences and subsequent enzyme digestion of
the PCR product(s) (Goh et al.7992), have been used to
identify certain strains of S aureus. The PCR-based
methodology applied to multiple-locus variable numbers
of tandem repeat (VNTR) analysis has recently been
applied to MRSA. Five VNTR loci (sdr, clfA, clfB, ssp,
and, spa) were subjected to analysis; this scheme was
reported to be equivalent to pulsed-fleld gel electrophor-
esis in terms of discriminatory power and reproducibility
(Sabat et al.20O3).

The commonest method currently used to type
staphylocococci worldwide is PFGE. This technique has
been hampered by problems of reproducibility both
within and between laboratories. Large collaborative
studies have recently been reported both in Europe and
Canada which attempt to standardize methodology for
typing of MRSA and thereby improve reproducibility
(Mulvey et al. 2001,; Murchan et al. 2003). MLEE has
been used to examine S. aureus strains from a wide
range of sources (Musser and Selander 1990; Musser and
Kapur 1992) but is technically demanding. MLST is
derived from the principles of MLEE but is sequenced-
based (Enright et al. 2000); this is suited to the study of
macro-epidemiology by virtue of the fact that this docu-
ments genetic change of highly conserved housekeeping
genes. PFGE and MLST have been compared in a
micro-epidemiological study conducted in a regional
renal unit (Peacock et aL.2002b). This demonstrated that
they have very similar discriminatiory abilities in this
setting. Matrix-assisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS) has been
evaluated for its ability to monitor the bacterial finger-
prints expressed by two S. aureus strains over time, and
to define whether a profile for MRSA could be defined
(Bernardo et al. 2002). Bacterial fingerprint data
remained strain-specific data for subcultures analyzed
over a period of 3 months, and after changing the
growth media from Mueller-Hinton to blood agar. A
uniform signature profile for MRSA could not be identi-
fied using clinical isolates, although the bacterial finger-
prints obtained were specific for any given strain. The
utility of this technique in epidemiological studies is
currently undergoing investigation.
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S. AUREUS DISEASE

Determinants of S. aureus infection

Determinants of infection can be divided into those

associated with host and bacterial factors: whether a

given individual develops S. aureus infection is likely to

depend on a complex interplay between the two. This

topic is very poorly understood overall. Little experi-

mental work has been performed to examine host

genetic susceptibility to either S. aureus carriage or

disease. However, it is clear that host factors are impor-

tant since individuals with disorders of the immune

system affecting neutrophils have increased susceptibility

for S aureus infection. For example, a variety of S

aureus infections occur more frequently in association

with chronic granulomatous disease, leukocyte adhesion

deflciency syndromes and Job's syndrome (hyper-

immunoglobulin E syndrome) (Nauseff and Clark 2000).

A role for host determinants can also be inferred from

the known risk factors for specific manifestations of S.

aureus disease. For example, the onset of septic arthritis

after closed joint trauma is well recognized. Possible

explanations include facilitation of bacterial transmigra-

tion across the endothelial cell following upregulation of

endothelial cell receptors, and extension of infection

following bacterial seeding of local hematoma, but

neither has been subjected to study. Similarly, there is

an increased risk of S. aureus septic arthritis in those

with inflammatory arthritides such as rheumatoid

arthritis, but the mechanism is unclear and may be

multifactorial. Diabetes is also associated with a higher

risk of septic arthritis and other types of S. aureus infec-

tion, but the relative importance of host factors such as

the higher S. aureus catiage rate, increased frequency of

S. aureus skin sepsis, repeated needle puncture, and

immunodeficiency is uncertain.

Acquired host factors also influence the likelihood of

S. aureus infection and fall into two broad categories.

The first is immune dysfunction, such as that present in

patients undergoing hemodialysis who have decreased

granulocytic chemotaxis and lower immunoglobulin,

complement, and T cell levels (Greene et al. 1976;

Waterlot et al. 1985), or in those undergoing chemo-

therapy for malignancy. The second is the presence of

prosthetic devices or surgical incisions that breach the

normal host defenses and give direct access to normally

sterile body sites. Prosthetic material also provides a site

of colonization to which staphylococci are well adapted.

The importance of prosthetic material as a determinant

of infection is reflected in the variable rates of sepsis

associated with different types of hemodialysis vascular

access. Endogenous arteriovenous fistulae are less prone

to infection than prosthetic shunts (Bonomo et al. 1997),

while intravenous hemodialysis catheters have the

greatest associated risk and are a leading cause of S.

aureus bacteremia in patients requiring renal replace-

ment therapy (Hoen et al. 1998).

Bacterial determimants of infection have undergone

extensive study using in vitro, ex vivo, and animal

models. Signature-tagged mutagenesis was used to iden-

tify S. aureus genes required for virulence in a murine

model of bacteremia. Transposons were inserted in

genes of unknown function in half of the mutants identi-

fied, while the remaining genes were predominantly

involved in nutrient biosynthesis and cell surface meta-

bolism. Three mutants were found with transposon

insertions in different positions in femA, and one mutant

had an insertion in femB. Both femA and femB are

involved in the formation of cell wall peptidoglycan

pentaglycine cross-bridges. A further mutation occurred

in a previously unknown gene that shares significant

similarity to femB. Mutations were also obtained in recA

and lsp (encoding the S. aureus prolipoprotein signal

peptidase (Mei et al. 1997)). Signature-tag transposon

mutants have also been screened in four complementary

animal infection models including mouse abscess,

wound, bacteremia, and rabbit endocarditis. The largest

gene class identified encoded peptide and amino acid

transporters, some of which were important for S. aureus

survival in all animal infection models tested (Coulter

et al.  1998).

Studies have been also been performed to examlne

the role of adhesins in disease pathogenesis. Fibrinogen

and fibronectin binding proteins confer the ability to

adhere to host proteins deposited on artificial surfaces

(Vaudaux et al. 1984, 1989,1993,1995; Herrmann et al.

1988), and are likely to be important in the process of S.

aureus device-related infection in humans. A role has

been demonstrated for ClfA in the process of experi-

mental S. aureus endocarditis (Moreillon et al. 1995;

Que et al. 2001), while ClfB has a limited effect in this

animal model (Entenza et al. 2000). Evidence for the

involvement of FnBP in endocarditis is conflicting. Rats

inoculated with a transposon mutant defective in fibro-

nectin binding had fewer bacteria on the heart valve

(Kuypers and Proctor 1989). A second study was unable

to find a difference in valve bacterial counts between

wild type S. aureus strain 8325-4 and an isogenic mutant

defective in fibronectin binding (Flock et al. 1996).

However, the nonpathogenic Lactococcus lactis engi-

neered to express FnBPA required a lower infective

dose to induce endocarditis (Que et al. 2001). Experi-

mental septic arthritis has also been used widely to study

disease pathogenesis. ClfA and Cna have been reported

to be determimants of experimental septic arthritis

(Patti et al. 1994; Josefsson et al. 2001), and Cna has

been implicated as a virulence determinant in osteomye-

litis (Elasri et al. 2002). FnBP was shown to be involved

in adherence to human airway epithelium (Mongodin

et aL. 2002), although FnBP expression was associated

with decreased virulence in a rat model of pneumonia

(McElroy et al. 20OZ). A study comparing the presence
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of 33 putative virulence determinants in a large number
of S. aureus isolates associated with carriage and disease
showed that the genes for three surface proterns (fnbA,
cna, sdrE) were more commonly detected in invasive
isolates (as were genes encoding enterotoxin J, gamma
toxin, and intercellular adhesion (lca)). All seven factors
contributed independently to virulence and no single
factor predominating as the major predictor of virulence,
their effect appearing to be cumulative (Peacock et al.
2002a).

The fibronectin binding proteins confer bacterial
attachment to, and invasion of, a range of host cells in
vitro (Ogawa et al. 1985; Vercellotti et al. 1984; Peacock
et al. 1999; Sinha et al. 1999,2000;Dziewanowska et al.
1999; Lammers et al. 1999; Fowler et al. 2000; Massey
et al. 2001). Cell invasion is an active process and
appears to involve host cell integrins (Sinha et al.1999;
Fowler et al. 2000; Dziewanowska et al. 1999; Massey
et al. 2001). The suggestion that S. aureus can exist as a
facultative intracellular pathogen in vivo where it can
avoid host cell defenses and the effect of antibiotics is
attractive but currently unproven. The relevance to
human disease of experimental data on putative
bacterial virulence factors is uncertain.

CLINICAL SYNDROMES

S. aureus causes a wide range of infections. These can be
broadly divided into community- and hospital-acquired
sepsis. Community-acquired infections include the
following: toxin-mediated disease (for example, food
poisoning and toxic shock syndrome); infections
affecting the skin and soft tissues (such as boils,
impetigo, cellulitis, and myositis); infection of bones and
joints; infection relating to other deep sites (endo-
carditis, abscess formation in liver, spleen, and other
sites), and infections of the lung and of the urinary tract.
Meningitis also occurs, although this is rare as a single
presentation and usually occurs in the setting of endo-
carditis complicated by septic embolization. This wide
range of conditions occur both in those with known risk
factors, and in individuals who were previously fit and
well. Nosocomial or hospital-acquired infections can
include the diseases described above. but are more
commonly represented by surgical wound infection,
ventilator-associated pneumonia, bacteremia associated
with intravenous devices, and infection associated with
other types of prosthetic material such as cerebrospinal
fluid shunts, prosthetic joints, and vascular grafts. The
rise in use of intravenous devices for treatment of indivi-
duals in the community blurs the distinction between
community and hospital infection, since nosocomial
types of infection are increasingly occurring in people
living at home. The commonest deep site infections are
endocarditis, and bone and ioint infections (Fowler et al.
2003).

Bacteremia and endocarditis

Around two thirds of patients with S. aureus bacteremia

are nosocomially acquired, most of which are associated

with intravenous-device related infection; the remainder

represent community-acquired bacteremia. Fever is

common at presentation, but other clinical features will

be influenced by the presence and site of foci of infec-

tion at other sites. The overall condition of the patient

can range from good to one of profound septic shock. A

major element in the management of patients with S.

aureus bacteremia is to distinguish between those with

uncomplicated versus complicated bacteremia (that is,

bacterial dissemination from the bloodstream to other

sites). This is a common event; a recent study of 724

adult patients presenting to hospital with S. aureus

bacteremia identified complications in 43 percent

(Fowler et al. 2003). Presence of complications will

determine length of treatment and the need for investi-

gations and additional interventions. A careful clinical

examination should be conducted for features of deep

infection including signs of endocarditis, septic arthritis,

and pain suggestive of bone involvement. However,

these are often not apparent, as demonstrated by a

recent study of the clinical features of S. aureus endo-

carditis over a 10 year period in Denmark in which the

diagnosis was not suspected and was first detected at

autopsy in 32 percent of patients (Roder et al. 1999).

Serological testing is not useful in this setting (nor

indeed in any other in relation to staphylococcal disease)

to confirm the diagnosis, or to define complicated

bacteremia or extent of disease. A study of clinical iden-

tifiers of complicated S. aureus bacteremia represents

significant progress (Fowler et al. 2003). A scoring

system based on the presence or absence of four risk

factors (community acquisition, skin examination find-

ings suggesting acute systemic infection, persistent fever

at 72 h, and positive follow-up blood culture results at

48-96 h) was able to accurately identifiy complicated S.

aureus bacteremia. The findings of this study allow

readily available clinical variables to be used in the iden-

tification of patients requiring further investigation and

prolonged therapy.

Bone and joint sepsis

Staphylococcus aureus is the leading cause of primary

septic arthritis and osteomyelitis in all ages except

neonates (Baker and Schumacher 1993; Lew and Wald-

vogel L997). These conditions may be complicated by

disabling joint destruction, sequestration of necrotic

bone leading to chronic pain and sepsis, or spinal

destruction that may lead to deformity, paralysis or

death. The essential sequence of events during these

diseases is bacteremia, followed by seeding from the
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bloodstream to bone or joint, bacterial proliferation and

the development of arthritis/osteomyelitis, and finally

consequences in the form of tissue damage. Chronicity

may ensue, particularly if the infection is partially or

untreated. Initial access of bacteria to bone or joint

occurs either via hematogenous spread or directly, due

to some breach in the overlying soft tissues. In the case

of direct spread, the process that injures the overlying

tissues often also injures the bone or joint itself, or

rapidly sets up conditions that harm exposed bone or

cartilage. These conditions include open fractures
(where the bone is exposed), surgery involving the bone
(including joint replacement or internal fracture-fixa-

tion), and chronic ulceration down to bone or joint (for

example, in the diabetic foot, or in a bed-bound patient

with a pressure sore). Often, however, no such direct

communication is established and in these cases it

appears that organisms have successfully entered the

bone or joint from the circulation. Once present in the

bone or joint, bacterial multiplication triggers a host

inflammatory response, the features of which are

increased blood flow, increased capillary permeability to

fluids and cells, and the recruitment of inflammatory

cells, initially neutrophil polymorphs. If this immune

response is unsuccessful in controlling infection, the

result is intense inflammation surrounding an area with

high densities of bacteria and the development of an

abscess. This presents as a swollen and exquisitely
painful, immobile joint or a bone that is so painful that

normal function is impossible. Secondary bacteremia is

common at this point in the absence of antibiotic

therapy. On presentation, fever is common but once

again the overall condition of the patient can be highly
variable, and symptoms and signs will depend on the site

affected.

Pulmonary infections

S. aureus infection may involve the lung parenchyma,

pleural cavity or both. Infection arises either due to

inhalation of the organism from a site of colonization
(community-acquired), via an endotracheal tube in

ventilated patients, or more rarely because of hemato-
genous spread in a bacteremic patient. No clinical or

radiological features are typical of S. aureus pneumonia.

Microbiological diagnosis is complicated by the fact that

S. aureus is a normal colonizer of the upper respiratory

tract (predominantly the nose) in a proportion of normal

individuals. As a result, interpretation of S. aureus rn

sputum culture is difficult, and more invasive procedures

such as bronchoscopy and lavage may be necessary. A

syndrome of rapidly progressive S. aureus necrotizing
pneumonia affecting previously healthy children and

young adults has recently been described (Gillet et al.

2002). The strains responsible were positive for Panton-

Valentine leuokocidin, and pneumonia was often
preceded by influenzalike symptoms.

Toxi n-med iated staphylococcal
diseases

Food poisoning caused by staphylococcal enterotoxins

results from ingestion of preformed toxin present in

food (Dinges et al. 2000). It is a result of poor standards

of food handling in which S. aureus is inoculated from a

skin lesion into food under conditions where bacteria

can multiply before human consumption. The

mechanism of action of the toxin is still under study, but

it is thought to initiate the emetic response through

interactions with the emetic reflex located in the abdom-

inal viscera, with subsequent activation of the medullary

emetic center in the brain stem which is stimulated via

the vagus and sympathetic nerves (Dinges et al. 2000).

The incubation period is between 2 and 6 h, which is

followed by nausea and vomiting. Abdominal pain and

diarrhea are also common features. The disease is self-

limiting and usually resolves within 24 h. Diagnosis is

made on clinical grounds; suspected food can be

cultured for the presence of S. aureus. Management is

centered on replacement of fluids and electrolytes, and

antibiotic treatment is not necessary.

Staphylococcal scalded skin syndrome (SSSS) is

caused by the effect of exfoliative toxins produced by S.

aureus. Readers are referred to a review by Ladhani

et al. (1999). This disease primarity affects neonates and

young children. Severity varies from localized skin infec-

tion (bullous impetigo) to generalized involvement of

the skin. SSSS usually follows a localized infection in

sites such as the umbilical stump, ear or conjuntiva. Skin

lesions in SSSS are formed within the epidermis, with

midepidermal splitting. Affected individuals present with

fever, lethargy, poor feeding, and irritability, followed by

a tender red rash which can spread to involve the entire

body within a few days. Blisters develop which are

fragile, thin roofed, and rapidly rupture to leave

denuded areas. Patients develop poor temperature

control, suffer large fluid losses, and may develop

secondary infection. Diagnosis of SSSS is a clinical one,

aided by Nikolsky's sign in which the skin wrinkles on

gentle pressure. Culture of blister fluid in SSSS is usually

negative since the blisters have developed as a result of

toxin formed by S. aureus at a distant site (although

culture is often positive in cases of bullous impetigo).

Fluid and electrolyte replacement forms the mainstay of

treatment. Antibiotics are given to eradicate the toxin-

producing S. aureus isolate. Affected neonates should be

isolated and strict barrier precautions applied to prevent

crossinfection. Fever usually settles after 2 or 3 days and

no new bullae form, although it takes 2-3 weeks for the

skin lesions to resolve completely.

Toxic shock syndrome (TSS) is a severe disease char-

acterrzed by high fever, hypotension, diffuse erythema-

tous rash with subsequent desquamation 1-2 weeks

later, and involvement of three or more organ systems.
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Readers are referred to a review by Dinges et al. (2000).
An epidemic of TSS in young women in the early 1980s
associated with menstruation and the use of high absor-
bancy tampons was caused by TSST-1 producing organ-
isms (Dinges et al. 2000). The number of cases asso-
ciated with tampons has declined as a result of
modifications in tampon manufacture. Nonmenstrual
TSS is also well recognized, the associated isolates being
positive for TSST-1 in 50 percent of bacterial strains,
and positive for SEB and SEC in 47 and, 3 percent,
respectively. Nonmenstrual cases encompass a wide
range of S. aureus disease types including invasive S.
aureus infection; noteworthy inclusions in this group are
patients with wound infection in which clinical features
of wound sepsis are not evident, and influenza-asso-
ciated cases. Clinical features of TSS may include
mucous membrane hyperemia, myalgia, vomiting and
diarrhea, renal and hepatic impairment, altered level of
consciousness, coagulopathy and low platelet count. The
diagnosis is made on clinical grounds. The CDC have
devised a clinical case definition to assist in this process
(CDC 1997). Patients may have features consistent with
TSS but fail to meet the CDC diagnostic criteria (Dinges
et al. 2000). The results of laboratory tests can be
helpful in reaching a diagnosis in these cases (Parsonnett
1998). These are: isolation of S. aureus from a mucosal
or normally sterile body site; production by this
organism of TSST-1 or other superantigen known to be
associated with TSS; absence of antibodies to the rele-
vant toxin at time of illness; and seroconversion to this
toxin with detection of antibodies during convalescence.
Management often includes care in a high dependency
setting. The presence of tampons should be determined
and removed, and possible sources of infection in
nonmenstrual cases considered. Cultures should be
taken for isolation of S aureus and testing of these
isolates for toxin production, together with serum
samples for serological testing in the convalescent phase
in patients in whom the diagnosis is in doubt. A pJacta-

mase resistant anti-staphylococcal antibiotic should be
given to eradicate the toxin-producing strain of .S.
aureus. Clindamycin has been advocated for use as an
adjunct to penicillin for the treatment of streptococcal
toxic shock syndrome because of its ability to reduce
toxin production in vitro (Mascini et al. 2001; Sriskandan
et at. 1997). Evidence for the value of clindamycin in
TSS caused by S. aureus is scanty. One study compared
the effect of clindamycin, flucloxacillin, or flucoxacillin
plus gentamicin on growth and toxin production in vitro.
All three inhibited toxin production during logarithmic
growth, with inhibition of 75, 30, and 75 percent of the
control, respectively, during stationary phase growth
(van Langevelde et al. 1997). Clindamycin was bacterio-
static for logarithmic phase cultures, while flucoxacillin
alone or in combination with gentamicin was rapidly
cidal. The relevance of these data to human disease is
unclear, but it is common practice in manv centers to

administer a BJactamase-resistant anti-staphylococcal

antibiotic plus clindamycin. The case fatality rate is

reported to be 3 percent, although this reflects the

outcome of individuals treated in affluent nations; the

outcome for people in developing countries is not

known.

Management of other S. aureus
infections

Basic principles for the management of infection apply.

Pus should be drained, and infected joints washed out in

a theater setting by an orthopedic surgeon to reduce

damage and prevent poor joint function. Use of investi-
gations should be guided by features and clinical suspi-

cion. Tools which aid definition of disseminated infec-

tion or extent of disease includes transthoracic and

transesophageal echocardiography, ultrasound, CT scan,

and MRI. Prosthetic material associated with infection

should be removed where possible, for example,

temporary intravenous devices. Infected prosthetic mate-

rial of a more permanent nature such as heart valves

and vascular grafts may be salvaged by long courses of

antibiotics. As a broad generalization, skin and soft

tissue infections are treated until clinical curel bacter-

emia without features of seeding requires two weeks of

therapy; infection of deep sites require four weeks or

more of treatment, depending on the type and extent of

infection. Endocarditis involving prosthetic valves

requires six weeks of therapy. The antibiotic used will

depend on susceptibility of the infecting strain. Fluclox-

acillin is the drug of choice for MSSA, while MRSA

treatment will depend on the presence of resistance to

other drugs but usually relies on, or includes, a glyco-

peptide such as vancomycin. Those involved in manage-

ment of this potentially complicated patient group are

referred to published guidelines and more detailed text

for an indepth review.

PREVENTION OF S. AUREUS INFECTION

Prevention of S. aureus disease falls into three main

categories:

I eradical ion o[ S. aureus carr iage:

2 hospital infection control measures to prevent noso-

comial infection, including perioperative antibiotic
prophylaxis; and

3 vaccinationstrategies.

Eradication of 5. aureus carriage

There is considerable evidence to indicate that nasal

carriage of S. aureus and the development of staphylo-

coccal infection are linked. Rates of infectron are

hisher in carriers than in noncarriers in a ranse of
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clinical settings, including the development of post-

operative wound infections (Weinstein 1959), in

patients undergoing continuous ambulatory peritoneal

dialysis and hemodialysis (Yu et al. 1986; Ltnar et al.

1990), and in those infected with HIV (Weinke et al.

1992). Studies comparing carriage and infecting isolates

of S. aureus show that individuals are usually infected

with their own carriage isolate (Yu et al. 1986; Luzar

et al. 1990; Nguyen et al. 1999). This has been clearly

shown in a large study in which greater than 80
percent of isolates from S. aureus bacteremic infections

were identical to strains carried by these individuals

(von Eiff et al. 2001b). The temporary eradication of

carriage by the use of topical mupirocin has been

reported to result in a reduction in nosocomial infec-

tion in dialysis patients and in those undergoing

surgery. Several strategies have been used to eradicate

S. aureus carriage; none result in a permanent loss of

S. aureus carriage and treatments need to be repeated.

The most common approach is to use topical anti-

biotics such as mupirocin applied to the nose or to

exit sites of prosthetic devices such as intravenous

dialysis catheters and peritoneal dialysis catheters. This

antibiotic blocks protein synthesis by competitively

inhibiting isoleucyl tRNA. Lysostaphin is currently

undergoing evaluation; this is a peptidoglycan hydro-

lase secreted by Staphylococcus simulans which cleaves

the polyglycine interpeptide bridges of the S. aureus

cell wall. Lysostaphin has been shown to have efflcacy

in the treatment of experimental S. aureus endocarditis
(Climo et al. 1998; Patron et al. 1999), and keratitis

(Dajcs et al. 2000). Exposure of S. aureus to lysosta-
phin alone has been reported to result in the emer-
gence of lysostaphin-resistant mutants in vitro and in

vivo (Climo et al. 2001). These mutants could be

suppressed in an animal model of experimental endo-

carditis by the coadministration of antibiotics (Climo

et al. 2001). A single application of 0.5 percent lysosta-
phin formulated in a petrolatum-based cream has been

shown to eradicate S. aureus nasal colonization in 93
percent of animals in a cotton rat model. A single

dose of lysostaphin cream was more effective than a

single dose of mupirocin ointment in eradicating S.

aureus nasal colonization in this animal model (Kokai-

Kun et al. 2003). Topical lysostaphin could become an

important agent in clinical practice, but studies of effi-

cacy, safety, and emergence of resistance during use in

humans are awaited.

Most research on eradication of nasal carriage has

been carried out in patients requiring renal replacement

therapy. This is a high risk group in whom S. aureus

disease represents an important cause of morbidity and
mortality. Eradication of nasal carriage in hemodialysis

patients using topical mupirocin to the nose has been

shown to reduce the number of episodes of S. aureus

infection per patient year (Boelaert et al. 1989,1993:'

Holton et al. 1991; Kluytmans et al. 1996). Efficacy of

nasal S. aureus caniage eradication has also been eval-

uated for patients receiving peritoneal dialysis. Overall,

evidence for the efflcacy of nasal mupirocin in

preventing morbidity in continuous ambulatory perito-

neal dialysis (CAPD) patients is not convincing. Prophy-

lactic intranasal application of mupirocin has been

assessed in a large randomized, double-blind, placebo-

controlled trial of patients undergoing surgery to

examine effect on nasal carriage and the effect on rates

of postoperative S. aureus infection. Prophylactic intra-

nasal application of mupirocin did not significantly

reduce the rate of S. aureus surgical-site infections

overall, although it did significantly decrease the rate of

all nosocomial S. aureus infections among the patients

who were S. aureus carriers (Perl et aI.2002). The effect

of topical mupirocin applied to the dialysis catheter exit

sites has also been assessed. The peritoneal dialysis

catheter exit site is the most frequent colonizing site of

strains causing peritonitis (Amato et al. 2OOl), and two

studies have shown that topical application of mupirocin

to the exit site was associated with a reduction in exit-

site infection and peritonitis (Bernardini et al. 1996;

Thodis et al. 1998). However, the routine application of

mupirocin to the exit site of all patients has potentially

important implications for the emergence of drug

resistance.

An evidenced based review has recently been

published to critically appraise the published evidence

regarding the efficacy of intranasal mupirocin for eradi-

cation of S. aureus nasal carriage and for prophylaxis of

infection. Sixteen randomized, controlled trials were

appraised, of which nine trials assessed eradication of

colonization as a primary outcome measure, and seven

assessed the reduction in the rate of infection. Mupir-

ocin was generally highly effective for eradication of

nasal carriage in the short term, but this effect did not

convert into clinical benefit overall. The prophylactic

treatment of patients with intranasal mupirocin in large

trials did not lead to a significant reduction in the

overall rate of infections. However, subgroup analyses

and several small studies revealed lower rates of S.

aureus infection among selected populations of patients

with nasal carriage treated with mupirocin. The authors

concluded that although mupirocin is effective at redu-

cing nasal carriage, routine use of topical intranasal

mupirocin for infection prophylaxis is not supported by

the currently available evidence (Laupland and Conly

2003). A Cochrane review focused on MRSA has been

performed to examine the effects of topical and

systemic antimicrobial agents on nasal and extra-nasal

MRSA carciage, adverse events, and incidence of subse-

quent MRSA infections. There was no demonstrated

superiority of either topical or systemic therapy, or of

combinations of these agents. It was noted that poten-

tially serious adverse events and development of anti-

microbial resistance can result from therapy (Loeb et al.

2003).
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Hospital infection control and
antibiotic prophylaxis

Hospital infection control measures can prevent a
proportion of nosocomial infections. Central to this
process is handwashing which reduces transmission of
pathogens between individuals, and from the hands of a
given individual to sites such as dialysis catheters that
are at increased risk of infection. Perioperative anti-
biotic prophylaxis is also important in preventing
surgical sepsis. There are a wide range of other
measures which can be used; implementation will
depend on the global setting and health care infra-
structure. In resource-rich countries, hospital infection
control is implemented by a team of individuals who
devise policies, educate staff, monitor hospital infections
either through a diagnostic microbiology laboratory or
by active ward-based surveillance, and implement
outbreak procedures where necessary. Medical staff are
educated and actively encouraged to follow guidelines
which reduce infection rates in given settings. For
example, high quality care of intravenous devices
includes the use of protocols for line insertion and line
care, training and education of staff regarding line inser-
tion and after care, and good mechanisms for recording
line insertion, removal, and infective complications to
facilitate audit.

Vaccination

Potential applications for an effective S. aureus vacclna-
tion are broad. Patients undergoing medical treatments
such as hemodialysis or other forms of therapy requiring
the use of intravenous devices are growing in number in
both hospital and community settings. This group are at
high risk of developing S aureus bacteremia, and are
likely to derive considerable benefit from a vaccine that
prevents disease, or else complications of S. aureus
bacteremia such as endocarditis and bacterial seeding to
distant sites including bones, joints, and solid organs. An
argument could also be made for vaccine use in many
other patient groups with increased risk of S. aureus
disease. For example, patients undergoing surgery such
as joint replacement or cardiothoracic surgery where
infection is a disaster could be targeted, or vaccine could
be applied more widely to the operative group. Finally,
vaccination could be extended to the healthy population
to reduce or prevent serious community acquired
invasive disease.

At the time of writing there is no licensed anti-staphy-
lococcal vaccine. The most significant human anti-
staphylococcal vaccine study published to date used a
single dose of a conjugate vaccine comprising S. aureus
type 5 and 8 capsular polysaccharides conjugated to
nontoxic recombinant Pseudomonas aeruginosa exotoxin
A. Evaluation by a randomized trial of 1 804 adult

patients at 73 hemodialysis centers demonstrated that

this conferred partial immunity against S. aureus bacter-

emia for approximately 40 weeks, after which protection

waned as antibody levels decreased (Shinefield et al.
2002).

Many studies have been conducted to examine the

effect of DNA vaccines in experimental animal models.
These can be roughly divided into vaccine targets

against bacterial determimants that are always, or

almost always, present such as ClfA and FnBP, and

those which are variably present in populations of clin-

ical isolates including Cna, enterotoxins and PBP2a.

Vaccination against ClfA has been examined by several

investigators, with mixed results. Mice immunized with

recombinant ClfA and challenged with S. aureus devel-
oped less severe arthritis than controls, and passive

immunization of mice with rat and rabbit anti-ClfA anti-

bodies protected against S. aureus arthritis and sepsis-

induced death (Josefsson et al. 2001). A second group

reported that a DNA vaccine directed against ClfA did

not protect mice against an intraperitoneal challenge of

S. aureus, despite a strong and speciflc antibody

response (Brouillette et al. 2002). Vaccination using

fibronectin binding proteins as the target has also been

examined. FnBP has been shown to reduce the bacteria

count on an injured heart valve in an animal model of

endocarditis (Schennings et al. 1993), to lower the

bacterial count in rabbit blood and excised organs

compared with controls after intravenous inoculation

(Park et al. 1999), and to lead to a more rapid bacterial

clearance from mouse peritoneum and liver after perito-

neal inoculation (Rozalska and Wadstrom 1993). FnBP

vaccination also reduced disease severity in a mouse

mastitis model (Mamo et al. 1994). This line of investi-
gation has subsequently been hampered by the observa-

tion that blocking of the interaction between FnBPs and

fibronectin is limited to 50 percent inhibition in vitro.

One explanation for this is that antibodies raised in vivo

are predominantly to epitopes that are presented by the

ligand-FnBP complexes, that is, after binding has

occurred. These have been termed ligand-induced

binding sites. Mapping of immunodominant epitopes has

been performed (Rozalska et al. 1994; Sun et al. 1997),

and current research directions include the generation of

antibodies using recombinant FnBP protein with
preserved antigenic activity but reduced ligand-binding

activity (Rennermalm and Li 2001; Brennan et al. 1999;

Huesca et aI.2000).

Vaccination of mice against PBP2a (the penicillin

binding protein expressed by methicillin resistant

strains) followed by a sublethal dose of MRSA reduced

the S. aureur counts in the kidney compared with

nonimmunized controls (Ohwada et al. 1999; Senna et al.
2003). Crossprotection against the PBP of MSSA would

be required for good clinical efficacy. Vaccination using

a recombinant fragment of the S. aureus collagen

adhesin or passive transfer of collagen adhesin-speciflc



816 Staphylococcus

antibodies protected mice against sepsis-induced death

caused by inoculation of the Cna-positive strain Phillips

(Nilsson et al. 1998). Potential clinical application may

be restricted since only around half of clinical isolates

carry the gene encoding Cna. Toxins have also been

evaluated as target vaccine candidates. Immunization of

mice with recombinant staphylococcal enterotoxin A

(SEA) devoid of superantigenic properties provided

good protection against S. aureus sepsis (Nilsson et al.

1999), and vaccination against staphylococcal entero-

toxin B (SEB) provided protection from the effect of

subsequent toxin challenge given intraperitoneally or

mucosally (Stiles et al. 2001). However, many clinical

isolates do not express SEA or SEB. S. aureus synthe-

size poly-N-succinyl beta-1-6 glucosamine (PNSG) as a

surface polysaccharide during human and animal infec-

tion, although few strains expressed PNSG in vitro. All

S. aureus strains examined carried genes for PNSG

synthesis, and immunization protected mice against

kidney infections and death from strains that produced

little PNSG in vitro (McKenney et al. 1999). An

approach to the identification of S. aureus vaccine candi-

dates has been reported in which a comprehensive list of

immunologically relevant proteins is identified. In brief,

S. aureus proteins are displayed in vitro using an expres-

sion library and screened using antibodies in sera from

patients. A large number of antigenic antigens have

been identified for further evaluation (Etz et aL.2002:

Weichhart et aI.2003).

Coagu lase-negative staphylococcal
infection

Overall, CoNS have a low pathogenic potential, and

infection usually arises in the severely compromised or

in association with prosthetic material. Important patient

groups affected by CoNS bacteremia are preterm low

birth weight infants, and individuals who are immuno-

compromised by diseases such as cancer and the chemo-

therapy which renders them neutropenic. The latter

patient group almost invariably require intravenous

devices for treatment, and these are usually implicated

as the source of the bacteremia. CoNS bacteremia can

also affect many other patient groups with intravenous

devices, although the severity of clinical manifestations

is often less severe. CoNS can become involved in infec-

tion relating to any other type of prosthetic device, those

commonly encountered in clinical practice including

heart valves, pacemaker lines and boxes, cerebrospinal

shunts, and prosthetic joints. CoNS are also the leading

cause of peritonitis associated with peritoneal dialysis.

Some CoNS infections occur in association with native

tissue in apparently healthy individuals, an important

example of which is endocarditis. It is also a signifcant

cause of community-acquired urinary tract infection, S.

saprophyticus being the most common member of the

group implicated.

Clinical manifestations of CoNS infection will be

dictated by host factors (such as prematurity and immu-

nocompromise), the site affected, and the presence or

absence of prosthetic material. CoNS infection involving

prosthetic material is often associated with a relative

lack in the host inflammatory response compared with

that seen with S. aureus infection, and profuse pus

production is rare. Device-related CoNS infection rn an

immunocompetent individual will usually result in mild

local signs and symptoms, and bacteremia is extremely

unusual with the exception of individuals with infected

devices positioned within the vascular tree, such as a

prosthetic heart valve or vascular graft. Those who are

immunocompromised may present with a systemic

response, most often in relation to a bacteremia. Diag-

nosing CoNS infection is often difficult; factors that can

be taken into consideration during this process have

been discussed in detail above. A central part of patient

management is removal, where possible, of the colo-

nized device. Treatment duration will depend on the

persistent presence of prosthetic material and the under-

lying condition of the host. Choice of antibiotics will be

guided by the results of antibiotic susceptibility testing,

but hospital-acquired strains are commonly methicillin-

resistant. Cure may require prolonged antibiotics if

prosethetic material persists and relapse in such cases is

not unusual. This has been attributed to poor penetra-

tion of antibiotics into bacterial biofllms; some anti-

biotics such as rifampicin are added on the basis that

they have been shown to penetrate bacterial biofilms in

vitro. A multidisciplinary team approach for the

management of patients with these often complex condi-

tions can make an important contribution towards high

standards of care.
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The genera Streptococcus and Lactobacll/as belong to the
lactic acid bacteria, which is a taxonomically diverse group
of gram-positive, nonspore-forming cocci and rods defined
by the formation of lactic acid as a sole or major end-
product of carbohydrate metabolism (Wood and Holzapfel
1995). Based on 165 and 23S rRNA sequence data, gram-
positive bacteria form two lines of descent. The typical
lactic acid bacteria, which are charactertzed by a G + C
content of less than 50 mol%, belong to the 'Clostridium

branch' (Schleifer and Ludwig 1995). For many years the
genera Streptococcus and Lactobacillus were both allo-
cated to the family Lactobacillaceae but now belong to
separate families Streptococcaceae and, Lactobacillaceae.

STREPTOCOCCUS

nonmotile, nonsporing, and catalase-negative, with

complex nutritional requirements. All are facultatively

anaerobic; most will grow in air but some require the

addition of carbon dioxide for growth. All species fail to

reduce nitrate. They ferment glucose with the produc-

tion mainly of lactic acid, never of gas. Many species are

members of the commensal microflora on mucosal

membranes of humans or animals, and some are highly

pathogenic. The G + C content of the DNA is

3646 mol"h. The genus, named according to its typical

morphology (from the Greek streptos, pliant; coccos, a

grain or berry) currently includes 53 species that are

listed in Table 33.1. The type species is Streptococcus

pyoSenes.

INTRODUCTION AND HISTORICAL
PERSPECTIVEGENUS DEFINIT ION

Streptococcus and Lactobacillus

MOG ENS KILIAN

Streptococcus
Genus def in i t ion
Introduction and historical perspective
Habitats
Morphology
Cul tura l  character is t ics
Metabol ism
Genet ic  mechanisms
Cel l -wal l  composi t ion;  ant igenic

structu re
Classi f  icat ion
Laboratory iso lat ion and ident i f icat ion
Bacter ioc ins
Role in  normal  human f lora
Pathogenicity and vi rulence factors
Suscept ib i l i ty  to  ant imicrobia l  agents
Antimicrobial suscepti bil i ty testing of

streptococci

Streptococci are spherical or ovoid cells, arranged in
chains or pairs. They are gram-positive. A1l species are

The term Streptococcus was first

(1t374) to a chain-forming coccus

applied by Billroth
he saw in infected
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F$iSry- 1iqB .',:
Pyogenic Aroup
S. pyogenes

S. agalactiae

S. canis
S. didelphis

S. dysgalactiae
subsp. dysgalactiae
subsp. egursimilrs

S. equi

subsp. equi
subsp. zooepidemicus

S. hyointestinalis

S. iniae

S. parauberis

S. phocae

S. porcinus

S. uberis
S. urinalis

Anginosus group

5. anginosus

5. constellatus
subsp. conste//atus
subsp. pharyngis

S. intermedius
Mitis group

S. mitis

S. oralis
S. pneumoniae

S. infantis
S. gordonii

5. sangurs

S. parasanguis

S. australis
S. crista
S. peroris

5. sinensrs

Salivarius group

S. salivarius

S. vestibularis

S. thermophilus
Bovis group

S. equinusl'5. bovis'
S. alactolyticus

S. gallolyticus

subsp. gallolyticus

subsp. rnacedonicus

G

c
C , G . L , A

c
c

- , E

- , F , C

E , P , U . V
- , E

- , F , C , G , A

- , F , C , G , A

c
- , F , C

o

o

o
H1, H2, -a

H 1 ,  -

H2, K, -

D

D

D , -

M- and T-
antigens (protein)

Capsular
polysaccharide

Capsular
polysaccharide

B

F (CAMP+)

F (CAMP+)
p

u, p,-
p

p
0
CT

p , u
cl

p
0 (CAMP+)
d

c L p

- , a , p

p
d , p

c[

c[

c[

c[

d

c[

d

c[

d

cl

CI

Lys-Ala1-3

Lys-Alar-:(Ser)

tys-Thr-Gly

ND

Lys-Ala1-3

Lys-Ala1-3

Lys-Ala1-3

Lys-Ala2-3

Lys-Ala(Ser)

Lys-Ala1-3

N D
N D

Lys-Ala2-4
Lys-Ala1-3

N D

Lys-Ala1-3
Lys-Ala1-3

Lys-Ala1-3

Lys-direct
Lys-direct

Lys-Alaz(Ser)

ND
Lys-Ala1-3

Lys-Ala1-3

N D O

Lys-Ala-Gly
N D

N D
N D

Lys-Ala2-3,
Lys-Thr-Gly
N D

Lys-Ala2-3

Lys-Thr-Ala

ND

ND

ND

Humans

Humans, catt le

Many animals, humans

Opossums

Pigs, cattle
Humans

Horses, donkeys
Many an imals

Pigs

Freshwater dolphins

Cattle

Seals
Pigs

Cattle

Humans

Humans

Humans

Humans

Humans

Humans
Humans

Humans

Humans
Humans

Humans
Humans

Humans
Humans

Humans

Humans

Humans

Milk, dairy products

Horses, other ruminants

Pigs, chickens

Marsupials and mammals
(cows, horses. pigs, dogs,
guinea pigs, sheep,
humans)

Dairy products

(Continued over)

c[

q . -

_ , d

-, d.
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Table 33.1 Species of the genus Streptococcus: serological and hemolytic reactions, peptidoglycan type, and main habitat (Continued)

Lancefield Serotype
serogroup antigen

N D

- ,  E  Ce l l  wa l l
carbohydrate c,
e , f

- a
- d, h, 9, (or-)
- n

- o

- c
- c

_ N D

D' Capsular p, a.,  -
polysaccharide

,t

- , G  B
d.

d

Phylogenetic group

S. infantarius

S. lutetiensis

S. pasteurianus

Mutans group

S. mutans

S. cricetus
S. sobrinus
S. downei
S. rattus

S. macacae

S. ferus

S. orisratti

Unclustered species
5. suis

S- acidominimus
S. intestinalis

S. gallinaceus

S. ovis

S. entericus
S. hyovaginalis

S. pluranimalium

S- thoraltensis

Hemolysis

.I

- , B , r

Peptidoglycan
type

N D
N D

N D

Lys-Ala2 3

Lys-Thr-Ala
Lys-Thr-Ala

Lys-Thr-Ala

Lys-Ala2-3

N D
Lys-Ala2-3

N D

Lys-direct

Lys-Ser-G ly
N D

N D

N D
N D

N D

N D

N D

Main habitat

Humans

Humans

Humans

Humans

Hamster, rats, humans
Humans

Monkeys

Rats, humans

Monkeys
Rats, pigs

Rats

Pigs, catt le

Catt le
P igs

Chickens

Sheep

Catt le
Pigs

Cattle, goats, cats,
cananes

Pigs

D

ND

ND

ND

a) H 1 ,  React ion detected i  n ant iseru m agai  nst  st ra in Blackburn ( 'European group H') ;  H2,  React ion detected in a nt iserum agai  nst  st ra in F90A ( 'American
group H')
b)  ND. Not determ ned
c) Previously designated group antrgens R, S, and T are capsular polysaccharide typ€rs 2, 1, and 1 5, respectively

wounds. The first good accounts of S. pyogenes appear
to be those of Pasteur (1879) and Rosenbach (1884) who
described its morphology, cultural appearance, and viru-
Ience for mice and rabbits. Since then, the genus has
accommodated a broad spectrum of bacteria from
benign organisms used in the dairy industry to true
pathogens of humans and several animal species. As a
result of more recent taxonomic studies, this complex
situation has been resolved to some extent with the
transfer of the dairy species to the new genera
Lactococctts and the motlle Vagococcus, the enteric
streptococci to the gents Enterococcus (Chapter 34,
Enterococcus), the anaerobic streptococci to Peptos-
treptococcus (Chapter 35, Gram-positive anaerobic
cocci), and some species to the genus Gemella. The
so-cal led'nutr i t ional ly variant streptococci, '  which for
many years were considered variants of recognized
Streptococcus species, were included in a new genus
Abiotrophia (Kawamura et al. 1995b). Some Ablo-
trophia species were subsequently transferred to a sepa-
rate genus, Granulicatella (Collins and Lawson 2000).
The two latter genera will be discussed in this chapter.
For a comprehensive discussion of other catalase-

negative gram-positive cocci, the reader is referred

to reviews by Facklam and Elliott (1995) and Ruoff
(2003).

1'he phylogenetic relationships between the genus

Streptococcus and the numerous other genera of cata-

lase-negative, gram-positive cocci have been studied

extensively by Collins and his coworkers and others

(Aguirre et al. 1993; Collins et al. 1989; Williams et al.

1989; Stackebrandt and Teuber 1988; Ludwig et al.

1985). Schleifer and Ludwig (1995) have published a

comprehensive discussion of this topic.

HABITATS

Al1 the Streptococcus species are obligate parasites of

mucosal membranes and, for some species, tooth

surfaces of humans and several animals, Many of the

species are life-long and dominant members of

the commensal microflora on mucosal membranes of the

upper respiratory tract and some colonize the intestinal

and genital tracts of humans and various animals. A few

species exclusively colonize tooth surfaces and are

present only after tooth eruption. Most of these
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members of the resident flora may cause infection when

introduced into normally sterile compartments of the

body or in immunocompromised patients. Other species

are true pathogens that spread from patient to patient

and cause infection in nonimmune individuals.

MORPHOLOGY

Streptococci are spherical cells that may be more or less

elongated and arranged in pairs or chains of up to 50

cells or more. Chain formation is most pronounced in

broth media. Individual cel ls are typical ly 0.5-1 0 x 1.0-

2.0 pm. Growth occurs by elongation on the axis parallel

to the chain. Cross-walls form at right angles to the

chain and after division an appearance of pairing may

remain (Figure 33.1). Some species may develop rod-l ike

cells depending on the growth conditions (Clarke 1924;

Rosan and Eisenberg 1973). Members of the genus are

nonmotile in the conventional sense, although a

twitching motility associated with polar fimbriae has

been described for S. sanguis isolates (Henriksen and

Henrichsen 1975).

A variety of proteinaceous surface fibrils and fila-

ments, sometimes organized in tufts, have been

described in some Streptococcus species (Swanson et al.

1969; Handley 1990; Kawamura et al.  2000). Some of

these structures form a 'fizzy coat' on the entire

surface of the cells and appear to play a role in adher-

ence and in some cases as a layer protecting against
phagocytosis.

Capsulation is not considered a regular feature of

streptococci but a distinct polysaccharide capsule has

been identied and characterized in several of the more

virulent species. Recent studies of polysaccharides asso-

ciated with the cell wall of the commensal S. mitis iden-

tified a structure which is likelv to constitute a variable

Figure 33.1 Electron micrograph of S pyogenes M-type 2 from a
broth culture (x12 500) (kindly supplied by Dr C.A M Fraser and
Mr A A Porter)

(type-specific) capsular polysaccaride (Bergstrom et al.

2000, 2003). This conclusion is supported by the fact

that the genome of S. mitis contains an operon, which

includes all the genes required for synthesis and

transport of a capsular polysaccharide (www.tigr.org/tdb/

ufmg/). This suggests that capsule production may be

more widespread among streptococci than hitherto

believed.

Several of the oral streptococci form extracellular

polysaccharides when grown in the presence of sucrose.

These are simple polysaccharide structures that are

synthesized on the cell surface and do not become cova-

lently linked to the cell wall. Some of these extracellular

polysaccharides are soluble and others are insoluble and

play a role in forming the matrix of biofilms on tooth

surfaces (Guggenheim 1970).

Streptococci stain readily with ordinary dyes and are

almost frankly gram-positive although old cultures may

show variable staining.

CU LTU RAL CHARACTERI STICS

Growth on ordinary nutrient media is generally poor in

contrast to that of enterococci. On media enriched with

blood, serum, or a fermentable carbohydrate, growth is

more profuse, but colonies on blood agar seldom exceed

1 mm in diameter after 24 h at 37'C. Some species char-

acteristically form relatively large colonies whereas

others form colonies of pinpoint size Growth on agar

media by some strains of S. pneumoniae, the mutans

streptococci, and S. anginoszs requires a supplement of

carbon dioxide to the incubation atmosphere. Many

streptococci grow more readily under anaerobic condi-

tions than in air plus carbon dioxide.

In general, colonies of streptococci on blood agar are

nonpigmented The exception is the majority of

members of the species S. agalactiae, which form an

orange-red pigment, which presumably is a B-carotenoid
(Tapsall 1986).

When cultivated on sucrose-containing agar media,

such as Mitis Salivarius agar, some of the viridans strep-

tococci and bovis group streptococci produce extra-

cellular polysaccharides, which may facilitate their

recognition (Figure 33.2). 
-fhe polysaccharide will in

some of the species (5. sanguis, S. gordonii, S. oralis, and

the mutans streptococci) result in coherent and adherent

colonies that may be difficult to subcultivate on to agar

plates or into fluid media.

The yield of cells from broth cultures is increased by

the addition of a fermentable carbohydrate but the rapid

fall in pH becomes inhibitory and the bacteria even-

tually die. In buffered media containing glucose, such as

Todd-Hewitt broth, or in media with a high glucose

content in which a neutral pH is maintained by the regu-

lated addition of alkali, a heavy yield of streptococci is

obtained.

;
,t
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Figure 33.2 S mutans grown on sucrose-containing Mitis
Salivarius agar (x10) lncubated in N2 p0 percent) + CO2 (10
percent), 24 h, 37'C and then in air, 24 h, room temperature

Hemolysis

The ability of certain clinically important streptococci to
induce zones of complete hemolysis (p-hemolysis)
around colonies on blood-containing agar media was
one of the flrst characters to be recognized and used for
distinguishing between isolates. Other isolates of strep-
tococci induce a zone of greenish discoloration (o-hemo-
lysis) on blood agar, and yet others cause no detectable
changes to the red blood cells. p-hemolysis is caused by
well-characterized hemolysins (see below) whereas o-
hemolysis is due to hydrogen peroxide released from the
colonies and inducing oxidation of hemoglobin to
methemoglobin. The latter phenomenon is most clearly
detected on chocolate agar because heating of the added
blood destroys its inherent catalase activity.

METABOLISM

Members of the genus Streptococcus are facultatively
anaerobic with a preference for anaerobic conditions.
They obtain energy, as well as some precursors for
the synthesis of cellular material, strictly via fermentation
of carbohydrates and are incapable of respiratory meta-
bolism, either aerobically or anaerobically (Poolman
1993). They are unique amongst bacteria able to grow
aerobically in that they do not synthesize porphyrins,
cytochromes, or catalase, and are not capable of forming
ATP via an electron transport system. Detailed infor-
mation about the metabolic characteristics of several
Streptococcus species is now available from analyses of
complete genome sequences (Tettelin et al.200I; Ferretti
et aL.2001.; Hoskins et al. 2001; Glaser et al. 2002; Tettelin
et al. 2002; Ajdic et al. 2002).

Carbohyd rate metabol ism

Streptococci degrade glucose via the Embden-Meyerhof
glycolytic pathway, which is driven by constitutive

enzymes. Most of the streptococci are able to ferment
various other sugars and sugar alcohols by means of
inducible enzymes that are synthesized only in the
presence of each of the carbohydrates and in the
absence of glucose. Available biochemical and genome
data suggest that S. mutans is capable of metabolizing a
wider variety of carbohydrates than any other gram-
positive bacterium examined in detail (Ajdic et al.2002).

Active transport of several monosaccharides, disac-
charides, and sugar alcohols through the cytoplasmic
membrane into the cytoplasma takes place with the help
of the phosphoenolpyruvate-dependent phospho-
transferase system (PTS) transporters. This is a high-affi-
nity 'group translocation' process which utilizes phos-
phoenolpyruvate as an energy source and results in the
transport and phosphorylation of the sugar to the inner
surface of the cell (Reizen and Peterkofsky 1987). In
addition, the energetically less-efficient ATP-binding
cassette (ABC) transporters are used for the import of
some sugar species (Hoskins et al. 2001.; Glaser et al.
2002). Analysis of the genome of S. agalactiae identifled
17 sugar-specific PTS erzyme II complexes and four
sugar-specific ABC transporters, in addition to three
glycerol permeases and one glycerol-phosphate
permease (Glaser et al. 2002). In S. pneumoniae more
than 30 percent of the transporters were predicted to be
sugar transporters, which is the highest percentage
observed to date in any sequenced prokaryote (Tettelin
et al. 2001).

The metabolic characteristics of streptococci
mentioned emphasize the importance of sugars in their
lifestyle. A significant source of these sugars is likely to
be host glycoproteins. Thus, streptococci produce
various glycosidases that enable them to take advantage
of the sugar residues in glycoproteins present in the
secretions in their natural habitat (Pinter et al. 1969;
Bradshaw et al. 7994). However, some of the strepto-
cocci, in particular oral streptococci, may encounter
considerable fluctuations in the amount of carbohydrate
available in their natural habitat and adjust their meta-
bolism accordingly. When glucose or other fermentable
carbohydrate is supplied in excess, the vast majority is
converted to Llactate through pyruvate. However, with
low sugar levels, other more energy efficient pathways of
pyruvate conversion are operating. Under anaerobic
conditions, streptococci use the pyruvate-formate lyase
pathway and generate formic and acetic acids and
ethanol as endproducts (Figure 33.3). Under aerobic
conditions, mutans streptococci use pyruvate dehy-
drogenase to convert pyruvate to acetic acid and
ethanol, while some of the other oral streptococci use
pyruvate oxidase with the formation of acetic acid and
hydrogen peroxide as endproducts (Carlsson and
Hamilton 1994).

In times of carbohydrate excess streptococci may
synthesize intracellular polysaccharide (glycogen), which
is utilized to provide maintenance energy when
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L-{+)-.lactate

Glucose ----------> Pyruvate

Formate
Formate-.lyase reaction

Figure 33.3 Pathways

exogenous sources are absent. In addition, some of the
species synthesize extracellular polysaccharides but only

from sucrose (see Table 33.3). Some of these poly-

saccharides may function as storage of carbohydrate,
whereas others seem to perform other functions.

Some of the oral streptococci, in particular S. mutans

and S. sobrinzs, show a remarkable degree of acid toler-
ance. This is based primarily on the presence of a

membrane-bound, acid-stable, proton-translocating F6F1
ATPase that can maintain the intracellular pH at 7.5
(Quivey et al. 2001; Ajdic et al.2O02).

Other nutrit ional requirements

The nutritional requirements of streptococci in general

are complex and include amino acids, peptides, purines,
pyrimidines, vitamins, and salts in addition to the energy
source (Milligan et al. 1978b). From genome analyses it
is clear that S. pyogenes, S. agalactiae, and S. pneumo-

niae completely lack the triocarboxylic acid (TCA)

cycle, depriving them from the ability to synthesize the
precursors of most amino acids (Ferretti et al. 2001;
Tettelin et al. 2001; Glaser et al. 2002). However, some
of the oral streptococci will grow in the presence of
sugar, vitamins, and salts with ammonia as the sole
nitrogen source (St. Martin and Wittenberger 1980).

Accordingly, all amino acid biopsynthetic pathways and
a partial TCA cycle were identified in the S. mutans
genome. In addition to being able to synthesize gluta-

mine S. mutans also possesses five predicted glutamine

ABC transporters, emphasizing the importance of this
amino acid as a principal source of nitrogen and a
substrate for amino acid biosynthesis in this species
(Ajdic et aL.2002).

In their natural habitats the requirements for nitro-
genous compounds may be satisfied by amino acids

excreted by other members of the resident microflora or

released from local secretions or tissues by bacterial

proteinases. The utilization of peptides depends upon

adequate mechanisms for transport across the cyto-

plasmic membrane and intracellular peptidases capable

of hydrolyzing the peptides to amino acids. Genome

analyses of various streptococci have demonstrated a

variety of ATP- and ion-driven amino acid transporters,

as well as transporters for polyamines and, in some

cases, choline, which is an important component of the

cell wall of some streptococci (see below) (Ferretti et al.

2001; Tettelin et al. 2001; Glaser et al. 2002). Some of

the streptococci are able to degrade arginine by the argi-

nine deaminase system, which is an energy-yielding reac-

tion. Accordingly, animal experiments have demon-

strated that arginine in the diet favors the selection in

the mouth of arginine-utilizing streptococci such as ,S.

sanguis and S. anginosus (van der Hoeven et al. 1985;

Rogers et al. 1990).

The growth requirements of streptococci are usually

met in blood agar, which combines meat extract,

peptones, and blood. However, the nutritionally variant

streptococci (Abiotrophia and Granulicatella spp.) will

grow only in media that contain supplements of cysteine

or pyridoxal hydrochloride.

GENETIC MECHANISMS

Streptococcal genetics has a long history and has been of

paramount importance in the developments of genetics

and biology in general. Genetic transformation of a

bacterial property (capsule production) was first demon-

strated in pneumococci by Griffith in 1928. These studies

subsequently led to the identification of DNA as the

genetic material ('transforming principle') (Avery et al.

1944). Recently, streptococcal genetics and knowledge

of streptococci in general have been significantly

boosted by the complete genome sequencing of three

S pyogenes strains, two S. agalactiae strains, two S. pneu-

moniae strains, and one strain each of S. mutans, S. mitis,

S. sanguis, S. gordonii, S. equi, S. sals, and S. uberis

(Ferretti et al. 2001; Hoskins et al. 2001.; Tettelin et al.

2001; Ajdic et al. 2002; Beres et al. 2002; Glaser et al.

2002, Smoot et al. 2002a; Tettelin et al. 2002; www.ti-

gr.org/tdb/ufmg, www.sanguis.mic.vcu.edu; www.sanger.-

ac.uk/projects/microbes). Several additional genome

sequences of streptococci are available in the commer-

cial domain. Application of genome sequence data to

gene chips has been employed in studies of global gene

expression in S. pyogenes during active infection and

intracellularly in neutrophils (Graham et al. 2002;

Voyich et al. 2003).

There is substantial evidence that horizontal gene

transfer and recombination play an important role in the

short-term evolution of Streptococcus species and in the

generation of genetic diversity within natural popula-

tions of streptococci (Simpson et al. 1992; Hollingshead

Acetyl phosphate ------------> Acetoin

/ \/ \
/ \, / \

/ \
Acetate Ethano'

of pyruvate metabolism in streptococci
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et al. 1994; Whatmore et al. 1994). Such processes,
including the rapid spread of genes determining viru-

lence factors and antibiotic resistance, appear to be
responsible for fluctuations observed in the prevalence

of serious infections due to pyogenic streptococci and in
the spread of antibiotic resistance from commensal to
pathogenic species (Musser et al. 1993a, b; Dowson et al.
1990, 1993). Furthermore, horizontal transfer plays a
significant role in the spread of drug resistance genes

between streptococci and between streptococci and
other bacteria. However, the genetic mechanisms
involved differ, as does the frequency of horizontal gene

transfer in the natural population of the individual
specles.

Comparison of the three available genome sequences
of S. pyogenes strains (M1, M3, and M18) and screening
of multiple other strains clearly reveals that lysogeniza-
tion with temperate phages is the predominant source of
genetic diversification within S. pyogenes. Four to six
complete prophage genomes present in the M1 and M3
strains made up approximately 10-12 percent of the
genomes. Variations among strains range from total
absence of prophages to differences in the gene contents
of the prophages (Ferretti et aL.2001,; Beres et al. 2002).
In general, 90 percent of S. pyogenes isolates are lyso-
genic. Genes that are phage-associated and may be hori-
zontally transferred between strains by transduction
encode several virulence factors (see below) including
hyaluronidase, superantigenic toxins, bacteriocin deter-
minants, DNases, and phospholipase A (Zabriskie et al.
1972; Malke 1972; Tagg et al. 1.976; Totolian 1979; Banks
et al. 2002; Wagner and Waldor 2002; Canchaya et al.
2003). Although phage-associated virulence genes are
not regularly expressed in broth cultures of clinical
isolates, growth in mice or in coculture with human
pharyngeal cells induces expression via a small heat-
stable factor released from host cells (Kazmi et al. 20011
Broudy et al. 2001).

The temperate phages, which lysogenize streptococcal
strains, have a relatively narrow host range (Maxted

1964). However, horizontal spread of phage-associated
genes among several species of pyogenic Streptococcus
species is suggested by the presence of sequence-
identical genes (Canchaya et al. 2003). The great

majority of clinical isolates of S. pneumoniae carry
prophages of two types (Siphoviridae and Myoviridae),
but no particular function has been identifled (Ramirez

et al. 1999). However, the genomes of neither strain R6
nor strain TIGR4 showed evidence of complete
prophages (Hoskins et al. 2001; Tettelin et al. 2001).
Two platelet-binding surface proteins (PblA and PblB)
expressed by S. mitis strains were shown to be encoded
by phage DNA (Bensing et al. 2001). No prophage
genome was detected in S. mutans strain UA159 (Ajdic

et al.2002).

Streptococcal phages also play a role in mobilizing
nonphage-encoded antibiotic resistance genes. There is

evidence that streptococcal phages have transferred

resistance to tetracycline, chloramphenicol, macrolides,

lincomycin, clindamycin, and streptomycin (Wagner and

Waldor 2002).

Transformation appears to be the principal

mechanism of horizontal gene transfer in S. pneumoniae,

S. gordonii, and other species belonging to the mitis and

anginosus phylogenetic groups (see below). Competence

for genetic transformation is a transient state that is

induced in exponentially growing cultures by quorom

sensing, and enables streptococcal cells to take up extra-

cellular DNA and incorporate it into their genomes by

homologous recombinantion. Competence is controlled

by the competence stimulating peptide (CSP), a product

of the gene comC, and includes activation of a CSP

secretion apparatus (ComAB) and a two-component

regulatory system (ComDE) (Hui and Morrison 1991;

HAvarstein et al. 1995; Pestova et al. 1996; Hivarstein

and Morrison 1999). CSP will induce competence when

its concentration in the growth medium reaches

1-10 ng/ml by triggering the signal transduction pathway

consisting of the CSP receptor histidine kinase ComD

and its cognate response regulator ComE (Hivarstein

et al. 1996). Competence for transformation in at Ieast

some strains of S. infantis appears not to be dependent

on a competence pheromone (Ween et al. 2002).

Although a significant portion of the transformation

mechanism appears to be present in S. pyogenes, lhe

crucial late genes for expression of competence,

comABC cannot be identified in the genome (Ferretti

et al.  2001).

Many Streptococcus species contain conjugative as

well as nonconjugative plasmids of several sizes

(LeBlanc and Lee 1979; Simpson and Tagg 1984) that

may encode antibiotic resistance traits. However, early

reports demonstrated the en bloc transfer of resistance

to several antibiotics by a mechanism unrelated to plas-

mids (Buu-Hoi and Horodniceanu 1980; Horodniceanu

et al. 1981, 1982). Clewell and coworkers have provided

a molecular basis for plasmid-free resistance transfer

with the characterization of a streptococcal tetracycline

resistance conjugative transposon (Gawron-Burke and

Clewell1982).

Conjugative transposons and insertion sequences are

widespread among streptococci and play a signiflcant

role in the dissemination of drug resistance (Clewell and

Gawron-Burke 1986; Horaud et al. 1991.). One of the

transposon families found in streptococci,'tn9 I 6 lTnl 545

displays a remarkably broad host range which encom-

passes a large number of both gram-positive and gram-

negative bacteria. Tn916 is an 18 kb element originally

discovered in Enterococcus faecalis and Tnl545 a

25.3kb element first detected in S. pneumoniae. The

transposons are transferred between bacterial cells by a

conjugation-like mechanism requiring contact between

donor and recipient. They become integrated in the

bacterial genome by an excision/insertion process that
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can take place at numerous AT-rich target sites. In this
way, transposons are capable of disrupting the expres-
sion of particular genes, a property that provides an
important method for the development of streptococcal
strains deficient in defined properties and for identifica-
tion of genes (transposon mutagensis). Tn916Jike chro-
mosomal elements have been reported to exist in
S. pyogenes, S. agalactiae, S. equisimilis, S. anginosus,
S. mitis, S. oralis, S. pneumoniae, S. sanguls, and
'5. bovis' and in multiple other gram-positive and gram-
negative species (Clewell et al. 1995).

Insertion sequences (IS) of multiple types are abun-
dantly present in all streptococcal genomes that have
been analyzed. In S. agalactiae, disruption of the gene
encoding hyaluronidase by an IS element explains the
lack of this enzyme activity in some clinical isolates
(Granlund et al.  1997).

While the relatively unrestricted recombination of
genomic DNA sequences transferred by transformation
among pneumococci (and possibly some of the closely
related commensal streptococci) results in an epidemic
population structure (panmictic population with successful
spread of seleted clones), a basically clonal population
structure is maintained in S. pyogenes and S. agalactiae,
because horizontal transfer only to a limited degree affects
house-keeping genes outside prophages and other mobile
genetic elements (Lomholt 1995; Hauge et al. 1996;
Enright and Spratt 1998; Enright et al. 2001; Jones et al.
2003).

CELL-WALL COM POSITION; ANTIGENIC
STRUCTURE

The cell wall of streptococci consists of the shape-
forming peptidoglycan (murein), various carbohydrate
structures including teichoic acids, and a number of
proteins, which form an interwoven complex.

Reliable methods for the preparation of cells walls
from streptococci have been described by Salton and
Horne (1951). The bacterial cells are broken by rapid
oscillation with small glass beads. Adherent intracellular
debris and cell membranes are then removed by washing
with buffers or detergents followed by enzymatic diges-
tion. Extraction of the isolated walls with hot formamide
removes the cell wall carbohydrate. The insoluble
residue after formamide extraction is the peptidoglycan.
Extraction with trichloroacetic acid is the classical
method for extraction of teichoic acids from the cell
wall, but the extract is not necessarily representative of
the various forms present (Knox and Wicken 1973). A
lysozyme-like lytic enzyme (phage-associated Iysin),
which is produced by phages infecting group C strepto-
cocci, is able to degrade the cell wall peptidoglycan of
S. pyogenes and has been extensively employed in
procedures for isolation of wall-associated proteins in
that species (Fischetti 1989).

Cell wall peptidoglycan

As in other gram-positive cell walls, the peptidoglycan

consists of multiple glycan chains that are cross-linked

though short peptides (Schleifer and Kandler 1972).'the

glycan moiety is composed of alternating B-1,4-linked
units of N-acetylglucosamine and N-acetylmuramic acid.

The carboxyl group of muramic acid is substituted by an

oligopeptide that contains alternating L-and D-amino

acids, which in streptococci always include lysine
(Figure 33.4). Adjacent oligopeptide chains from parallel

glycan chains are cross-linked either directly or v1a an

interpeptide bridge between the e-amino group of lysine

in one peptide and the p-alanine of a second chain. The

type of bridge is consistent within most species and

shows some characteristic differences (Table 33.1). The

most common interpeptide bridge in streptococci

consists of 1-4 r--alanine residues (Lys-Ala"). In some

species (e.g. members of the bovis and mutans groups)

the alanine residues can be partly replaced by l-threo-

nine and/or L-serine. The two species S. oralrs and S.

mitis lack an interpeptide bridge and have directly

linked oligopeptide chains (Lys-direct). Detailed studies

of the pneumococcal peptidoglycan have disclosed

several types of cross-linking, one of which resembles

that found in gram-negative bacteria (Fischer and

Tomasz 1985; Garcia-Bustos et al. 1987). Most of the

enterococci and lactococci. which are now allocated to

separate genera, have different types of interpeptide

bridges (Lys-D-Asp) with the exception of E. faecalis
(Lys-Ala2-3) (Schleifer and Kilpper-Biilz 1987). The

methods that can be employed for the determination of

the composition and structure of peptidoglycans are

outlined by Schleifer and Seidl (1985).

Cell wall carbohydrates

The streptococcal cell wall contains two forms of poly-

saccharides. one of which constitutes the Lancefield
group carbohydrate. Although initially believed to form

a continuous layer outside the peptidoglycan, ultra-

structural studies reveal that the group polysaccharide

traverses the wall and may be found both on the inner

and the outer surfaces of isolated cell walls (Rfc et al.

1989; S@rensen et al. 1988; Wagner and Wagner 1985).

In addition to the group polysaccharides, all strepto-

coccal cell walls contain lipoteichoic acid which is initi-

ally attached in the cell membrane, but may become

associated with various parts of the cell wall. In addition

to the group carbohydrate and lipoteichoic acid, a

capsular polysaccharide is present in several species and

usually copurifies with the cell wall as it is covalently

attached to the wall peptidoglycan.

The group carbohydrates of the Streptococcus species

are complex, branched polysaccharide structures. Many

of them contain phosphodiester bonds and, accordingly,
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may be characterized as teichoic acids. Rhamnose is a
major constituent in the majority of species (Slade and
Slamp 1962; Colman and Williams 1965). The exception
are the four closely related species, S. pneumoniae, S.
oralis, S. mitis, and S. infantis, in which ribitol is present
(Colman and Williams 1965; Rosan 1978; Gillespie et al.
1993; Bergstr<im et al. 2000, 2003). Rhamnose also
appears to be missing in some strains of serogroups K,
R, and S, but it is unclear how the variation in these
serogroups corresponds with named species (Slade and
Slamp 1962).

Structural studies show that the polysaccharides of
groups A (5. pyogenes) and C (5. dysgalactiae and S.
equi) contain an identical backbone consisting of a-I-2-
and u-1+3-linked L-rhamnopyranose molecules, but
differ in their limited side branches: the group A poly-
saccharide carries N-acetylglucosamine residues linked

B-(1-3) to alternate rhamnose rings and group C disac-
charides of N-acetylgalactosamine, which are the immu-
nodominant substituents (McCarty 1959; Coligan et al.
1978; Hoog et al. 2002). The so-called group A-variant
polysaccharide, which may be detected in strains of S.
pyogenes after several mouse passages, is not substituted
(Coligan et aI.1978). The group B polysaccharide of S.
agalactiae consists of a backbone composed of rham-
nose, glucitol, and phosphate, and trisaccharide side
chains composed of rhamnose, galactose, and N-acetyl-
glucosamine that are linked to the 4-position of a
rhamnose in the backbone of the oolvsaccharide
(Pritchard et al. 1984).

The group polysaccharides in members of the species

S. oralis, S. mitis, S. sanguis, and S. gordonll likewise

contain different hexa- or heptasaccharide repeating

units linked end to end by phosphodiester bonds (Ward

1981; Mclntire et al. 1988; Abeygunawardana et al. 1989,

1990, 1,991,; Reddy et al. 1993, 1994). In the case of S.

pneumoniae, S. mitis, S. oralis, and S. infantis ribitol is

one of the constituents (Colman and Williams 1965;

Rosan 1978; Bergstrom et al. 2000). The group poly-

saccharide of S. pneumoniae and S. mitis is identical and

consists of repeating units of 6)-B-D-Glcp-(1-3)-o-

AATp-(1 -4)-o-D-GalpNAc-(1 + 3)- B-D-GalpNAc-
(1-1)-ribitol-5-P-(O- (where AAT is 2-acetamino-4-

amino-2,4,6-trideoxy-D-galactose), and contains one or

two phosphocholine residues per repeat attached to the

2-acetamido-2-deoxy-B-galactose (D-GalpNAc) residues.

Minor variations in the backbone structure were also

described (Jennings et al. 1980; Kulakowska et al.1993;

Karlsson et al. 1999; Bergstrdm et al. 2000). This poly-

saccharide constitutes the Lancefield group O antigen

and is referred to as C-polysaccharide in S. pneumoniae

(Bergstrom et al. 2000). In occasional strains of S. mitis,

phosphocholine is substituted by ethanolamine (Berg-

strom et al. 2003). The wall polysaccharides of many of

the oral species contain the lectin recognition determi-

nant involved in adhesion to other microorganisms

(coaggregation) (Glushka et al. 1992; Cisar et al. 1995;

Holmes et al. 1995; Xu et al. 2003).

Presumably all streptococcal species contain lipo-

teichoic acids in the cell wall in addition to the group
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polysaccharide described above. In most species the lipo-
teichoic acid is a glycerol teichoic acid. These structures
are linear polymers of 1-3-linked glycerol phosphate

residues and may include glycosyl substituents and D-

alanine on O-2 of the glycerol moiety. They are cova-
Iently attached to a terminal hydrophobic region

comprised of fatty acids, which is integrated in the cell
membrane (Fischer 1997). The glycerol teichoic acid of S.
pyogenes is composed of a chain of 25-30 glycerol phos-
phate units joined by phosphodiester linkages with ester-
linked molecules of n-alanine of the peptidoglycan layers
or fatty acid of the plasma membrane. The closely related

species S. pneumoniae, S. oralis, S. mitis, and possibly S.
infantis, contain ribitol teichoic acids instead of glycerol

teichoic acid (Rosan 1978; Hogg et al.1997). The chain
structure of the ribitol lipoteichoic acid in S. pneumonme
(referred to as the F-antigen) is identical to that of its
group polysaccharide (see structure above) (Fischer et al.
1993).It is conceivable that this also is the case for S. mitis
and S. oralis (Hogg et aI. 1997).

The lipoteichoic acid of streptococcal cell walls is

synthesized in the cytoplasmic membrane where it may
remain anchored though the glycolipid tail. However, in

the model proposed for S. pyogenes, lipoteichoic acid is
not anchored in the cytoplasmic membrane but remains

associated with the cell surface by interactions with M
protein (Beachey and Simpson 1982). Similar models

have been proposed for oral streptococci (Shockman

et al. 1986). In the case of some of the oral streptococci,
lipoteichoic acid may become associated with extra-
cellular polysaccharide (Rolla et al. 1980; Hogg and
Lightfoot 1992) and considerable amounts are released
into the environment depending on the growth condi-
tions (Jacques et al. 1979; Wicken et al. 1982). Quantita-
tive studies have shown that lipoteichoic acid represents

only 24 percent of phenol extractable contents from

S. sanguis (Hogg and Old 1993).
Although a definitive function for lipoteichoic acid has

yet to be described, there has been considerable interest
in its potential as a mediator of bacterial adhesion, parti-

cularly in the case of S. pyogenes (Ofek et al. 7975;
Beachey and Courtney 1987; Hasty and Courtney 1996),
S. agalactiae (Nealon and Mattingly 1984) and S. mutans
(Rolla et al. 1978). The model that has been proposed

for the involvement of lipoteichoic acids in adhesion
requires the mentioned release of the amphipathic lipo-

teichoic acid from the cytoplasmic membrane and subse-
quent orientation at the cell surface with the fatty acid
moieties available for interaction with hydrophobic
domains on the surface of the epithelial cell (Ofek et al.
1982). This initial phase is followed by a secondary
phase during which the glycerolphosphate backbone of
the lipoteichoic acid interacts with epithelial cells
(Nealon and Mattingly 1984). It is notable that the lipo-
teichoic acids of strains of S. pyogenes may vary signifi-
cantly with regard to chain length, structure, and biolo-
gical activities (Leon and Panos 1990).

Cell wall proteins

Streptococci produce an affay of proteins associated

with the cell wall (Kehoe L994; Navarre and Schneewind

1999). They are generally exposed on the outer surface

of the cell wall. Many of them protrude as filamentous

structures of different length and may even protrude

through the capsule as in S. pyogenes and S. agalactiae

(Wagner and Wagner 1985; Fischetti 1989). Predictions

based on two genomes of S. pneumoni4e suggest that

this species expresses at least 69 different surface-

exposed proteins (Tettelin et al. 2001; Hoskins et al.

2001). The biological functions and structure of some of

the surface exposed proteins in pyogenic streptococci

and pneumococci are discussed under Pathogenicity and

virulence factors .

Antigenic structure

Antigenic analysis of cell wall components and capsules

has played a major, and sometimes excessive, role in the

classification of members of the genus Streptococcus and

as an epidemiological tool. Historically, the cell wall

carbohydrates have received most attention as a result of

the original work of Rebecca Lancefield on pyogenic

streptococci isolated from infections. The cell wall carbo-

hydrate that can be extracted from whole streptococcal

cells by a number of techniques including treatment with

hot hydrochloric acid (Lancefield extraction) (Facklam

and Washington 1991) will in some cases show a specific

precipitate with antisera prepared by injecting whole cells

into rabbits (Lancefield 1933). Such carbohydrate anti-

gens are the Lancefield group antigens and are termed

A-W (with the exception of I and J). Although serolo-

gical grouping remains a valuable means of character-

izing streptococci of medical importance, attempts to

equate the Lancefield groups with species have not been

universally successful. Therefore, accurate species identi-

fication should not be based on the results of sero-

grouping alone (Brandt et al. 1999). The association of

group antigens with streptococcal species is shown rn

Table 33.1. As shown in this table the group A antigen is

characteristic of S. pyogenes but occasional strains of

other species may also react with group A antisera. The

group B antigen is an exclusive characteristic of

S. agalactiae, whereas several species may carry antigens

reactive with group C, F, and G antisera. Reactivity of

extracts of strains of S. pneumoniae with a Lancefield

group C antiserum is due to cross-reactivity between the

group C carbohydrate and lipoteichoic acid (F antigen) of

that species (Sgrensen and Henrichsen 1987). The group

D antigen, which is a teichoic acid, is associated with

several species in the bovis group and with streptococci

now allocated to the genus Enterococcus. Likewise, the

group N antigen, also a teichoic acid, is associated with

streptococci now allocated to the genus Lactococcus.
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The group antigens can be demonstrated by various
techniques. Thus, group-specific, precipitating, aggluti-
nating, and fluorescently labeled antibody preparations,

which can be used to examine extracts, cell suspensions,
and spent broth media, are commercially available. Most
valuable are group A, B, C, F, and G antisera for char-
acterization of isolates of B-hemolytic streptococci.
Detection of the group A antigen taken in swabs
directly from the respiratory tract is successfully used in
commercial kits for identif,cation of throat infections
with S. pyogenes (Facklam and Washington 1991).
There is some confusion concerning the group H antigen
as two different strains with distinct carbohydrate anti-
gens have been used for the production of group H anti-
sera. One is referred to as 'American group H' and the
other as 'British group H' (Cole et al. 1976) (see

Table 33.1).

A similar serotyping strategy has been applied to
differentiate among the mutans streptococci although
there has been no attempt to include this in the
grouping system (Bratthall 1970; Perch et al. 1974;
Beighton et al.  1981) (see Table 33.1).

The highly diverse filamentous M and T protein

antigens of S. pyogenes (see below) form the basis of
serologic typing of this species, which has played a
significant role in epidemiological studies (see below)
(Colman et al. 1993). Likewise, the diverse poly-

saccharide capsules produced by members of the
species S. pneumoniae, S. agalactiae, and S. suis form
the basis of valuable typing systems for these bacteria
(see below).

CLASSIFICATION

Since its original description, the genus Streptococcus has
undergone numerous revisions. Several subgroups of
species have been transferred to new genera, new species
have been added and existing species have been rede-
fined or deleted. The major part of this development
occurred within the last 20 years (Hardie 1986a, b, c;
Rotta 1986), and is a result of the application of mole-
cular and chemotaxonomic approaches to this group of
bacteria. A comprehensive discussion of the early history
of streptococcal taxonomy has been provided by Jones
(1e78).

The slow development of a satisfactory taxonomy of
streptococci is due to several factors. One problem has
been an overriding belief in serological reactions and
hemolytic activities as reliable taxonomic criteria.
Although serological grouping based on cell wall carbo-
hydrates has been a valuable tool when applied to the
more pathogenic streptococci, as originally intended by
Lancefield (1933), this approach was less successful and
sometimes misleading for the rest of the streptococci, in
which group-specific antigens may be absent or shared
by several distinct taxa. The same limitations apply to
hemolysis. Although type of hemolysis is a useful

marker in the initial recognition and examination of

clinical isolates (Table 33.1) it is important to recognize

that differences occur within species and that reactions

depend on incubation procedures, and the origin of the

blood incorporated in the agar. Another problem, which

mainly applies to commensal streptococci, is that the

extreme genetic diversity that exists within this group

has been difficult to appreciate until DNA sequencing

became a taxonomic tool.

Since the publication of the last edition of this book in

1998, the number of Streptococczs species has been

increased by more than 50 percent. Many of these new

species are difficult to identify by phenotypic character-

tzation and require DNA techniques for unequivocal

identification.

Intrageneric structure

Comparative analyses of 165 rRNA sequences of

members of the genus Streptococcus have revealed inter-

esting phylogenetic relationships between species and an

intrageneric structure with correlation to pathogenic

properties and ecology (Whiley et al. 1990b; Williams

and Collins 1990; Bentley et al. l99l; Kawamura et al.

1995a). The subdivision of the genus into flve major

clusters and a more diffuse group based on 165 rRNA

gene sequences (Figure 33.5) corroborates results of

studies based on nucleic acid hybridization, and numer-

ical taxonomic analyses (Carlsson 1968; Colman and

Williams 1972; Coykendall and Specht 1975; Coykendall

and Munzenmaier 1978; Bridge and Sneath 1983;

Kilpper-Biilz and Schleifer t984,7987; Kilpper-Biilz et al.

19tt5; Coykendall et al. 1987; Whiley and Hardie 1989;

Whiley et al. 1990a; Whiley and Beighton 1991).

The five clusters are:

1 the pyogenic group consisting predominantly of B-
hemolytic species that are pathogenic in humans or

animal species

2 the anginosus group of streptococci found in the

human oral cavity, gastrointestinal and genital tracts

and sometimes isolated from infections

3 the mitis group which includes the pathogen S. pneu-

moniae and several oral streptococci

4 the salivarius group consisting of both dairy strepto-

cocci and species found in the human oral cavity

5 the bovis group of species inhabiting the intestinal

canal of several animal species and sometimes

humans.

In addtion to these well-deflned clusters, the term 'the

mutans group' of streptococci is used for eight pheno-

typically similar species (Table 33.1) which, however, are

genetically rather diffuse (Figure 33.5). Members of

these species mainly colonize tooth surfaces of humans

and a number of animal species.

Several species are not related to any particular phylo-

genetic cluster (Table 33.1, Figure 33.5). The so-called
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Figure 33.5 Phylogenetic relationships of Streptococcus species
by the neighbor-joining (NJ) method using MEGA2 (Kumar et al

Pyogenic group

Mutans group

based on complete 165 rRNA gene sequences The tree was prepared
2001 )

0  0 l

S. pleomorphus is only distantly related to the other

:ffi:: 

and is incorrectly placed in the genus Strepto-

It has been proposed to change the names of several
well-established Streptococcus species because the
specific epithet is grammatically incorrect (Trtiper and
de'Clari f997,1998). Those species affected are Strepto-
coccus sanguis, Streptococcus parasanguis, Streptococcus
crista, and, Streptococcus ratttts, which were amended to
'Streptococcus sanguinis','Streptococcus parasanguinis',
'Streptococcus cristatus', and'Streptococcus ratti.' This
has been challenged as unnecessary and potentially
confusing (Kilian 2001), although the amended names
have already been adopted by some authors. The Judi-
cial Commission of the International Committee on
Systematic Bacteriology recently ruled (minutes of the
meeting published in vol. 50, p.2239, of the International
Journal of Systematic and Evolutionary Microbiology
2000) that priority be given to the stabilization of
nomenclature over orthographic correctness and that
validly published names should not be changed on gram-
matical grounds. Accordingly, the original and validly
published names are maintained in this chapter.

PYOGENIC GROUP

Thirteen species can be distinguished within the
pyogenic group of streptococci, most of which are char-

acterized by B-hemolytic activity. Accordingly, the

species associated with man are also simply referred to

as hemolytic streptococci. The latter include the classic
pathogens S. pyogenes and S. agalactiae which are well-

defined species that present no taxonomic problems. S.

canis is also a well-defined species proposed by Devriese

et al. (1986) for streptococci isolated from dogs and

cows and possessing the group G antigen. Occasional

infections in humans have been described (Whatmore

et  a I .2001) .

The taxonomic situation of several of the other

species in this group has been confused. S. dysgalactiae

was originally proposed for certain distinct streptococci

causing bovine mastitis (Diernhofer 1.932) For reasons

that remain unclear the species was not included on the
'Approved lists of bacterial names' published in 1980
(Skerman et al. 1980), but the name was later revived to

accommodate exclusively B-hemolytic group C strains of

bovine origin (Garvie et al. 1983). Several studies have

demonstrated that the species should also include

human isolates of group C streptococci previously desig-

nated 'S. equisimilis' as well as certain streptococci that
possess the group G (large colony type) or L antigens
(Feltham 1979; Farrow and Collins 1984b; Kilpper-Biilz

and Schleifer 1984). Historically, the name '5. equisi-

milis' was given to human isolates resembling S. equi,

but the name has had no formal standins since 1980
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(Skerman et al. 1980) although it is still often used in the
literature and by many clinical microbiologists. Thus, the
species S. dysgalactiae, as currently deflned, includes
streptococci both from humans and from various animal
species. However, it has been clear that such strains,
although genetically closely related, may differ, not only
in their ecological preferences, but also in their
biochemical activities (Devriese 1991; Efstratiou et al.
1994). This situation has recently been resolved by the
demonstration of two mutually distinct and genetically
homogeneous clusters consisting of animal and human
isolates respectively (Vandamme et al. 1996). The two
clusters have been proposed as separate subspecies, i.e.
S. dysgalactiae subsp. dysgalactiae and S. dysgalactiae
subsp. equisimilis. Subspecies dysgalactiae accom-
modates strains of animal origin, with group C or L anti-
gens, and B-, o-, or no hemolysis, whereas subspecies
equisimilis includes human isolates with group C or G
antigens and is invariably B-hemolytic. The adaptation
of the latter subspecies to the human host is reflected in
the fact that it shows streptokinase activity on human
plasminogen and proteolytic activity on human flbrin in
contrast to animal isolates belonging in subspecies
dysgalactiae. The two subspecies can, furthermore, be
differentiated by whole cell protein electrophoretic
patterns and biochemical properties. One may argue
that it would be practical and in agreement with current
clinical usage to maintain the two taxa as separate
species, S. dysgalactiae and S. equisimilis.

Like 'S. equisimilis', the species '5. zooepidemicus'
was not included on the 'Approved lists of bacterial
names' (Skerman et al. 1980). This is justified on the
grounds that 'S. zooepidemicus' is genetically closely
related to S. equi, which also carries the group C
antigen, and has been proposed as a subspecies of that
species (Feltham 1979; Farrow and Collins 1984b).

As described, streptococci that react with Lancefleld
group C antiserum may belong to S. dysgalactiae (both

subspecies) and ,5. equi (both subspecies). These are
often referred to as 'large colony-forming group C strep-
tococci' in contrast to members of the anginosus group,
some of which also carry the group C antigen, but form
small ('minute') colonies. Likewise, streptococci with the
group G antigen may belong to S. dysgalacllae subsp.
equisimilis, S. canis, or S. intestinalis, which form large
colonies, but also to members of the anginosus group,
which form small colonies. Although it is clear that
streptococci belonging to these groups cause various

diseases in humans and animals (JelinkovS and Kubin
1.974l' Carmeli and Ruoff 1995). the exact role of the
individual species, in particular in human infections,
remains obscured by the failure to differentiate between
them in most clinical studies (Woo et al. 2001). The
species S. porcinus was established to accommodate p-

hemolytic pyogenic streptococci with a distinct pheno-

typic profile that are usually associated with infections in
swine (Collins et al. 1984). Although it is infrequently

isolated from human infections, recent findings suggest

that it may become more prevalent in infections with a

genitourinary source (Facklam et al. 1995). Porcine

isolates may carry Lancefield group E, P, U, V or other

nonrecognized antigens, whereas human isolates appear

to be serologically distinct. Streptococci now included in

the species S. porcinus have previously been referred to

as ' Streptococcus infrequens' , 
' Streptococcus lentus' ,

'Streptococcus subacidus', or'Lancefleld group E, P, U,

or V streptococci'.

S. uberis is one of the important etiologic agents of

bovine mastitis, flrst recognized by Diernhofer (1932).

Subsequent studies demonstrated that the species

included two distinct genetic groups ('5. uberis type I

and II') which are now recognized as ,S. uberis and

S. parauberis, respectively (Williams and Collins 1990).

In contrast to most other streptococci in the pyogenic

group, S. uberis and S. parauberis are cr- or nonhemolytic.

Some strains have been shown to react with Lancefield

group E, P, or G antisera (Garvie and Bramley 1979).

S. hyointestinalis is the name proposed by Devriese

et al. (1988) for o-hemolytic streptococci that may be

isolated from the intestinal tract of pigs and are pheno-

typically distinct from both S. porcinus and S. intestinalis

which have the same ecological niche.

S. iniae is the name given to pyogenic streptococci

isolated from abscesses on the thorax and abdomen of

freshwater dolphins (Inia geoffrensls) living in the

Amazon river (Pier and Madin 1976) but has been

found to be pathogenic for other animals also. The

name 'S. shiloi', which was proposed to accommodate

streptococci causing septicemia in flsh, has been shown

to be identical to S. iniae and the name may be

considered a junior synonym of S. iniae (Eldar et al.

1995). From infected organs of seals, Skaar et al.

(1994) isolated B-hemolytic streptococci that constitute

a new species named S. phocae. Among 22 isolates

originally examined, some reacted with antisera against

group F or C antigens while the major part failed to

show reactivity with antisera against any of the known

group antlgens.

S. didelphis was isolated from cases of suppurative

dermatitis and liver fibrosis in oppossums (Didelphis

virginiana) in the United States. Like many other

species in the group of pyogenic streptococci, S. didel-

pftls isolates are B-hemolytic, but quite surprisingly they

are described as showing strong catalase activity on

initial passage on blood-free agar media after growth on

blood agar (Rurangirwa et al. 2000). The genetic basis of

this should be examined.

S. urinalis was described by Collins and his coworkers

(2000) to accommodate a single nonhemolytic strepto-

coccal isolate from the urine of a patient suffering from

cystitis. Thus, there is limited information about the

properties and occurrence of this taxon. Similarities of

165 rRNA gene sequences suggest that the actual isolate

belongs in the pyogenic group of streptococci
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(Figure 33.5), and its whole-cell protein pattern most
closely resembles those of S. iniae and S. parauberis
(Collins et al. 2000).

ANGINOSUS GROUP

The anginosus group has been a source of considerable
confusion, partly as a result of a lack of international
consensus on nomenclature (Facklam 1984) and partly

because it has been difficult to identify reliable pheno-

typic differences between taxa within the group (Jones
1978; Kilian et al. 1989; Taketoshi et al. 7993; Whiley
et al. 1999). European and Japanese microbiologists
have used the term 'Streptococcus milleri' to embrace all
members of the group, whereas North American
workers have used various terms such as'Streptococcus
MG-intermedlas' and'Streptococcus anginosus-constel-
latus' (Facklam 1984). Dependent on methods
employed, DNA-DNA hybridization studies have
concluded that the group includes 1-3 distinct species
(Welborn et al. L983; Coykendall et al. 1987; Schleifer
and Kilpper-Biilz 1987; Whiley and Hardie 1989). The
currently recognized proposal, which is supported by 165
rRNA gene sequence data, and to some extent by
phenotypic differences, is that the group includes three
distinct species: S. anginosus, S. constellatus, and S. inter-
medius (Whiley and Hardie 1989; Whiley and Beighton
1991; Bentley et al. 1991), although there is still discus-
sion about the validity of this differentiation
(Vandamme et al. 1998). As currently defined the three
species show surprising antigenic heterogeneity and
include strains that react with group A, C, F, or G anti-
sera (Table 33.1). Such strains are often referred to as
'minute (or small) colony type' strains of the respective
serological groups. Some strains require anaerobic
conditions for growth.

DNA-DNA reassociation studies (Kilpper-Biilz et al.
1984; Whiley and Hardie 1989) and 165 rRNA gene
sequence data (Bentley et al. 1991) reveal that S.
constellatus and S. intermedius are closely related
(Figure 33.5). S. intermedius is phenotypically quite
distinct, whereas S. constellatus and S. anginosus may be
difficult to differentiate on the basis of biochemical reac-
tivities (Whiley et al. 1990b). Two subspecies of S.
constellatus have been identified, S. constellatus subsp.
constellatus containing strains that may possess a variety
of Lancefield group antigens (F, G, C, A or none) and S.
constellatus subsp. pharyngis that includes group C
strains. The two subspecies are well separated by pheno-
typic characters (Whiley et al. 1999). Whiley and cowor-
kers (1999) also demonstrated a putative subspecies of
S. anginosus composed of group C or G strains.

It is likely that future studies will disclose additional
distinct species within this group of streptococci. Thus,
further taxonomic heterogeneity has been suggested by
differences observed by both phenotypic and genotypic
analyses (Cookson et al. 1989; Whiley and Hardie 1989;

Doitt et al. 1994; Bergman et al. 1995; Whiley et al.
7995,1997; Jacobs et aI.2000).

The three recognized species are members of the resi-
dent microflora of the human mouth, and gastro-
intestinal and genital tracts (Frandsen et al. 1991.;
Whiley et al. 1993; Paster et al. 2001). Collectively, the
group has been referred to by various terms such as'the
milleri streptococci' or'Streptococcus milleri group
(SMG).' Use of the term 'anginosus group' as suggested
by Kawamura et al. (1995a) is to be preferred as it may
eliminate much of the nomenclatural confusion.

MITIS GROUP

Although S. pneumoniae has previously been placed
among the pyogenic streptococci (Rotta 1986) 165
rRNA gene sequences and nucleic acid hybridization
data show that it is closely related to S. oralis and
S. mitis (Welborn et al. 1983; Kilpper-Biilz et al. 1985;
Bentley et al. l99l; Whatmore et al. 2000), in agreement
with the distinct cell wall composition of the three
species among all the streptococcal species. In addition
to these three species, the mitis group includes S.
sanguis, S. gordonii, S. parasanguis, S. crista, S. australis,
S. infantis, S. peroris, and S. sinensls (Table 33.1). All
species are primarily associated with humans, but closely
similar, though not necessarily identical, species may be
isolated from the upper respiratory tract of various
animal species (Dent et al. 1978).

For many years this group of streptococci has been
refractory to satisfactory taxonomic solutions. The indi-
vidual species have been poorly defined and several
synonyms have been applied to the same species. A
further source of confusion in many published studies
was that the type strain of S. mitis did not conform with
the description of the species (Welborn et al. 1983;
Kilian et al. 1989). The strain was subsequently identi-
fied as an atypical S. gordonii and has been replaced by
another type (Kilian et al. 1989). For a historical account
of the nomenclature of the recognized species and a list
of synonyms applied to them, the reader is referred to
previous publications (Coykendall 1989; Kilian et al.
1989).

The present taxonomy of members of the mitis group
is the result of numerous phenotypic and genetic studies
(Carlsson 1968; Colman and Williams 1972; Coykendall
and Specht 1975; Coykendall and Munzenmaier 1978;
Welborn et al. L983; Kilpper-Biilz et al. 1985; Schmid-
huber et al. 1987; Kilian et al. 1989). However, as
reflected by the constant introduction of new species.
the full diversity of this group of bacteria is still incom-
pletely appreciated.

S. sanguis was originally described to accommodate
clinical isolates from cases of subacute bacterial endo-
carditis (White and Niven 1946). Among the salient
characteristics of this species are synthesis of extra-
cellular polysaccharide (glucan) when supplied with



Classification 847

sucrose, the ability to hydrolyze arginine and in most

cases esculin, fermentation of inulin, and IgAl protease

activity. Many of the 'classical' S. sanguis strains,

including strain Challis, are now included in S. gordonii,

which shares many phenotypic characteristics of S

sanguis but lacks IgAl protease activity (Kilian et al.

1989). Three other species, present in the human oral

cavity, resemble S. sanguls in many ways but do not

produce extracellular polysaccharide and IgAl protease.

S. crista was based on isolates that are characterized by

laterally positioned tufted fibrils (Handley et al. 1991).

These bacteria were previously referred to as 'S. sanguis

I with tufted fibrils', the 'CR group,' or the 'tufted-fibril

group.' S. parasanguri and S. australis are genetically

distinct (Whiley et al. 1990a; Wilcox et al. 2001) but

information about their ecology and other characteristics

is still limited (Table 33.3).

The two species S. mitis (Kilian et al. 1989) and S.

oralis (prevrously referred to as 'S. mitior' or'5. sanguis

II') (Bridge and Sneath 1983) form genetically distinct
populations but share many phenotypic traits and are

notoriously difficult to distinguish. Most strains of ,S.

oralis prodlce extracellular polysaccharide (glucan).

Although phenotypically homogenous .1. ziris is a

species of extreme genetic diversity, and may more

appropriately be referred to as a cluster of species
(Kilian, Poulsen and S@rensen, in preparation). Strains
previously referred to as S. mitis biovar 2 (Kilian et al.

1989) belong to S. inJantis, S. crista, and S. parasanguis

(Kilian, Poulsen and S@rensen, in preparation). The two

latter species are difficult to distinguish on the basis of

phenotypic traits (Ruoff et al.2003).

S. infantis and S. peroris, defined primarily by DNA-

DNA homology data, include streptococci isolated from

the human upper respiratory tract (Kawamura et al.

1998). S. infantis is closely related to the S. pneumontae-

S. mitis-\. oralis cluster and shares several properties of

these species, in particular S. mitis (Kilian, Poulsen and

Sprensen, in preparation). Recent studies using species-

specific probes indicate that S. infantls is a numerically

important member of the oral microflora (Kazor et al.

2003) and it is conceivable that many streptococci

previously referred to as S. mitis belong in this species.

There is very limited information about S. peroris and

the recently described S. sinensis. Description of the

latter species was based on a single isolate from suba-

cute bacterial endocarditis (Woo et al. 2002). Recently,

an additional species from dental plaque was described

as Streptococcus oligofermentans. The species is most

closely related to S. sinensis (Tong et al. 2003).

SALIVARIUS GROUP

The three species in the salivarius group, S. salivarius, S.

thermophilus, and S. vestibularis are genetically closely

related and are usually nonhemolytic. S. salivarius is a

member of the resident microflora of mucosal

membranes of the human oral cavity and pharynx

(Carlsson 1967; Frandsen et al. t99l). h produces char-

acteristic large mucoid colonies (2-3 mm) on sucrose-

containing media as a result of the production of extra-

cellular fructan (levan). It usually does not colonize

tooth surfaces like other oral streptococci (Nyvad and

Kilian 1990), but occasional strains which produce inso-

luble glucan in addition to fructan may do so. These

strains show characteristic large rough colonies on

sucrose-containing media.

S. salivarius is genetically homogenous but phenotypi-

cally heterogenous (Coykendall and Gustafson 1985;

Beighton et al. 1991). It is distinct from S. thermophilus

which may be isolated from milk products (Bridge and

Sneath 1983) although the latter species was temporarily

included in the species S. salivarius as 'subspecies ther-

mophilus' on the basis of their close genetic relationship

(Farrow and Coll ins 1984a).

The species S. vestibularis (Whiley and Hardie 1988)

resembles S. salivarius in its ecological preferences and

biochemical characteristics but does not produce extra-

cellular polysaccharide.

BOVIS GROUP

The bovis group of streptococci is currently undergoing
comprehensive taxonomic reorganization, and certain

questions remain unresolved. '5. bovis' is the name

widely used in human clinical microbiology for certain

streptococci that occur in the human intestinal tract and

occasionally is isolated from blood of patients with

endocardititis with an underlying colonic disorder, such

as malignancy or peridiverticulitis. Similar streptococci

that occur in the intestinal tract of cows, horses, sheep,

and other ruminants has been referred to as .S. equinus.

Both phenotypic and genetic analyses of the type strains

of S. bovis and S. equinus have demonstrated their close

relationship, indicating that the two species should be

combined in a single species, S. equinus, which has

priority (Farrow et al. 1984; Ludwig et al. 1985; Bentley

et al. l99l; Schlegel et al.2003). However, so far this has

not been adopted in clinical microbiology and the name
'5. bovis'remains widely used. Recent observations

show that this should end.

It has long been recognized that the strains referred to

as ',S. bovis' were both genetically and phenotypically

very heterogenous. Two biotypes have been recognized

based on several biochemical differences (Facklam et al.

1984; Farrow et al. 1984; Knight and Shlaes 1985; Ruoff

et al. 1989). 'Biotype II' included the type strains of
'5. bovis' and S. equinus which, as mentioned, now

represent the single valid species S. equinus. However,

even among 'biotype II strains of S. bovis' a consider-

able degree of genetic heterogeneity exists, and recent

studies demonstrate that only rare human isolates

belong in the species S. equinus (Clarridge et al. 2001)'

The majority of human isolates belong in the newly
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described species Streptococcus pasteurianus (Poyart
et aL.2002), which corresponds to '5. bovis biotype II.2,'
and Streptococcus infantarius (Bouvet et al. 1997;
Schlegel et al. 2000), which corresponds to '5. bovis
biotype II.1.' According to the proposal by Schlegel et al.
(2000) the species S. infantarius includes two subspecies,
sttbsp. infantarius and subsp. col/. However, subsequent
phylogenetic analyses based on sequences of the gene
sodA, which encodes the manganese-dependent super-
oxide dismutase, suggested that subspecies coll deserved
recognition as a separate species, for which the name S.
lutetiensis is proposed. The specific recognition of this
taxon is supported by limited DNA-DNA hybridization
data (Poyart et al.2O02).

In contrast to 'biotype II', 'biotype I' strains have
been considered genotypically homogenous. Never-
theless, during the 1990s, four new species within this
group were proposed, Streptococcus gallolyticus (Osawa
et al. 1995), Streptococcus macedonicus (Tsakalidou et al.
1.998), Streptococcus waius (Flint et al. 1999), and Strep-
tococcus caprinus (Brooker et al. 1994). Subsequent
studies convincingly demonstrate that S. gallolyticus and
S. caprinus are subjective synonyms and also that S.
waius is a later synonym of S. macedonicus, both
containing isolates from dairy products (Sly et al.1997;
Poyart et aI.2002). In fact, genetic data suggest that the
four taxa constitute a single species, which should carry
the name S. gallolyticus (Poyart et al. 2002). A recent
report proposed recognition of three subspecies within
S gallolyticus, subsp. gallolyticus, stbsp. macedonicus,
and subsp. pasteurianus (Schlegel et al. 2003). The inclu-
sion of strains previously included in S. pasteurianus as a
subspecies of S. gallolytlcrus requires additional suppor-
tive data as the genetic relationship between the two, as
revealed by DNA-DNA hybridization, is below the limit
usually considered necessary for including strains in the
same specles.

S. gallolyticus, subsp. gallolyticus, has been isolated
from the feces of a variety of animal species (Table 33.1).
The species had also been isolated from bovine mastitis
(Osawa et al. 1995; Sly et al. 1997). Most human isolates
were from feces and blood and included isolates from
cases of endocarditis associated with colonic cancer
(Schlegel et al. 2003).

A well separated member of of the bovis group is
S. alactolyticus proposed by Farrow et al. (1984)
for porcine and chicken isolates with resembtance to
'5. bovis. '

MUTANS GROUP

The mutans group includes eight species which exclu-
sively colonize tooth surfaces in humans and in some
animal species (5. mutans, S. sobrinus, S. cricetus, S.
downeii, S. macacae, S. ferus, S. rattus, and S. orisrattii).
The name S. mutans was first applied by Clarke (1924)
to strongly acidogenic streptococci isolated from carrous

lesions in humans. These streptococci were able to
induce carious lesions in extracted teeth and were
considered by Clarke to be the cause of dental caries.
Attempts to subdivide the species by serological means
based on cell wall carbohydrates disclosed eight sero-
types (a-h) (Bratthall L970; Perch et al. 1974; Beighton
et al. 1981). This was followed by the discovery of an
unexpected degree of genetic heterogeneity (Coykendall

1971) which eventually led to the recognition of seven
separate species including species encompassing strains
isolated from monkeys and rodents (Table 33.1)
(Coykendall 1977, 1983; Beighton et al. 1981; Whiley
et al. 1988; Zht et al. 2000). The seven species and their
primary habitat are listed in Table 33.L. Phenotypically,
the mutans group of streptococci is relatively homo-
genous, but species-associated differences in cell wall
carbohydrates reflected in serotypes, cell wall pepti-
doglycan type (Table 33.1), and other characteristics
have been described (Hamada et al. 1986).

OTHER STREPTOCOCCUS SPECIES

S. sals is an important pathogen of pigs. The species was
proposed by Elliott in 1966 (see Kilpper-Biilz and
Schleifer 1987) and includes streptococci that carry the
group D or related antigens. It is encapsulated, and
more than 30 capsular serotypes have been detected.
The antigens previously referred to as Lancefield group
R, S, and T antigens are capsular polysaccharides that
characterize serotypes 2, l, and 15, respectively (Perch

et al. 1983; Gottschalk et al. 1989). S. sals may cause
meningitis, septicemia, arthritis, and bronchopneumonia
in pigs, and may also be found in the nasal cavity and
tonsils of healthy pigs. It is a zoonotic cause of rare
cases of meningitis in humans, most of which occur in
slaughterhouse workers (Hampson et al. 1993).

DNA-rRNA hybridization and 165 rRNA gene
sequence studies have confirmed that Streptococcus
acidominimus is a member of the genus Streptococcus
but it does not cluster with any of the other species in
the genus (Kilpper-Biilz et al. L985; Bentley et al. 1991).
The species is associated with cattle and differs from
other Streptococcus species by being weakly acidogenic,
but is otherwise poorly defined.

The two species Streptococcus hyovaginalis and Strep-
tococcus thoraltensis both include isolates from sows.
They are both found in the genital tract, but the capno-
philic species S. thoraltensis may also occur in the intest-
inal tract of pigs. They differ from S. sur's by giving a
positive Voges-Proskauer reaction (Devriese et al.
1997).

Streptococcal isolates from subclinical mastitis, from
the genital tract and tonsils of cattle, from tonsils of a
goat and a cat, and from the crop and the respiratory
tract of canaries form the basis of a species desribed as
Streptococcus pluranimalium (Devriese et al. 1999). The
species is phenotypically heterogeneous but shows a
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characteristic whole-cell protein pattern. It is most

closely related to S. hyovaginalis.

Based on seven clinical isolates from sheep Collins

et al. (2001) described a new species Streptococcus

ovis, which is u-hemolytic and not closely related to

any of the other Streptococcus species. It may be

distinguished from other species by a characteristic

165 rRNA gene sequence and whole-cell protein

pattern.

LABORATORY ISOLATION AND
IDENTIFICATION

All the Streptococcus species, except for S. thermophilus,
grow well on blood agar incubated at 37'C in air plus

carbon dioxide or anaerobically. Species of clinical
signilicance will usually predominate even when

members of the resident microflora are present. Sensi-
tive detection of S. agalactiae by initial inoculation of a

selective broth medium has been introduced in the

United States for prophylactic screening of vaginal

carriage by pregnant women (Centers for Disease

Control and Prevention 1996). A semiselective medium

that allows quantitative detection and presumptive iden-

tification of S. agalactiae based on the CAMP reaction is

described by Hansen and Sprensen (2003). Detection of

pneumococci in nasal or pharyngeal swabs is facilitated

on blood agar plates with 5 mg/l gentamicin (Gray et al.

1977) .

The pyogenic streptococci are detected initially by

their hemolytic activity. Colonies of B-hemolytic strepto-

cocci on blood agar may resemble those of Haemophilus

parahaemolytlcas, but the two are easily distinguished

upon subculture and Gram staining. Colonies of the o-

hemolytic pneumococci are smooth and may vary in size

according to the amount of capsular polysaccharide

produced; those of serotype 3 are usually larger than the

rest and have a watery or mucoid appearance. During

prolonged incubation, the center of the colony becomes

depressed as a result of autolysis.

Once it has been established that the isolates are cata-

lase-negative, gram-positive cocci with a tendency to

form chains, they are identified by a combination of

serological and biochemical examinations. The essential

discriminatory tests for the pyogenic group of strepto-

cocci and S. sals are summarized in Table 33.2. An addi-

tional test that is helpful in the identiflcation of S.

pyogenes is the bacitracin sensitivity test. S. pyogenes is

uniformly sensitive, but sensitivity can also be detected

in some hemolytic strains of groups C, E, G, and L, in

Table 33.2 Differential characteristics of the species of the pyogenic group and 5 suis, S hyovaginalis, and 5 thoraltensis

Hydrolysis of Presence of Fermentation of

Species

S. pyogenes

S. agalactiae

S. equi
subsp. equi

subsp.
zooepidemicus

S. dysgalactiae

S. canis

S. phocae

S. iniae

S. didelphis

S. porcinus

S. uberis
S. parauberis

S. urinalis

S. hyointestinals

5- surs
S. hyovaginalis

S. thoraltensis

Lancefield
sero9roup

A

B

a

c

Hemolysis Hip Aes Arg VP PYR fG AP Rib Man 5or Lac Tre

p - V ' + + V + V + +

F ( C A M P + ) +  +  +  -  V  +  +  -  V  +

B - + - + +
0 - V + + + V - + +

c , B , - '  +  -  +  +  +  +  +

p V + - + + + - - V

0(CAMP+)b-  V  +  -  +  +  -  V

lnu Raf

f

N T V

subsp dysgalactiae C
subsp. eqursimilrs C, G, L

+ -G
C , F , _  B
-  u 'P  +
- p + -

E, P, U, V F (CAMP+) - +
- , E  c  +  +
- , E  s  V  +

NT

N T " N T N T N T N T N T + - +
V - + N T + - V +

+ + + + + + + + V r

+ + + + V + + + + +
+ + + - + + + + + +

+ + + - + r - +
- r + +

+ - V + - + V
- + - + + V + + + +

+ + - + V + + V * r

D
NT

NT
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B , o , -  +
o . + N T

o r V N T

Aes, aescul ine;  AP, a lkal ine phosphatase;  Arg,  argintne;  BG, p-glucuronidase;  Hip,  h ippurate;  Inu,  inul in;  Lac,  lactose;  Man, manni to l ;  VP (Voges-

Proskauer) ,  product ion of  acetoin;  PYR, pyrro lydonyl-amylamidase;  Raf raf f  nose;  Rib,  r ibose;  Sor,  sorbi to l ;  Tre,  t rehalose
a) Bovine stra ins are never p-hemolyt ic
b)  Only canine stra ins are CAMP posi t ive
c) V,  var iable
d) NT. not tested
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S. suls and in S. phocae. If the end-point is taken as
absence of any zone of inhibition, the disk should
contain 0.04 units of bacitracin. S. pyogenes will give a
zone of diameter -11 mm around a 6 mm disc
containing 0.L unit of bacitracin. The bacitracin sensi-
tivity test should not be performed on primary culture
plates. Comprehensive lists of the characteristics of
pyogenic and other streptococci have been compiled by
Hardie and Whiley (1995). Caution is recommended
with regard to the use of identiflcation tables compiled
from different publications (this also applies to the
tables in this chapter) because different methods for
testing biochemical activities of streptococci often yield
different results.

Pneumococci are not readily identified by biochemical
tests but in most cases can be identified on the basis of
their sensitivity to optochin, bile solubility, and autolysis.
The majority of pneumococci are sensitive to optochin
(ethylhydrocupreine) which provides a valuable means
of distinguishing pneumococci from other u-hemolytic
streptococci. The test can be performed conveniently
with a paper disk containing 5 pg optochin. Some of the
oral streptococci may show small zones of inhibition.

All capsulate pneumococci, but not all noncapsulate
variants, are lysed by bile. Recent studies suggest that at
least some of the latter, which sometimes are referred to
as atypical pneumococci (Pease et al. 1986) are S. mitis
clones that carry some of the genes otherwise considered
characteristic of pneumococci (Whatmore et al. 2001).
The bile, or other detergents, activates the autolysin N-
acetylmuramyl-r--alanine amidase which results in the
lysis of cultures of pneumococci by attacking the
peptidoglycan. Presumptive identification of pneumo-
cocci may furthermore be achieved by the demonstra-
tion of a reaction in so-called 'omni-serum' which is a
concentrate of pooled typing sera (Lund and Henrichsen
1e78).

Oral streptococci are often examined on the selective
medium Mitis Salivarius agar on which some species
produce extracellular polysaccharide from sucrose in the
medium resulting in characteristic colonies. S. salivarius
produces large (2-3 mm) soft and glossy colonies
which collapse after prolonged incubation. Mutans
streptococci produce hard adherent colonies resembling
frosted glass. Drops of extracellular polysaccharide
often accumulate on the top or at the side of the colo-
nies (Figure 33.2). Colonies of the polysaccharide-
producing S. sanguis, S. gordonii, and S oralis are
regular, dome-shaped, smooth, hard and adherent, and
indistinguishable. The species that do not produce extra-
cellular polysaccharides (S. m ltls, S. parasanguis, S.
crista, S. peroris, S. infantis, S australis, S. anginosus, S.
intermedius, S. constellatus, S. vestibularls) form flat or
raised uncharacteristic colonies. Biochemical reactivities
important for the identification of oral streptococci are
summarized in Table 33.3. Characteristics that allow
differentiation of biovars of S. sanguis and S gordonii

have been published by Kilian et al. (1989), and tests
that allow differentiation of species within the mutans
group and genotypes within S. bovis have been compiled
by Hardie and Whiley (1995). Whiley and Beighton
(1998) have published a comprehensive review of the
current classification and identification of oral strepto-

coccl.

Commercial kits such as Rapid Strep 32 are available
for identification of Streptococcus species. Evaluations

demonstrate good agreements of the flnal identification

with traditional methods, although individual tests do
not generally give identical results in different verslons.

Furthermore, newly described species are often over-

looked because of incomplete or lacking data in the
identification databases (Freney et al.1,992; Kikuchi et al.
1995). Identification of streptococci may be achieved by

comparing partial DNA sequences of 165 rRNA genes

or selected housekeeping genes with those of appro-
priate type strains (note that many strains in databases

are mislabeled according to the present state of

taxonomy). To some extent, identification may also be
achieved with DNA probes that hybridize exclusively

with the respective species (Schmidhuber et al. 1988;

Bentley and Leigh 1995; Jacobs et al. 1,996; Kawamura

et al.  1999).

BACTERIOCINS

Many strains of streptococci produce bacteriocinlike

inhibitory substances (BLIS) which inhibit growth of a
wide range of bacteria (Tagg 1992). One example is the
intensely investigated nicin produced, by some Lacto-

coccus lactis strains. Nicin has a long history of applica-

tion in food preservation, especially of dairy products

(Jack et al. 1995). BLIS activity among Streptococcus
species associated with humans and animals are believed

to play a role in their ability to interfere with growth of
other bacteria in their local environment along with
other released inhibitory substances such as hydrogen
peroxide and lactic acid (Rogers et al. 1978; Jack et al.
lees).

BLIS activity has been detected in several Strepto-
coccus species, with the highest prevalence among
S. salivarius and other oral streptococci (Kelstrup and
Gibbons 1969; Dempster and Tagg 1982). A survey
of clinical isolates of S. pyogeres revealed BLIS

activity in approximately 10 percent of strains (Tagg

et al. l97l). The activity is confined to strains of parti-

cular M types, and the overall occurrence within these
M types is very high (50-100 percent). The BLIS of S
pyogenes inhibited a wide range of gram-positive

bacteria and a single strain of Prevotella intermedia
(Hynes and Tagg 1985). BLIS activity has also been
demonstrated in occasional strains of S. agalactiae, S.
dysgalactiae, and S. equi (Schofield and Tagg 1983). The
commensal S. salivarius produces bacteriocins salivaricin
A and salivaricin B, which have strong inhibitory activity
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against S. pyogenes strains and a variety of other

bacterial pathogens (Upton et al. 2O0l; Walls et al.

2003). The majority of BLIS characterized from Strepto-

coccus are relatively small (<5 kDa) heat-stable proteins

termed lantibiotics because they contain the unusual

amino acids lanthionine and/or 3-methyllanthionine

(Jung 1991; Hynes et al. 1993; Ross et a1., 1993b; Jack

et al. 1995). Some appear to be considerably larger

(30 kDa) such as the so-called zoocin A produced by

some strains of S. equi subspecies zooepidemicus
(Simmonds et al. 1995), the streptococcin A-M57 of S.

pyogenes M-type 57 (Simpson and Tagg 1983), and a

bacteriocin detected rn S. mutans (Paul and Slade 1975;

Fukushima et al. 1983). Although bacteriocins in many

gram-positive bacteria are encoded by plasmid-born genes,

neither of the currently documented lantibiotic-producing

strains of S. pyogenes and S. salivarirn appears to contain

plasmids (Simpson and Tagg 1984). The finding that

different bacteriocin activities in S. mutans strains reflect

distinct phylogenetic lineages support the notion that the
genes have evolved over time along with the genome in

general (Balakrishnan et al. 2OO2).

Salivaricin SalA production in S. salivarius in encoded

by the sal genetic locus which comprises the lantibiotic

structural gene, salA, genes encoding peptide modification

and export machinery proteins (salBCTX), and genes

encoding a putative immunity protein and two-component

sensor-regulator proteins (salYKR). The production of

SalA and the related lantibiotic in S. pyogene,r are auto-

regulated, enabeling them to act as intra- and interspecies

signaling molecules (Upton et a1.2001).

Bacteriocin production and sensitivity were success-

fully used as a flngerprinting method in epidemiological

studies of streptococci before DNA techniques became

available (Kelstrup et al. 1970; Tagg 1985; Ragland and

Tagg 1990).

ROLE IN NORMAL HUMAN FLORA

Soon after birth, streptococci comprise a considerable
proportion of the commensal microflora of human

mucosal membranes of the oral cavity and pharynx.

Almost half of the bacteria that can be isolated from

oral mucosa and from saliva are streptococci. These are
primarily the streptococci of the mitis (except S. pneu-

moniae) and salivarius groups. Each of the species in

these groups shows a characteristic predilection for

specific sites. While S. salivarius predominates on the

tongue surface and in the pharynx, others such as S.

sanguis, S. oralis, S. mitis, and S. infantis, colonize tooth

surfaces and the buccal mucosa (Carlsson 1967; Carlsson

et al. 1970; Gibbons and van Houte 1971; Hardie and

Bowden 1974; Nyvad and Kilian L990; Frandsen et al.

L991; Pearce et al. 1995; Kazor et al. 2003). The three

species of the anginosus group are found in dental

plaque and in the intestinal canal (Whiley et al. t992).

The mutans streptococci (5. mutans and S. sobrinus)

exclusively colonize tooth surfaces and are not found in

the oral cavity until after tooth eruption (Caufield et al.

1993). Being particularly acid tolerant they can become

the predominant species during periods of high sugar

consumption and may be found in high proportions in

dental plaque associated with caries lesions. The exten-

sive literature on the mutans streptococci and their

etiological implications in dental caries has been

reviewed by Hamada et al.  (1986).

An individual usually carries multiple clones of the

oral streptococcal species. While clones of some species

(i.e. S. mutans and S. sobrinus) persist over many years

(Alaluusua et al. 1994; Emanuelsson and Thornqvist

2000) clones of other species (i.e. S. mitis and S. oralis)

show remarkable fluctuations particularly during early

childhood (Hohwy and Kilian 1995; Hohwy et al.200I;

Fitzsimmons et al. 1996; Alam et al. 2000). The forces

driving these fluctuations are unknown.

The commensal streptococci of the respiratory tract

play an important role in preventing colonization by

potentially pathogenic bacteria including S. pyogenes,

presumably owing to their secretion of bacteriocins and

hydrogen peroxide (Ross et a1., L993a; Jack et al. 1995).

Some of these commensal streptococci (S. sanguis, S.

oralis, and S. mitis) release 19,4'L protease and may theo-

retically interfere with the protective function of secre-

tory IgA. Significantly increased proportions of IgAl

protease-producing S. mitis have been demonstrated in

the pharynx of infants who develop atopic disease
(Kilian et al. 1995).

S. pyogenes is almost totally restricted to humans.

The carrier rate of S. pyogenes in the respiratory tract

is only a few percent in adults and just over 10 percent

in children attending kindergarten. It may be consider-

ably higher before or during an epidemic (Hoffmann

1e85).
The intestinal tract and the perianal skin area appears

to be the primary habitat of S. agalactiae and the main

source of vaginal colonization (Ross 1970; Jelinkov6

1977). In a recent longitudinal study using a sensitive

detection method, a mean vaginal and anorectal carriage

rate at individual observations during pregnancy was 36

percent and the cumulative rate over the entire preg-

nancy period 54 percent. While some women appear to

be transient carriers only, others are persistently colo-

nized by the same clone for periods exceeding L year

(Hansen et aL.2004).

Pneumococci may be detected in the nasopharynx of

10-20 percent of healthy adults but constitute only a

minor part of the microflora. When infants are studied

prospectively, nearly all are found to be colonized with

pneumococci on at least one occasion in the first 2 years

of life (Gray et al. 1980). During episodes of disease, for

example otitis media, pneumococci often predominate in

the microflora of the upper respiratory tract. In devel-

oping countries rates exceeding 90 percent have been

documented.
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PATHOGENICITY AND VIRULENCE
FACTORS

The description here of streptococcal virulence factors
focuses mainly on those demonstrated in the principal
human pathogens S. pyogenes, S. agalactiae, and S. pneu-
moniae. Closely related factors are produced by several
of the other species in the group and will only be
mentioned. For a complete historical account of the
virulence factors the reader is referred to the 8th edition
of this book (Colman 1990).

S. pyogenes

S. pyogenes is among the most prevalent human patho-
gens, capable of causing various severe suppurative skin
and mucosal infections, necrotizing fasciitis, scarlet
fever, and nonsuppurative sequelae such as streptococcal
glomerulonephritis and rheumatic fever. Since the mid-
1980s, resurgence in severe streptococcal infections and
a high mortality rate due to streptococcal sepsis and
toxic shock-like syndrome has been reported (Veasy
et al. 1987; Colman et al. 1993). Numerous virulence
factors that are potentially involved in the different
types of disease have been described. Many of these
virulence factors are involved in evasion of components
of the innate and adaptive immune system of the human
host, while others degrade host tissues or are directly
toxic to host cells.

THE M PROTEIN FAMILY

Early studies by Lancefield (1928) showed that the
ability of S. pyogenes to persist in infected tissues is due
primarily to the cell surface-exposed M protein, a mole-
cule which confers to S. pyogenes the ability to resist
phagocytosis or intracellular killing by polymorpho-
nuclear leukocytes in the absence of specilic antibodies.
Resistance to infections by S pyogenes appears to be
related to the presence of antibodies in secretions and
sera to the M protein molecule (Lancefield 1959; Bessen

and Fischetti 1988). However, as there are more than
100 different serotypes of M proteins (M1, M2, M3,
etc.), though not all with antiphagocytic properties, indi-
viduals may suffer from recurrent S. pyogenes infections
with strains expressing different serotypes of the M
proteln.

For many years it was assumed that S. pyogenes

strains express a single type-specific M protein.

However, it is now clear that the M proteins discovered
by Lancefield are members of a family of surface
proteins, collectively termed the M protein family or just

M proteins. They are structurally similar and share
functional properties including antiphagocytic activity,
although these properties vary among the individual
proteins (Frithz et al. 1989; Heath and Cleary 1989;
Kehoe 1994). The individual proteins of the M protein

family are encoded by tandemly arranged genes located
within the so-called mga regtlon between the regulatory
gene mga (previously mry/virR) and the coregulated
scpA gene encoding C5a peptidase (see below)
(Caparon and Scott 1987; Simpson et al. 1990; Perez-

Casal et al. 1.991: Caparon et al. 1991). Most strains
contain 1-3 genes that have evolved through gene dupli-
cation followed by sequence and functional divergence
(Hollingshead et al. 1994; Kehoe 1994). The 'classical' M
protein is encoded by the emm gene, which is present in
all strains of S. pyogenes. The two other genes encoding
proteins of the M protein family, mrp and enn, are vari-
ably present with some association with other properties.

Thus, strains expressing the opacity factor (OF* strains,
see below) usually have all three genes, whereas the
majority of OF strains only have the emm gene. Some
OF strains, however, contain two or three genes

(Figure 33.6).

All members of the M protein family form fibrillar
structures that protrude 50-60 nm outwards from the
bacterial cell (Swanson et al. 1969; Fischetti 1989). The
proteins are anchored in the cytoplasmic membrane and
span the entire cell wall to which they are anchored
through an LPXTG motif. This wall-spanning region
shows homology with several proteins in other

OF+

Class A Class C

Figure 33.6 Structure of the mga regulon in S pyogenes with genes for regulation (mga) proteins of the M protein family (emm, enn,
and mrp), and Csa peptrdase (scpA)

oF-
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Cel l  membrane

c
Figure 33.7 Structure of an M protein and its gene The diagram to the left illustrates the gene encoding the M6 protein with the
characteristic A and C repeats The location of the functional domains in the protein are indicated on the protein shown to the right
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gram-positive bacteria such as staphylococcal protein A
(Fischetti 1989).

Each fiber consists of a dimeric M protein molecule,

which, with few exceptional domains, has an q-helical

coiled-coil structure with a 7-residue periodicity (Fischetti

1989). The central part of the proteins is composed of

tandemly arranged sequence repeats of two different

types, A or C (Figure 33.7). Each repeat has a length of

35 or 42 amino acids and the number of repeats varies. A-

type repeats are found in Mrp proteins whereas C-type

repeats are found in both Emm and Enn proteins.

Proteins with type C repeats may be subdivided into two

major classes. Those of Class I share an epitope that can be

detected with a monoclonal antibody, whereas Class II M

proteins lack this epitope (O'Toole et al. 1992). Class CII

proteins are associated with OF* strains (Bessen et al.

1989). Although both classes are associated with suppura-

tive infections and glomerulonephritis, the majority of

strains associated with outbreaks of rheumatic fever

express M proteins of Class I (Bessen and Fischetti 1988).

This association is supported by the recent observation that

rheumatic fever patients display elevated levels of serum

IgG antibodies to the Class I-specific epitope (Bessen et al.

lees).
The N-terminal of the M protein family molecules,

which is distal to the cell surface, represents a hypervari-

able region. The sequence variation, which is most

pronounced in Emm proteins (Bessen and Hollingshead

1994; Whatmore et al. 1995; Thern et al. 1998), is the

result of accumulation of nonsynonymous mutations

combined with recombination involving related genes

within the genome or horizontal transfer between

strains. In OF strains, the N-terminal region is longer

and contains variable numbers of short repeats adding to

the structural and antigenenic polymorphism (Hollings-

head et al. 1987; H6den and Lindahl 1993; Whatmore

and Kehoe 1994; Kehoe et al. 1996). Antibodies to the

N-terminal part of the molecule effectively opsonize the

slreptococci for phagocytosis.

FUNCTIONAL PROPERTIES OF M FAMILY
PROTEINS

The M family of proteins are generally regarded as

important virulence factors. This is supported by animal

experiments although results have varied depending on

host species and infection route (Schmidt et al. 1997;

Moses et al. 1997;, Ashbaugh et al. 1998; Boyle et al.

1998). The ability of S. pyogenes strains to survive and

grow in nonimmune fresh human blood has been

attributed to an antiphagocytic activity of M proteins.

The M proteins share the ability to interact with

numerous host proteins but specific properties vary

between individual proteins (Kehoe 1994). (Note that M

proteins from different strains have been described using

a variety of designations such as 'protein PAM,' 'protein

Arp,' 'protein Sir,' or alternatively'Emm53,' 'Emm4,' or
'Emm22' with reference to the M serotype of the strain

in which these proteins were identified. The latter is

highly preferable.) Some display receptors for human

fibrinogen, fibronectin, B2-microglobulin, az-macro-

globutin inhibitors of complement activation (e.g. factor

H, factor H-like protein-1 (FHL-I), C4b-binding protein

(C4BP)), the Fc region of IgA and IgG of various

subclasses, H-kininogen, N-CAM, and serum albumin

(Kronvall et al. 1979; Wagner et al. 1986; Rfc et a1.,
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1989; Frithz et al. 1989; Heath and Cleary 1989; Lindahl
1989; Lindahl and Akerstrom 1989; Gomi et al. 1990;
Bessen and Fischetti 1992; Horstmann et al. 19921'
O'Toole et al. 1992; Frick et al. 1994; Johansson et al.
1994; Johnsson et al. 1994, 1998; Retnoningrum and
Cleary 1994; Ak"..o.r et al. 1.994; Natanson et al. 1995;
Thern et al. 1995). It is conceivable that most of these
interactions serve immune escape purposes. in part icular

opsonization, ensuing phagocytosis, and intracellular
killing (Lindahl et al. 2000; Staali et al. 2003). Recently,
Lindahl and his coworkers have provided convincing
evidence that explains the M protein-mediated resis-
tance to phagocytes (Carlsson et al. 2003). In contrast to
the direct antiphagocytic effect of bacterial poly-

saccharide capsules, which prevent deposition of C3b, at
least some M proteins exert their activity by concen-
trating two inhibitors of complement activation, C4BP
and IgA, on the bacterial surface (Carlsson et al. 2003).
Recent studies have suggested that M-protein, in addi-
tion, may prevent intracellular killing (Staali et al. 2003).

Additional putative functions of interactions with host
proteins include acquisition of plasminogen, which upon
activation with streptokinase (see below), confers
proteolytic activity to the bacteria (Berge and Sjobrink
1993), capture of nutrients, molecular mimicry, and
environmental sensoring (Cleary and Retnoningrum
1994). It has also been suggested that some of these
interactions facilitate adhesion to epithelial cells
including keratinocytes (Courtney et al. 1992; Okada
et al. 1995). Studies using M-positive and M-negative
isogenic strains have demonstrated that one mechanism
may be promotion of bacterial accumulation at the site
of infection as a result of coaggregation between
bacterial cells mediated by the interactions with host
proteins (Caparon et al. 1991).

Proteins structurally and functionally related to M
proteins have been demonstrated in several other
pyogenic streptococci such as S. equi (group C) and
S. dysgalactiae (group G) (Woolcock 1974; Bisno et al.
1987; Jones and Fischetti 1987; Fischetti 1989; Simpson
et al. 1992; Ben Nasr et al. 1994; Schnitzler et al. 1995)
and in S. sanguis (Demuth et al. 1990). Other species
llke S. agalactiae also bind various serum proteins via
surface-exposed proteins, but the functional similarities
appear to be the result of convergent evolution rather
than shared phylogeny (see below).

CROSS-REACTIONS WITH HOST TISSUES

M proteins share physicochemical properties and signifi-
cant sequence homology with a number of mammalian
fibrillar proteins. For example, the M5, M6, M12, and
M24 proteins have up to 30 percent overall sequence
homology with myosin heavy chain and type I keratins,
and M5, M6, and M24 share a similar level of homology

with human o-tropomyosin (Fischetti 1989). Potential
common epitopes provide a theoretical basis to
explain the induction of cross-reactive antibodies asso-

ciated with post-streptococcal autoimmune disease n

genetically predisposed hosts (Khanna et al. 1989). There

is a strong association between autoimmune sequelae and

particular M types of S. pyogenes. However, there is no

clear correlation between rheumatogenic or nephrito-

genic potential and the pattern of tissue cross-reactivity

of antibodies to a particular M type (Robinson and

Kehoe 1992).

CAPSULE

Some strains of S. pyogenes form a capsule composed of

hyaluronic acid, which results in their forming mucoid

colonies on blood agar. The capsular material is not

immunogenic, presumably because it is indistinguishable

from the hyaluronic acid of mammalian connective

tissues (linear polysaccharide composed of P-14-
linked repeating disaccharide units of glucuronic acid B-
1-3 linked to N-acetylglucosamine). The capsule may,

in this way, serve antigenic mimicry purposes. The

notion that the capsule is a virulence factor is supported

by the observation that the capsule is formed by 3

percent of isolates from patients with uncomplicated

pharyngitis, 21 percent of isolates from severe strepto-

coccal infections, and 42 percent of rheumatic fever

isolates (Johnson et al. 1992). Among the frequently

isolated serotype M1 the prevalence of capsule produc-

tion is even higher (6, 22, and 80 percent, respectively).

Capsule-producing strains are highly virulent in animal

models. Recent studies of capsule-deficient strains

constructed by transposon mutagenesis have confirmed

that it is an important antiphagocytic factor but that the

relative significance of the M protein and the capsule

differs among strains (Wessels et al. 1991b; Dale et al.

ree6).
Capsule production is encoded by the HAS operon,

which contains at least three genes (ftasA, hyaluronate

synthase; ftasB, UDP-glucose dehydrogenase; hasC,

UDP-glucose pyrophosphorylase). The operon appears

to be present in all strains of S. pyogenes and is also

detected in strains of group C streptococci (Crater and

van de Rijn 1995) which sometimes express a hyaluronic

acid capsule (5. equi but not '5. equisimills'). The

capsule is produced in vitro only during exponential

growth, but the regulatory mechanisms determining

expression of the operon have not been identifled.

PROTEIN F

Interaction with host fibronectin has long been consid-

ered the mechanism by which S. pyogenes adheres to

epithelial cells. This notion is supported by the observa-

tion that exogenous fibronectin inhibits adherence and

that the organism preferentially adheres to fibronectin-

coated epithelial cells (Simpson and Beachey 1983;

Abraham et al. 1983). Cloning and mutagenesis studies

reveal that fibronectin binding is mediated by a surface

protein (MW 120 kDa) known as protein F (protein F1/

SfbI), which may be considered a major adhesin of
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S. pyogenes (Hanski and Caparon 1992). There is
also evidence that protein F plays a role in the ability
of strains to invade epithelial cells (Molinari et al.
1997; Jadoun et al. 1998). However, it is notable that
the presence of the gene encoding protein F is less
prevalent among serotypes responsible for invasive
disease and rheumatic fever, but usually present in
strains that successfully persist in the throat after treat-
ment for tonsillitis (Natanson et al. 1995; Neeman et al.
1998). Protein F also binds fibrinogen (Katerov et al.
1ee8).

STREPTOCOCCAL PYROGENIC EXOTOXINS AND
OTHER SUPERANTIGENS

Early studies demonstrated that the intradermal injec-
tion of culture filtrate of S. pyogenes is followed, ln some
individuals, by the development of aL area of erythema.
This reaction (the Dick test) is the direct and indirect
effect of one or more streptococcal pyrogenic exotoxins
(SPE) produced by S. pyogenes. The SPEs represent a
long array of small highly mitogenic proteins that are
produced as monomeric precursor molecules with typical
signal peptides (Betley et al. 't992). The mature secreted
toxins have superantigen activity. Superantigens share
the ability to bind to major histocompatibility complex
(MHC) class II molecules to form a complex that inter-
acts with T-cell subsets bearing particular VB regions
on their T-cell receptors. This causes antigen-nonspecific
T-cell proliferation and the release of cytokines such as
interleukins (lL-t, IL-z), tumor necrosis factor u and
interferon y, which may induce hypotension, fever, and
shock. The streptococcal exotoxins with superantigen
include SPE-A, -B, -C, -c, -H, -I, -J, -K (so far only
identifled as a pseudogene), -L, and -M, streptococcal
superantigen (SSA), and several allelic variants of strep-
tococcal mitogenic exotoxin Z (Sll.4EZ). The genes are
often located on mobile DNA elements such as a bacter-
iophage which explains why they are variably present in
strains and that identical toxins may be expressed by
different evolutionary lineages of S. pyogenes (Mollick

et al. 1993; Reda et al. 1,994:, Proft et al. 1999,2003:
Smoot et a1.,2002b). The fact that a genetically diverse
array of S. pyogenes clones expressing many different
combinations of the pyrogenic exotoxins is recovered
from contemporary invasive disease episodes suggests
that no single toxin is responsible for toxic shocklike
syndrome (Musser et al. 1991).

The streptococcal superantigens are members of a
family of bacterial superantigens, which share biological
and biochemical properties (Johnson et al. 1986; Hynes
et al. 1987). Other members include staphylococcal
enterotoxins, staphylococcal pyrogenic exotoxins, and
staphylococcal toxic shock syndrome toxin 1. Super-
antigens nearly identical to some of those found in
S. pyogenes are produced by some strains of S. equi
(group C streptococci) (Artiushin et al.2O02; Proft et al.
2003).

SPE-A AND SPE-C

SPE-A and SPE-C are both referred to as erythrogenic

exotoxins A and C, and are believed to be responsible

for the skin and mucosal rash observed in patients with

scarlet fever, When administered to young rabbits, toge-

ther with a protein to which they have been sensitized, a

skin reaction resembling that seen in scarlet fever

patients develops; injection of anti-exotoxin antibodies

prevents this reaction (Schlievert et al.1979). Besides

being pyrogenic, SPE-A and -C enhance susceptibility

to lethal shock by endotoxins (Kim and Watson L970),

streptolysin O (Schwab et al. 1955), and other

substances.

Both toxins are variably present among S. pyogenes in

accordance with the fact that the genes are carried by

temperate bacteriophages and that toxin production

depending on lysogeny is responsible for their produc-

tion (Zabriskie et al. 1972).-fhe spe-A gene was detected

in 40 percent of isolates from cases of scarlet fever in

several countries and 1,6 percent of isolates from other

conditions (Ferretti et al.1987; Musser et al. 1991).

SPE-B

SPE-B is different from other pyrogenic exotoxins in a

number of ways. It is released from cells of virtually all

S. pyogenes strains as a 398 amino acid protein (M, c.

40 kDa). The protein is subsequently converted into a

253 amino acid protein by proteolysis or autocatalytic

truncation which requires reducing conditions (Gerlach

et al. 1983; Hauser and Schlievert 1990). The truncated

protein is a cysteine proteinase which cleaves a number

of host proteins including fibronectin and vitronectin
(two abundant extracellular matrix proteins), IgG, and

human interleukin-1B precursor to generate biologically

active IL-1B, suggesting an important role in inflamma-

tion and shock (Kapur et al. 1993a,1993b; Eriksson and

Norgren 2003). Purified proteinase injected into experi-

mental animals produces myocardial necrosis and death
(Kellner and Robertson 1954). Its role in the pathogen-

esis of S. pyogenes infections is supported by several

observations:

o an inhibitor of cysteine proteinases (N-benzylox-

ycarbonyl-leucyl-valyl-glycine diazomethyl ketone)

can cure mice from an otherwise lethal dose of S.
pyogenes (Bjorck et al. 1989)

o immunization of mice with the cysteine proteinase

generates protection of mice against intraperitoneal

challenge (Kapur et al.1994)

O in patients with recent invasive infection there is a

signiflcant association between lack of antibody to

SPE-B and more severe disease course (Holm et al.
1992).

o genetic inactivation of SPE-B decreases resistance to
phagocytosis and dissemination to organs (Lukomski

et al.  1998).
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However, other studies of the effect of inactivating the
cysterne protease gene speB on virulence in mouse
models have yielded conflicting results (Ashbaugh and
Wessels 2001).

The gene encoding SPE-B is highly conserved in the
S. pyogenes population (Kapur et al. 1993b). Atthough it
is debated if SPE-B is a true superantigen that exerts
indirect toxic effects on the host, its proteolytic activity
may be directly responsible for the extensive tissue
destruction (cellulitis, fasciitis, and myositis) observed in
many patients with severe invasive and toxic shock-like
syndrome (reviewed by Rasmussen and Bjcirk 2002).
SPE-B has previously been referred to as streptococcal
proteinase precursor and interleukin-18 convertase.

STREPTOLYSINS

S. pyogenes and many other pyogenic streptococci
produce two distinct hemolysins, one which is hemolytic
in the reduced form and the other is oxygen stable and
released in serum-containing media. They have been
termed streptolysin O (oxygen labile) and streptolysin S
(serum soluble).

Streptolysin O is one of a family of lysins formed by
various bacteria including pyogenic streptococci, S.
pneumoniae (pneumolysin), Clostridium tetani (tetano-
lysin), C. perfringens (O-toxin), Bacillus cereus (cereo-
lysin) and Listeria monocytogenes. All are activated by
sulfydryl compounds and inhibited by cholesterol and
related sterols. They are antigenically related (Cowell
and Bernheimer 1977), although the similarity is not
evident from sequence comparison of the respective
genes encoding these toxins (Kehoe and Timmis 1984).
The O streptolysin is a protein of approximately 60 kDa
(Kehoe et al.  1987).

There is good evidence that streptolysin O binds to
cholesterol on the cell surface (Alouf 1980). Erythro-
cytes of all readily available animal species except the
mouse are lysed, as are polymorphonuclear leukocytes
and platelets.

The exact biological significance of streptolysin O is
not known. However, intravenous injection of strepto-
lysin O preparations into mice, rabbits, and guinea-pigs
causes death within seconds. Death is the result of an
acute toxic action on the heart (Halbert et al. 1961). It
has been suggested that streptolysin O plays a role in
the development of rheumatic fever (Gupta et al. 1986).
Serum antibodies to streptolysin O can be demonstrated
after streptococcal infection, with a frequency that
increases with the severity of the infection. The highest
titers are found in patients with rheumatic fever.

Streptolysin S is responsible for the B-hemolysis
around colonies of most pyogenic streptococci on aero-
bically incubated blood agar. Most of these oxygen-
stable hemolysins of pyogenic streptococci have similar
properties, but that produced by S. agalactiae is distinct
(Marchlewicz and Duncan 1980). Expression of Strepto-
lysin O is governed by a contiguous mini-gene locus

(sagA to sagl) which is conserved among S. pyogenes

strains regardless of M protein type (Nizet et al. 2000).

STREPTOKINASE

Strains of S. pyogenes produce a streptokinase also

referred to as flbrinolysin. It binds to human plasminogen

and triggers a conformational change and self-cleavage

that results in the formation of the active serine protease

plasmin which is responsible for cleavage of fibrin and

fibrinogen (Wulf and Mertz 1968; Ringdahl et al. 1998).

Streptokinase has been referred to as streptococcal

spreading factor because of its ability to induce lysis of

clots and fibrin deposits that limit areas of infection.

Streptokinase activity has also been detected in S.

dysgalactiae isolates from infections in humans and

various animal species and in isolates of S. equi, S.

uberis, and S. porcinus (group E). Although these

enzymes all bind human plasminogen, their ability to

activate is restricted to plasminogen from their own

host. .S. dysgalactiae slbsp. dysgalactiae (grotp C) acti-
vates equine or porcine plasminogen depending on its

origin, whereas strains of S. dysgalactiae subsp. equisi-

milis (grotp C and G) activate human plasminogen

(McCoy et al. 1991,; Vandamme et al. 1996). The strep-

tokinases produced by S. porcinus and S. uberis, simi-

larly, act only on porcine and bovine plasminogen,

respectively (Ellis and Armstrong 197 l; Leigh 1993).

The streptokinase from S. pyogenes is a 46 kDa extra-

cellular protein encoded by the ska gene (Ohkuni et al.

1.992). There is substantial diversity of the ska gene,

giving rise to antigenic and chemical diversity (Gerlach

and Kohler 1979; Huang et al. 1989; Reed et aI.1993).

csA PEPTTDASE (SCP)

C5a peptidase is a large (over 1 100 amino acids) surface-

associated serine proteinase produced by all members of

S pyogenes. The gene encoding the enzyme (scpA) is
part of the mga regulon (Figure 33.6). C5a peptidase

specifically cleaves human C5a, one of the principal

chemoattractants of polymorphonuclear leukocytes

(Wexler et al. 1985). The enzyme is produced as a
precursor protein of approximately 128 kDa which

includes membrane and wall-spanning domains (Chen

and Cleary 1990). It cleaves a specific Lys-Asp peptide

bond near the C-terminus of C5a, thereby destroying

its ability to attract polymorphonuclear leukocytes

(O'Connor and Cleary 1987). Neutralizing antibodies to

the C5a peptidase are opsonic and can be detected in sera

and secretions of patients recovering from .1. pyogenes

infections (O'Connor et al. 1991). Recent studies suggest

that, in addition to the protease activity, the large protein

is one of several potential invasins (Cheng et aL.2002).

Highly related C5a peptidases are produced by all

strains of S. agalactiae (gene scpB) and by group C and G

streptococci of human origin, presumably S. dysgalactiae

su.bsp. equisimllls (Cleary et al. 1997; Chmouryguina et al.

1996). The scp gene is highly conserved but some
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sequence variation with potential functional significance

has been detected in the 3' end in S. pyogenes (Koroleva

et al.2O02).

HYALURONIDASE

Hyaluronidase activity can be detected in virtually all

strains of S. pyogenes, and antibodies can be detected in

human convalescent sera. The activity in some M types

of S pyogenes (Ml2 and M49) is phage-associated

(Hynes and Ferretti 1989). Hyaluronidase activity is also

present in some strains of S. agalactiae, S equi, S. dysga-

lactiae, S. uberis, S. sals, S. intermedius, S. constellatus,

and S. pneumoniae, and is often bacteriophage-asso-

ciated (Schaufuss et al. 1989; Homer et al. 1993; Hauge

et al. 1996; Granlund et al. 1997). Although the enzyme

is believed to be a spreading factor favoring invasion of

tissues, there is no direct evidence to support this.

NUCLEASES

All strains of S. pyogenes form at least one DNase. Of

the four enzymes (A-D) that have been detected (Gray

1972), the B enzyme is the predominant nuclease in S.

pyogenes. Antibodies to the B nuclease appear after

most infections with S. pyogenes. Similar nucleases have

been demonstrated in strains of group C streptococci.

NEURAMINIDASE

Neuraminidase (sialidase) activity has been detected in

S. pyogenes, S. dysgalactiae, S. pneumoniae, S. oralis, S.

intermedius, and in some strains of S. mitis (Hayano et al.

1969; Kilian et al. 1989; Whiley et al. 1990b). In contrast

to neuraminidases of Vibrio cholerae and clostridia, the

streptococcal enzyme acts also on O-acetylated sialic

acids (Varki andDtaz 1983). The enzyme is a candidate

colonization factor for pathogens and commensals that

survive on mucosal surfaces.

SERUM-OPACITY FACTOR

Many strains of S. pyogenes grown in a medium

consisting of three parts horse serum to one of broth

induce an opalescence of the serum, which is associated

with the expression of an apoproteinase (Saravani and

Martin 1990). Isolates of S. pyogenes can be divided into

two major groups on the basis of presence or absence

of the opacity factor (OF), which is strongly correlated

to M-types (Top and Wannamaker 1968; Widdowson

et al. 1976). Subsequent studies have shown that the

factor is produced exclusively by strains expressing M

protein of class II (Bessen et al. 1989). OF is extractable

with hot acid from M-positive strains but not from M-

negative variants of them. Purification of M antigen

from positive strains yields material progressively richer

in opacity factor but the two substances can be partly

separated (Hallas and Widdowson 1983). The exact

biological function of OF is not known but the protein

binds flbronectin (Rakonjac et al. 1995) and mutated

strains lacking OF show reduced pathogenicity in a

mouse model (Courtney et al. 1999). Neutralizing anti-

bodies can be detected in some human convalescent

sera.

TYPING OF S. PYOGENES

The variation in the M protein molecule between

different strains is the basis of the Lancef,eld M sero-

typing scheme for S. pyogenes (Lancefleld 1962).'fyptng

is usually performed as a precipitation reaction with

extensively absorbed antisera prepared against whole

bacteria. The antigenic determinants of the M-typing

procedure are resistant to heat and acid, are precipitated

by ethanol, and destroyed by trypsin. It is conceivable

that M-typing based on polymerase chain reaction

(PCR) sequencing of M protein genes (emm) or using

sequence-specific oligonucleotide probes will gradually

replace serological typing (Scott et al. 1985; Kaufhold

et al. 1992', Beall et al. 1996). This method may also be

applied to isolates that do not react with available anti-

sera (Relf et al. 1992). More than 120 emm sequence

types are recognized among S. pyogenes and at least 30

emm types have been detected among group C and G

isolates (Facklam et al. 2002, www.cdc.gov/ncidod/

biotech/strep/strains.html). For the majority of M types,

a direct correlation between the M-typing reaction and a

specific M protein has not been established and it

remains possible that serologically defined type specifi-

city might reflect variation in more than one of member

of the M protein family (Fischetti 1989; Kaufhold et al.

1992, 7994; Whatmore et al. 1994; Musser et al. 1995).

Strains expressing the same M protein are not necessa-

rily genetically related. Thus, studies of large numbers of

strains by multilocus erzyme electrophoresis and DNA-

based techniques demonstrated substantial genetic diver-

sity within single M-types (Norgren et al. 1992i Haase

et al. 1994; Seppiilii et al. 1994; Musser et al. 1995). The

lack of concordance between emm type and overall

genetic relationship is particularly striking among group

C and G streptococci (Kalia et al. 2001).

The second typing system developed by Lancefield is

based on the T antigens, which are less resistant to heat

and acid, are not precipitated by ethanol, and are trypsin

resistant (Kehoe 1994). It was recognized from the

beginning (Lancefield 1940) that M and T antigens are

not necessarily separate chemical entities. Occasionally,

strains with the same M type show different T type reac-

tivity. T typing has been a powerful adjunct to M typing

and may provide markers for typing of strains in which

no recognized M antigen can be detected (Gaworzewska

and Colman 1988).

More recently, a highly sensititive typing system based

on partial sequencing of seven gene loci encoding house-

keeping enzymes (multilocus sequence typing (MLST))

was established. The system is generally accessible for

reference at www.spyogenes.mlst.net (Enright et al.

2Oo1).
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S. agalactiae

S. agalactiae or group B streptococci (GBS) are impor-
tant causes of mastitis in cattle and, since 1960, have
been recognized as the leading cause of early- and late-
onset septicemia and meningitis in neonates and as an
important cause of invasive infections in elderly or
immunocompromised adults. Its ability to survive in the
host is, to a high degree, dependent on its ability to
resist phagocytosis.

Although phylogenetically related to S. pyogenes only
55 percent of the predicted genes of S. agalactiae have
an ortholog in S pyogenes, representing a conserved
backbone between these two pathogenic spe"cies. Among
the remaining genes in S. agalactiae,50 percent are clus-
tered within 14 islands, which contain known and puta-
tive virulence genes mainly encoding surface proteins.
Many of these genes are associated with mobile
elements, including bacteriophages, transposons, and
insertion sequences, which suggests acquisition of
specific virulence traits from other species (Glaser et al.
2002; Tettelin et al.2002).

CAPSULE

Clinical isolates of S agalactiae produce a poly-
saccharide capsule. A total of nine different capsular
serotypes (Ia, Ib, and II-VII) has been demonstrated
(Lancefield \934, 1938; Perch et aL. 1,979; Kogan et al.
1994, 1995, 1996). They are all polysaccharides
composed of galactose and glucose, combined with
2-acetamido-2-deoxyglucose, rhamnose, or N-acetyl-
glucosamine, and with terminally positioned sialic acid
which gives them a net negative charge (Jennings et al.
1983; Schifferle et al. 1985; Wessels et al. 1987,l99la;
DiFabio et al. 1989; Kogan et al. 1994, 7995, 1996).
The serotype designation Ic is no longer used. The c
antigen is a protein which is present in nearly all
strains of type Ib, some of Ia, and also in other sero-
types. Strains containing the c antigen are now desig-
nated Ib/c, Illc, IIIlc, NT/c, etc. (NT indicates that the
strain is nontypable with recognized antisera)
(Henrichsen et al. 1984).

Most of the serotypes constitute separate evolu-
tionary lineages that correlate with the expression of
other properties such as u, B, and Rib proteins and
hyaluronidase activity (Stilhammar-Carlemalm et al.
1993; Hauge et al. 1,996; Wdstfelt et al. L996). Two
separate evolutionary lineages, which seem to differ in
pathogenic potential, express serotype III capsular
polysaccharide, suggesting horizontal transfer of the
capsular biosynthesis genes (Musser et al. 1989; Hauge
et al. 1996). Recent studies show that a single gene in
the capsule gene locus converts serotype Ia to III
(Chaffin et al. 2000).

The sialic-acid containing capsular polysaccharides are
essential virulence factors (Rubens et al. 1987). In the

absence of specific antibody they prevent alternative

pathway complement activation, and ensuing phago-

cytosis, by limiting deposition of the C3-convertase

complex. This effect is eliminated by removal of sialic

acid residues, and serum lacking antibodies to the

complete antigen is not opsonic (Edwards et al. 1982;

Wessels et al. 1989). Although invasive infection may be

associated with all serotypes, strains with serotype III

capsule predominate among isolates from neonatal

infection (Baker and Barrett 1974; Dillon et al. 1987|'

Musser et al. 1989). During recent years, successful

spread of a serotype V clone has been observed in both

North America and Europe (Harrison et al. L998; Lin

et al. 1998; Le Thomas-Bories et aI.2001.).

CAMP FACTOR AND HEMOLYSIN

Most strains of S. agalactiae isolated from human

sources give a narrow and indistinct zone of p-hemolysis.

Bovine strains are more often nonhemolytic. However,

practically all strains, whether hemolytic or not, give a

positive CAMP reaction: they produce a diffusible

substance that completes the lysis of sheep erythrocytes

exposed to a sphingomyelinase C such as staphylococcal

B-toxin or the a-toxin of C. perfringens (Sterzik and

Fehrenbach 1985).

Purifled CAMP factor is lethal to rabbits when

injected intravenously (Skalka and Smola 1981).

Furthermore, its role as a virulence factor is supported

by its ability to bind immunoglobulins G and M of

humans and several animal species via the Fc part

(Jiirgens et al. 1987). It has also been referred to as

protein B.

The hemolysin of S. agalactiae, which has been cloned

and sequenced (Conrads et al. 1991), is not related to

the streptolysins of S. pyogenes. It has been considered a

virulence factor, but isogenic strains with and without

expression of the hemolysin show no significant differ-

ence in virulence in a neonatal rat model (Weiser and

Rubens 1987).

OTHER VIRULENCE FACTORS

Like S. pyogenes, strains of ,5. agalactiae produce

several surface proteins which bind various host

proteins, a C5a peptidase and hyaluronidase, although

strains differ in their expression of the respective

factors (Musser et al. 1989; StAlhammar-Carlemalm

et al. 1993; Hauge et al. 1996; Wiistfelt et al. 1996).

Earlier studies demonstrated enhanced neuraminidase

production in S agalactlae isolates from babies with

invasive disease compared to those from colonized

infants (Milligan et al. 7978a; Musser et al. 1989).

However, subsequent studies have shown that S.

agalactiae does not have neuraminidase activity and

that its detection was an artefact due to contamina-

tion of experimental commercial substrates with

hyaluronic acid (Pritchard and Lin 1993).
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WPING OF S. AGALACTIAE

Capsular typing of isolates by serological means is tech-
nically difficult and satisfactory typing sera are not

commercially available. Recently, serotype identification

was achieved by PCR and sequencing of cap genes

(Kong et al. 2002). DNA-based techniques may be

used for differention of clones. An MLST system devel-

oped for S. agalactiae can be accessed at www.saga-

lactiae.mlst.net (Jones et al. 2003).

S. pneumoniae

Pneumococci are diplococci, hence the former name
' Diplococcus pneumoniae.' Although genetically closely

associated with oral streptococci, S. pneumoniae is an
important pathogen which, to a high degree, is ascribed

to its polysaccharide capsule.

CAPSULE

The capsule of S pneumoniae rs a critical virulence

factor. It enables the bacteria to resist phagocytosis

either by resident pulmonary macrophages or by

recruited polymorphonuclear leukocytes. Antibodies to

the capsule confer protection. The sizes of pneumo-

coccal capsules vary depending on the strain, the

capsular type and the growth conditions (Macleod and
Krauss 1950; S6rensen et al. 1988). The capsular poly-

saccharides can be isolated by alcohol precipitation but
most preparations, including commercial vaccine
preparations, contain contaminants of cell wall poly-

saccharide (C polysaccharide) which cannot be elimi-
nated owing to covalent linking through the cell wall
petidoglycan (Sprensen and Henrichsen 1984; S@rensen

et al.  1990).

A total of 90 distinct capsular serotypes have been

demonstrated (Kaufmann et al. 1960; Henrichsen 1995).

Although they were identified by serological techniques,

the chemical structures of many have been determined
(for reviews see Kenne and Lindberg 1983; van Dam

et al. 1990). Two different numbering systems have been

used. The American system numbered all distinguish-

able types in order of discovery. The Danish system
places antigenically closely related types together in
groups (for example, Danish group 19 includes types
19F, 19A, 19B, and 19C which in the American system

were types 19, 57, 58, and 59, respectively) (Henrichsen

1979,1995; van Dam et al. 1990). The Danish method of
numbering has prevailed. Six of the pneumococcal

capsular polysaccharides (24A, 27 , 28A, 28F, 32A, 32F)
cross-react with C polysaccharide (see below) because
they contain phosphorylcholine in their structure
(Sprensen 1986). A few may be characterized as teichoic

acids as they include phosphodiester linkages.
The genes essential for synthesis of the individual

capsular polysaccharides are currently being mapped
(Guidolin et al. 1994; Garcia et al. 2000; Hoskins et al.

2001; Tettelin et al. 2001). Recent data confirm the

original observations by Grifflth (1928) that changes in

capsular type by recombination occur and that this may

be a relatively frequent event which possibly will be

intensified by the selective pressure exerted by vaccrna-

tion against a limited number of serotypes (Coffey et al.

1ee8).

TEICHOIC ACIDS AND PHOSPHOCHOLINE

The cell-wall polysaccharide common to all pneumo-

cocci, which is the equivalent of the Lancefield group

polysaccharides of other streptococci, is called the C

polysaccharide (C substance) (Tomasz 1981). It is

composed oJ the chemically defined wall teichoic acid

linked to fragments of peptidoglycan. The wall teichoic

acid is a ribitol teichoic acid associated with one or two

phosphocholine residues per repeating unit (Jennings

et al. 1980; Behr et al.1992: Fischer et al. 1993; Karlsson

et al. 1999). The C polysaccharide is identical to the

group O antigen that is chacteristic of S. nltis (Berg-

strom et al.2000).

The lipoteichoic acid of pneumococci is also referred

to as the F antigen (Forsman antigen) (Briles and

Tomasz 1973). It is designated F antigen because is can

evoke heterophilic antibodies that cross-react with anti-

gens of the Forsman series (e.g. on sheep erythrocytes).

Antibodies against the F antigen cross-react with Lance-

field group C polysaccharide (Sgrensen and Henrichsen

1e87).
Phosphocholine is a crucial component of both lipo-

teichoic acid and the cell-wall teichoic acid (C poly-

saccharide). The phosphocholine residues are required

for transformability, activity of autolysins, separation of

daughter cells after cell division, and for the anchoring

of many of the surface-exposed proteins (choline-

binding proteins) that play important roles in pneumo-

coccal infections (Fischer 2000).

IGA1 PROTEASE AND OTHER ZINC-METALLO-
PROTEINASES

Pneumococci of all serotypes secrete a highly specific

endopeptidase which cleaves a Pro-Thr peptide bond in

the hinge region of human IgA1, which is the principal

mediator of specific immunity in the upper respiratory

tract and the predominant IgA subclass in human serum.

Cleavage of IgAl in the hinge region abolishes the cross-

binding activity and all secondary effector functions asso-

ciated with the Fc portion of the antibody molecules. In

addition, it has been hypothesized that the bacteria mask

surface epitopes with the released monomeric Fab frag-

ments which also inhibit complement activation (Kilian

et al. 1996). Recent studies indicate that coating with

released Fab fragments of 19'{L antibodies enables pneu-

mococci to negate the hydrophilic properties of the

capsule and to adhere to epithelial cells (Weiser et al.

2003). Several comprehensive genome-based screenings

have confirmed that the IgAl protease is a crucial viru-
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lence factor of pneumococci even in experimental infec-
tions in mice whose IgA is not susceptible to cleavage
(Polissi et al. 1998; Chiavolini et al. 2003).

The pneumococcal IgAl protease shows signiflcant
antigenic diversity (Lomholt 1995). Genetically and
functionally related IgAl proteases are produced by S.
oralis, S. mitis, and S. sanguis and functionally identical
but genetically unrelated IgAl proteases are secreted by
strains of Haemophilus influenzae, Neisseria meningi-
tidis, and N. gonorrhoeae (Kilian et al. 1996; Poulsen
et al. 1996; Wani et al. 1996).

The IgAl protease is one of several (usually two to
three) zinc-metallo-proteinases produced by pneumo-
cocci (Tettelin et al. 2001; Chiavolini et al. 2003). The
function of the other proteases, ZmpB and ZmpC, is
incompletely elucidated. ZmpC cleaves and inactivates
human matrix metallo-proteinase 9 and ZmpB induces
production of tumor necrosis factor q in the respiratory
tract (Oggioni et al. 2003; Blue et al.2003).

OTHER VIRULENCE FACTORS

Pneumococci produce an intracellular hemolysin (pneu-
molysin) which is liberated by autolysis. Like strepto-
lysin O of S. pyogenes, pneumolysin belongs to the
family of thiol-activated toxins, which lose their activity
on oxidation (Smyth and Duncan 1978). The two lysins
are very similar in structure and contain a single cysteine
residue (Walker et al. 1987); they are irreversibly inacti-
vated by cholesterol and are immunogenic during infec-
tion (Kanclerski et al. 1988). Pneumolysin inhibits
neutrophil chemotaxis, phagocytosis, and the respiratory
burst and, furthermore, inhibits lymphocyte proliferation
and immunoglobulin synthesis (Paton and Ferrante
1983; Ferrante et al.  1984).

Pneumococci carry numerous surface proteins of
which several have been studied in detail (reviewed by
Jedrzejas 2001). Pneumococcal surface protein (PspA)
shows some similarities to M proteins of S. pyogenes
(Yother et al. 1991). PspA is an inhibitor of factor B-
mediated complement activation and binds lactoferrin
(Hakansson et aL. 2001; Hammerschmidt et al. 1999).
Although PspA shows considerable antigenic diversity,
immunization of mice with a recombinant PspA from
one pneumococcal serotype conferred protection to
challenge with different serotypes (McDaniel et al.
1991). PspC (synonyms: SpsA and CbpA) is a surface
protein present in approximately 75 percent of clinical
isolates. It binds secretory component of secretory IgA
(S-IgA), and has been reported to interact with human
lung cells and endothelial cells, and binds factor H of
the complement system (Hammerschmidt et aI. 1997;
Brooks-Walter et al. 1999; Dave et al. 2001). PavA is a
surface protein that binds fibronectin like the fibro-
nectin-binding protein of S. pyogenes and the CshA
protein of S. gordonii (Courtney et al. L996; McNab et al.
1996; Holmes et al.  2001).

The autolysin (LytA) of pneumococci when activated,

breaks the peptide cross-linking of the cell-wall pepti-

doglycan, enabling the release of pneumolysin (Lee and

Lil 1,977). In addition, cell-wall fragments released

during autolysis lead to a self-perpetuating inflammatory

response which is an important part of the pathogenesis

of pneumococcal pneumonia and meningitis (Johnson

et al. 1981; Tuomanen et al. 1985).

Like several of the pyogenic streptococci, pneumo-

cocci produce neuraminidases (NanA and NanB), and a

hyaluronidase which are believed to contribute to the

virulence of pneumococci. The neuraminidases strip

sialic acid from the lung mucosa, thus exposing receptors

for pneumococcal adherence (McCullers and Bartmess

2003). Proteolytic activity resulting in degradation of

complement factor C3 is associated with a protease

called PhpA (Angel et al.1994; Zhang et al. 2001). A

comprehensive review of virulence factors of S. pneumo-

niae has been published by Jedrzejas (2001).

TYPING OF S. PNEUMONIAE

Serotyping based on capsular polysaccharides has been
the traditional typing method for pneumococci and will

remain important because of its relevance for monl-

toring the success of vaccination which is based on a

limited selection of the 90 capsular types. For other

purposes various DNA based techniques are more

discriminatory. An MLST system developed for S. pneu-

moniae can be accessed at www.spneumoniae.mlst.net
(Enright and Spratt 1998).

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Members of the genus Streptococcus are naturally

susceptible to a wide range of therapeutically useful

antibiotics. The pyogenic streptococci and some, but not

all, pneumococci and other viridans streptococci are

inhibited by readily achievable blood levels of benzylpe-

nicillin, although moderate penicillin tolerance was

recently described in S. pyogenes (De Melo et al. 2003).

Streptococci are more or less resistant to all the amino-

glycoside antibiotics (Horodniceanu et al. 1982).

As mentioned above, streptococci may be resistant to

multiple antibiotics such as tetracycline, streptomycin,

erythromycin, and chloramphenicol as a result of the

acquisition of resistance genes on mobile genetic eleme-

ments. Of special clinical concern is the increasing

prevalence of penicillin resistance of S. pneumoniae

strains in several parts of the world. Penicillin resistance

is often associated with resistance to multiple other anti-

biotics (Appelbaum 1992l- Doern et al. 1996). Likewise,

in parts of Asia, all clinical isolates of S. pyogenes

became resistant to erythromycin within less than six

months (Gerber 1995). Vancomycin resistance has been
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described in clinical isolates of 'Streptococcus bovis'
(Poyart et al.1997).

Penicillin resistance in S. pneumoniae is dlue to altera-

tions of penicillin-binding proteins, the enzymes that

assemble the cell-wall peptidoglycan layers (Tomasz

1987). Penicillin resistance among pneumococci has been
primarily associated with strains of serotypes 68, 14,

19A, and 23F, which have been successfully spreading to
several countries with a high level of antibiotics usage.
In several countries, 5G-80 percent of pneumococcal

isolates are penicillin-resistant (Crook and Spratt 1998).

Genetic studies indicate that resistance to pencillins,

cephalosporin, and some other antibiotics evolved by

accumulation of point mutations in relevant chromo-
somal genes in commensal species such as .S. rniris and S.
oralis, which serve as a genetic reservoir for S. pneumo-

niae (Dowson et al. 1990, 1993; Sibold et al. 1994; Konig

et al. 1998; Janoir et al. 1999). In addition to beta-lactam
antibiotics, resistance to erythromycin, fluoquinolones

including levofloxacin, gentamicin, tetracycline, chlor-
amphenicol, trimethoprim-sulfamethoxazole, and vanco-

mycin has been described in clinical isolates of S. pneu-

moniae, S. mitis, and S. oralis (Klugman 1990; Kaufhold

and Potgieter 1993; Krcmery et al. 1996; Gonzalez et al.
1998; Entenza et al. 1999; Wisplinghoff et al. 1999;,
Novak et al.1999).

Differences in susceptibility to certain agents are
useful for the presumptive identification of particular

streptococci: for example, sensitivity to bacitracin and
optochin, which can be detected by means of standar-

dized disk tests. The frequent resistance of leuconostocs
and pediococci to vancomycin is similarly of value in

distinguishing them from streptococci.

Streptococci are destroyed by the usual strengths of

disinfectants but may survive for months in dry dust in
buildings. Streptococcus species are killed by moist heat

at 55'C for 30 min. in contrast to the enterococci and
some of the lactic streptococci and the exceptional S.
thermophilus.

ANTI MICROBIAL SUSCEPTIBI LITY
TESTING OF STREPTOCOCCI

The broth microdilution method is the method recom-
mended and considered the reference for susceptibility

testing of pneumococci and other Streptococcus species
(National Committee for Clinical Laboratory Standards
2000, 2002). This method, which may be used for all
relevant antimicrobial agents, employs cation-adjusted
Mueller-Hinton broth with 2-5 percent lysed horse

blood (CAMHB-LHB) as growth medium and incuba-
tion for 2424 h in ambient air. As an alternative. a
disk diffusion method performed on Mueller-Hinton
agar with 5 percent sheep blood incubated in 5-7
percent CO2 may be used. However, the method does
not work for the B-lactam antibiotics when applied to
pneumococci and other viridans streptococci unless

oxacillin is used (National Committee for Clinical

Laboratory Standards 2000, 2002). Details of inter-

pretative criteria have been compiled by Hindler and

Swenson (2003). It is noteworthy that the recom-

mended breakpoints that define the degree of suscept-

ibility, mainly to penicillin, differs between pneumo-

cocci and other streptococci.

Several commercial systems are available for deter-

mining minimal inhibitory concentrations (MIC) of anti-

microbial agents for streptococci, although most have

been evaluated only for pneumococci. The most widely

used and evaluated option is the E-test (AB Biodisk,

Solna, Sweden) (Jorgensen et al. 1994; Tenover et al.

1996). However, penicillin MICs determined by the E-

test are slightly lower than those determined by the

standard broth microdilution procedure (Jorgensen et al.

1994). Other FDA approved methods (for pneumococci)

are Pasco (Difco, Wheatridge, CO), MicroScan (Dade

MicroScan Inc., West Sacramento, CA), MicroTech

(Aurora, Colorado), Sensititre (Trek Diagnostic Systems

Inc., Westlake, OH), and Vitek 2 (bioM6rieux Inc,

Hazelwood, MO).

Susceptibility testing of the fastidious streptococci of

the genera Abiotrophia and Granulicatella can be

accomplished by adding 0.001 percent pyridoxal HCL to

the growth medium (Ruoff 1991).

ABIOTROPHIA AND GRA NU LICATELLA

Members of the two genera Abiotrophia and Granulica-

tella constilttle the so-called nutritionally variant strepto-

cocci (NVS). They grow as satellite colonies around

other microorganisms and in complex media only when

supplemented with sulfydryl compounds such as

cysteine. They have previously been referred to as satel-

lite or symbiotic streptococci, thiol-requiring strepto-

cocci, vitamin 86- or pyridoxal-dependent streptococci

or NVS. They were previously considered nutritional

variants of other streptococcal species, in particular S.

mitis. Boret and coworkers (1985, 1989) demonstrated

two distinct nutritional variants originally proposed as
'Streptococcus adjacens' and'S. defectivus' respectively.

Subsequent comparisons of 165 rRNA gene sequences

revealed that they are quite distinct from other species

in the genus Streptococcus, which led to the proposal

that they be placed in a new genus Abiotrophia as A.

adiacens and A. defectlva, respectively (Kawamura et al.

1995b). Subsequently, three additional species were

described, A. elegans and A. paraadiacens, and A. balae-

nopterae (isolated from a minke whale) (Roggenkamp

et al. 1998; Lawson et al. 1999; Kanamoto et al. 2000).

Based on phylogenetic analysis Collins and Lawson

(2000) transferred three of the species to a new genus

Granulicatella as Granulicatella adiacens, G. elegans, and

G. balaenopterae.

Members of the two genera form minute cr-hemolytic

colonies on sheep blood agar supplemented with 10 mg/l
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pyridoxal hydrochloride or 100 mg/l cysteine. Their cell
morphology depends upon growth conditions and phase.
When cultivated in pyridoxal- or cysteine-supplemented
complex media, they are pleomorphic with chains that
include cocci, coccobacilli, and rod-shaped cells. A
tendency towards rod formation is observed in the
stationary growth phase. In a semisynthetic medium
(CDMT) they form small ovoid cocci (diameter 0.4-
0.55 pm) which occur singly, in pairs, or in chains of
variable length. They do not produce extracellular poly-
saccharides from sucrose and may be easily distin-
guished from the mitis group of streptococci by their
growth characteristics and the production of pyrroli-
donyl-arylamidase (Bouvet et al. 1989). A comprehen-
sive study of their enzymatic activities have been
presented by Beighton et al. (1995) and Christensen and
Facklam (2001).

Abiotrophia and Granulicatella species (with the
exception of G. balaenopterae) form part of the resident
microflora of the human oral cavity (Mikkelsen et al.
2000; Paster et al. 2001; Kazor et al. 2003) and
other parts of the upper respiratory tract, and may be
isolated from vaginal and intestinal tracts. Like most
members of the mitis group of streptococci they have
been isolated from various human infections including
subacute endocarditis, brain abscesses, and wound infec-
tions, and from urine (Ruoff 1991; Christensen and
Facklam 2001).

LACTOBACILLUS

GENUS DEFINITION

Lactobacilli are straight or curved rods of varying
length and thickness, with parallel sides, arranged singly
or in chains, sometimes filamentous or pleomorphic,
without branching, clubbing or bifid formation. They are
gram-positive and nonsporing. Colonies on agar media
are usually small. They have complex nutritional
requirements. Growth is favored by anaerobic or micro-
aerobic conditions and by carbon dioxide. Energy is
obtained by the fermentation of sugars; glucose is
fermented, and either lactic acid alone or lactic acid
along with other volatile acids and carbon dioxide is
formed. Most strains have cell wall bound proteinases
and peptidases. There is no production of catalase,
oxidase, or indole and no reduction of nitrate. The
organisms are readily killed by heat but unusually
tolerant of acid. Lactobacilli are widely distributed in
fermenting vegetable and animal products and in the
alimentary tract of humans and animals. They are
rarely pathogenic for humans. The G + C content
of DNA is 32-53 mol%. The genus includes more
than 90 recognized species (www.dsmz.de/bactnom/

nam1537.htm; Figure 33.8). The type species is Lactoba-
cillus delbrueckii.

INTRODUCTION AND HISTORICAL
PERSPECTIVE

The type species ofthe genus Lactobacillus, L. delbrueckii,

was originally isolated from milk by Leichmann (1896). A

similar bacillus was observed by Doderlein in 1892 in the

vaginal secretion of women, but the identity of this

organism is in doubt (Sharpe 1981). In 1900, Moro

cultured a slender gram-positive bacillus, L. acidophilus,

from the feces of breast-fed babies. Lactobacilli from

cheese were named L. casei by Orla-Jensen (1904) and

Heinemann and Hefferan (1909) isolated lactobacilli from

human saliva, gastric juice, soil, and various foods. An

organism isolated from carious teeth and named L. odon-

tolyticus (Mclntosh et al. 1922, 1924) is probably the same

as L. plantarum which was described by Pederson (1936).

For other references on early work with lactobacilli see

previous editions of this book.

The decision to describe Streptococcus and Lacto-

bacillus in the same chapter follows Orla-Jensen's (1919,

1943) concept of a cluster of'lactic-acid bacteria.' Orla

Jensen's primary division was between the homo-

fermentative thermobacteria and streptobacteria on one

hand and the heterofermentative betabacteria on the

other. The streptobacteria will grow at 15'C and most

thermobacteria at 45"C. One organism currently classi-

fied as a streptobacterium, L. casei var. rhamnosus, wlll

grow at either temperature.

The species of lactobacilli described here include

those isolated most commonly in medical laboratories.

Kandler and Weiss (1986), Sharpe (1981), Hammes et al.

(1991), and Hammes and Vogel (1995) offer more

comprehensive descriptions and review their classiflca-

tion. The review by Hammes et al. (1991) provides a

comprehensive survey of the isolation, ecophysiology,

identification, and application of lactobacilli. Schillinger

and Liicke (1987) give an account of the lactobacilli

present in meat and meat products.

There is renewed interest in lactobacilli in human

medicine because of the probiotic effects of some

species. The complete genome sequence of a strain of

Lactobacillus /aclls subsp. lactis has been determined
(Bolotin et al. 2001).

HABITATS

Lactobacilli are found where rich carbohydrate-

containing substrates are available; they live in a variety

of habitats such as on mucosal membranes of humans

and animals (oral cavity, intestine, and vagina), in plant

materials such as silage, and in foodstuffs and agri-

cultural products, particularly milk, cheese, and

fermented milk products and in fermented beverages

such as wine and cider. In some of these products the

multiplication of lactobacilli brings about desirable

changes, in others it causes spoilage. In the body flora,

lactobacilli are present in moderately large numbers in
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Figure 33.8 Phylogenetic relationships of Lactobacillus species for which complete 165 rRNA gene sequences are available The tree
was prepared by the neighbour-joining (NJ) method using MEGA2 (Kumar et al. 2001) With few exceptions, species within light blue
circles are obligately homofermentative, within yellow circles obligately heterofermentative, and within pink circles facultatively
heterofermentative

the mouth, gut, and vagina but seldom predominate

(Salminen et al. 1993). Members of several species of
lactobacilli are found at each of these sites. In general,

those most often present in the body flora are: in the

mouth, L. casei, L. fermentum, L. brevis, and L. acid-
ophilus (Rogosa et al. 1953); in the small intestine,

L. acidophilus, L. fermentum, L. salivarius, and L. reuteri
(Molin et al. 1993) and in the vagina primarlly L. uis-
patus, L. jensenii, L. gasseri, and to a smaller degree,
L. acidophilus, L. fermentum, L. casei, L. cellobiosus,

L. coleohominis, L. mucosae, L. paracasei, L. reuteri,

L. rhamnosus, L. ruminis, and L. vaginalls (Sharpe 1981;

Antonio et al. 1999; Nikolaitchouk et al.20Ol; Pavlova

and Kilic 2002). These species belong in several evolu-

tionary clusters within the genus (Figure 33.8).

MORPHOLOGY

Lactobacilli are in general fairly large nonsporing, gram-

positive rods, but they vary in length and breadth and in
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old cultures tend to be gram-negative. A few strarns are
motile by peritrichous flagella. Metachromatic granules
are prominent in some species, notably L. lactis, L.
leichmannii, and -L. bulgaricus. Some members form
Iong chains with cells coiled or twisted. The thermo-
bacteria are usually large, thick, and often filamentous.
Among the streptobacteria, L. casei is a short square-
ended rod, forming chains of varying length. L. plan-
tarum varies in length from coccoid to short filamentous
forms. Two variants of streptococci previously classifled
as'Streptococcus lactis' with a tendency to form elon-
gated cells, have been reclassified as L. xylosus and L.
hordniae (Garvie et al. 1981; Schleifer et al. 1985).

CU LTU RAL CHARACTERISTICS

All media for the isolation of lactobacilli are complex. A
widely used nonselective medium, at pH 6.2-6.4, is the
MRS medium of de Man et al. (1960). For selective
isolation the acetate medium (SL) of Rogosa et al.
(1951) is the medium of choice particularly when
prepared in the manner described by Sharpe (1981). The
presence of Tween 80 stimulates the growth of many
lactobacilli and a high content of acetate at pH 5.4 is
selective for them. Sharpe (1981) recommends addi-
tional media for the isolation of lactobacilli from foods
and beverages because those from specialized environ-
ments may require more specific supplements.

Colonies on agar media are usually small, 1-3 mm in
diameter, with entire margins. Some species form rough
colonies. Rogosa and Sharpe (1959) made the general
observation that colonies of streptobacteria are smooth
and those of thermobacteria are rough. Some strains
isolated from foodstuffs form slime.

METABOLISM

In the homofermentative species, the streptobacteria
and the thermobacteria, glucose is broken down to lactic
acid almost exclusively by the Embden-Meyerhof
pathway. The heterofermentative species, the beta-
bacteria, possess the 6-phosphogluconate pathway in
which the end products are carbon dioxide, acetic acid,
ethanol, and lactic acid (see Kandler 1982). Some
species are facultatively heterofermentative. They
ferment hexoses almost exclusively to lactic acid by the
Embden-Meyerhof pathway. In addition, the organisms
possess both aldolase and phosphoketolase, and are
capable of fermenting pentoses (and often gluconate). In
the presence of glucose, the enzymes of the phosphoglu-
conate pathway are repressed (Hammes and Vogel
1995). Because carbon dioxide is soluble in water, the
conventional Durham tube is inapplicable and other
methods, such as a shake culture in MRS agar in a tube
with a plain agar overlay as a seal, are required to
demonstrate carbon dioxide production. Practically all of

the streptobacteria and betabacteria, but none of the

thermobacteria. ferment ribose.

The lactobacilli are acidophilic and grow best in

medium at about pH 6. They are aciduric and the final

pH in glucose broth with some species can be as low as

3.5. For testing the fermentation of carbohydrates,

Rogosa and Sharpe (1959) recommend a medium with

an initial pH of 5.5-6.0. Kits in which patterns of

fermentation are determined against many different

carbohydrates are often employed for identification
(Hammes et al. 1991).

Most of the lactobacilli will grow in air but grow best

in an atmosphere lacking oxygen but supplemented with

carbon dioxide (Rogosa and Sharpe 1959). A few are

strict anaerobes. The catalase test is nearly always nega-

tive and the occasional weakly positive reaction can be

attributed to a pseudocatalase action because negative

benzidine tests indicate the absence of a cytochrome

system (Sharpe 1981).

The temperature at which growth occurs varies with

the species. Thermobacteria grow best at 37-40"C; none

grows at 15"C and most will grow at 45'C. The optimum

for streptobacteria is about 30'C; all grow at 15'C.

Among the betabacterra, L. brevis, L. buchneri, and

L. viridescens resemble streptobacteria, L. fermentum
resembles thermobacteria. L. cellobiosus is variable in

this characteristic.

Other nutritional requirements

The nutritional requirements of lactobacilli are complex

and varied but are normally met by media which, in

addition to fermentable carbohydrate, contain peptone,

meat, and yeast extract. Supplements that are stimu-

latory, or even essential, include tomato juice, manga-

nese, acetate, and oleic acid esters, and Tween 80 in

particular. Requirements for vitamins are scattered

throughout the species and vitamin-dependent strains

are used for bioassays. Thiamine is necessary for the

growth of nearly all the heterofermentative organisms

but not those that are homofermentative (Ledesma et al.

1977). Requirements for amino acids and peptides

seem to be met by a combination of cell-wall-bound

proteinases and peptidases and mechanisms for active

transport across the cell membrane (Law and Kolstad

1983).

CELL-WALL COMPOSITION; ANTIGENIC
STRUCTURE

The chief amino acid in the peptidoglycan of most

species of lactobacilli is lysine, but in some it is

diaminopimelic acid, and in others ornithine. All of the

thermobacteria considered here have interpeptide

bridges of the LJysine-o-aspartate type. Among the

streptobactena, L. casei has a peptidoglycan bridge of
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Table 33.4 GrouD antioens of lactobacilli

Species

L. helveticus

L. casei

L. casei
L. plantarum

L. lactis

L. fermentum

Antigen

Glycerol teichoic acid
Polysaccharide

Polysaccharide
Ribitol teichoic acid
Glycerol teichoic acid

Glycerol teichoic acid

Group

A

B

D
E
T

Location

Wall-membrane

Wal l
Wal l

Wal l
Wal l

Membrane

Determinant

a-o-Glucose

a-L-Rhamnose

B-o-G I ucose
cr-o-G I ucose
q-o-Glucose

a-D-Ga lactose

Based on Knox and Wicken (1976)

the t--lysine-D-aspartate type and L. plantarum one of
the meso-diaminopimelic type. Three types of pepti-

doglycan are found in the species of betabacteria

described here: (1) L-lysine-o-aspartate in L. brevis and
L. buchneri; (2) l-ornithine-D-aspartate tn L. fermentum
and L. celloblosus; and (3) l-lysine-l-alanine-L-serine in
L. viridescens (Schleifer and Kandler 1972).

Many lactobacilli share an antigen present in the cell
membrane (Sharpe et al. 1.973). This corresponds to the
1-3-linked glycerol phosphate units of the membrane
glycerol-teichoic acid. This antigen is distinct from the
group antigens described by Sharpe (1955), which she
identified by precipitation reactions between hot-acid

extracts and antisera. The chemical composition of these
antigens was reviewed by Knox and Wicken (1976) and
is shown in Table 33.4. \t will be noted that the L. casei
strains, except those of subspecies rhamnosus, may
possess one of two group antigens, and that the group E
antigen occurs in members of four species, two of them
thermobacteria and two betabacteria.

SUSCEPTIBILITY TO PHYSICAL AND
CHEMICAL AGENTS

The lactobacilli have no particular resistance to heat and
are destroyed by exposure to 60 or 65' for 30 min. They

are, however, especially resistant to acid and are able to
grow in concentrations of acid that are fatal to most

other bacteria. The tolerance to bile varies and has been
used to distinguish between species (Sharpe 1981).

Lactobacilli of several species can be resistant to
many antibiotics including vancomycin, the peptide anti-
biotics, the macrolides, tetracycline, and the aminoglyco-
sides. In these strains, loss of plasmids was usually
accompanied by a change to sensitivity with several anti-
biotics (Vescovo et al. 1982).

Lactobacilli are refractory to transformation and
transduction, but the transmission of the plasmid that

determines the ability oI L. casei to ferment lactose does
occur naturally.

CLASSIFICATION

Orla-Jensen (1,919,1943), whose monographs have influ-

enced all subsequent workers, laid particular stress on

fermentative ability and the type of lactic acid produced

from glucose in his classification of lactobacilli. His three

primary divisions of the lactobacilli into thermobacteria,

streptobacteria, and betabacteria were followed for

many years, though not his proposal to consider them as

separate genera. Recent comparative studies of 165

rRNA gene sequences revealed that the three groups

lack phylogenetic foundation. Furthermore, such studies

indicate that lactobacilli are phylogenetically intermixed

with members of the genera Leuconostoc and Pedio-

coccas despite differences in morphology and fermenta-

tion patterns (for review see Ludwig and Schleifer 1994).

Sequence studies also revealed that several taxa were

erroneously placed in the genus Lactobacillus. As a

result some were transferred to the geil;s Clostridium

and two anaerobic species 'L. uli' and 'L. rimae' isolated

from human gingival crevices (Olsen et al. 1991) were

transferred to the new genus Atopobium (Collins and

Wallbanks 1992). Some of the obligately hetero-

fermentative species isolated from fermented sausages

(i.e. 'L. confusus,' 'L. 
fructosus,' 

'L. halotolerans,' 'L.

viridescens,' 'L. kandleri,' and 'L. minor') are now trans-

ferred to a new genus Weissella (Collins et al. 1993).

At least six phylogenetic groups are evident based on

analysis of 165 rRNA gene sequences. To a high degree

these groups of species correlate with fermentation

patterns (Figure 33.8). Species that are regularly isolated

from humans are distributed over several groups.

Hammes and Vogel (1995) provide details about cell-

wall composition and identiflcation criteria. It is remark-

able that for an unequivocal identiflcation of a Lacto-

bacillus isolate it is not always sufficient to use the classi-

cal physiological and biochemical tests. A review by

Pot et al. (1994) provides a discussion of methods for

identification of lactobacilli includins a critical evalua-

tion of their limitations.

PATHOGENICITY

The pathogenic potential of lactobacilli is very limited.

In spite of their ubiquitous presence in the digestive

tract and in the vagina, lactobacilli are only occasionally

isolated from cases of bacteremia or endocarditis with

the highest prevalence in elderly individuals and immu-

nocompromised patients (Husni et al. 7997; Salminen
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et al. 2002; Arpi et al. 2003). Various Lactobacillus
species are often part of the mixed microflora in samples
from orofacial infections, periapical infections associated
with teeth with necrotic pulp tissue, and appendicitis,
but there is no evidence that they contribute to the
infectious process (Moncla and Hillier 2003). The rela-
tionship of lactobacilli to dental caries was the subject of
considerable interest for many years. However, its
increased proportions in dental plaque of caries-active
individuals may merely be due to its acidophilic proper-
ties (for review see Hardie and Bowden 1974). Some
clinical isolates of lactobacilli are reported as being
resistant to vancomycin (Holliman and Bone 1988;
Felten et al.1999).

ROLE IN NORMAL HUMAN FLORA

Some species of lactobacilli are members of the
commensal microflora of human mucosal membranes in
the mouth, intestines, and vagina, although they usually
comprise a minor part of the flora (London 1976). In the
oral cavity, lactobacilli usually amount to less than 1
percent of the microflora although their proportion
increases in individuals with a frequent intake of sugar.
Studies of the intestinal lactobacillus flora of piglets
have demonstrated a rapid turnover of clones (Tannock

et al.  1990).

Due to production of bacteriocins, hydrogen peroxide,
and to their acidogenic potential, which reduces the pH
in the local environment, lactobacilli play an important
role in inhibiting the establishment of potential patho-
gens on mucosal surfaces (Roach and Tannock 1979;
Hentjes 1983). Although the probiotic effect of lactoba-
cilli is an old concept described by Metchnikoff in 1901
(see review by Bibel 1988), there is considerable
renewed interest in this topic. Recent studies have
demonstrated that lactobacilli administered orally to
patients with viral and bacterial intestinal infections
augment mucosal immune responses and promote
recovery (Kaila et al. 1,992; Perdigon et al. 1995).
Furthermore. it has been demonstrated in a rat model
that lactobacilli increase the barrier functions of the gut
mucosa (Isolauri et al. 1993). More recent studies
demonstrated that feeding of infants with lactobacilli
significantly reduced subsequent development of atopic
disease (Kall iomaki et aI.2003).
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GENUS DEFINITION

The members of the gerlus Enterococcus are gram-posi-

tive cocci that occur singly or arranged in pairs or as
short chains. Cells are sometimes coccobacillary when
Gram stains are prepared from growth on solid media.

Cells tend to be ovoid and in chains when Gram stains
are prepared from growth in thioglycolate broth. The
enterococci are facultative anaerobes that grow at
temperatures ranging from 10 to 45'C, with optimum
growth at 35'C. They grow in media containing 6.5
percent NaCl and hydrolyze esculin in the presence of
40 percent bile salts (bile-esculin (BE) medium). Some
species are motile. Most enterococcal species hydrolyze

L-pyrrolidonyl-B-naphthylamide (PYR) by producing

pyrrolidonyl arylamidase (pyrrolidonase [PYRase]): the
exceptions are Enterococcus cecorum, Enterococcus
columbae, Enterococcus pallens, and Enterococcus

saccharolyticus. All strains hydrolyze leucine-B-naphthyl-
amide by producing leucine aminopeptidase (LAPase).

Enterococci are not able to synthesize porphyrin precur-

sors and therefore do not express cytochrome enzymes
(Devriese et al. 1992; Huycke et al. 1998; Huycke 2002).
However, cytochrome activity is sometimes expressed
when strains of Enterococcus faecalis are grown on
blood-containing media, and a weak effervescence is
observed in the catalase test. Positive catalase testine

was also reported for strains of Enterococcus haemoper-

oxidus, a recently described species (Svec et aI. 200I).

Nearly all strains are homofermentive, gas is not

produced, and lactic acid is the end product of glucose

fermentation. Most strains produce a cell-wall-associated

glycerol teichoic acid antigen that is referred to as the

Lancefield's serologic group D antigen. The guanine and

cytosine (G+C) content of the DNA ranges from 37 to

45 mol"/" (Schleifer and Kilpper-Balz 1984).

The tests listed in 
'fable 

34.1 can be used to identify

and distinguish most enterococci from other catalase-

negative gram-positive cocci (Facklam and Elliott 1995).

The phylogenetic analysis of genera of catalase-nega-

tive gram-positive cocci based on the comparison the

165 rRNA gene sequences has revealed that the genus

Enterococcus is more closely related to the genera Vago-

coccus, Tetragenococcus, and Carnobacterium than to

the Streptococcus and Lactococcus (Figure 34.1), genera

to which it has been phenotypically associated (Devriese

et al. 1992; Facklam et al. 2002).

H ISTORICAL PERSPECTIVE

Early documentation of microorganisms that are now

included in the genus Enterococcus is mainly related to

the 'streptococci of fecal origin' or 'enterococci.' The

term 'enterococcus' probably originated with the
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Tabfe 34.1 Phenotypic characteristics used for the differentiation of facultatively anaerobic, catalase-negative, gram-positive cocct

Phenotypic characteristicb

Genus or category

Enterococcus group'

Le u co n ostocl We i se I I ae
Streptococcus
Nutri t ional var. Strep'
Unusual Strep/Generar
Pediococcus
Tetragenococcus

Aerococcus"

Helcococcus

Gemella

Salt-tolerant Geme//a-l  ikel

Cell
arrangementu

cn

ch
cn

cn

cn

cllt
clit

cl/t

cllt

cllVch
cl/Vch

45.C HEM

+d aly

V- aly
V alply

V aly

V- uly

V + a
+ d

v c t

- v

VAN GAS

S/R
R +

S _

s -
S _

R _

5
5 -

s
s
s

PYR

+

BE

V+

LAP

+

+

V+

NaCl 10'c

+

+

J

t

V+

+

n

+

+
+

+

+

- v
"l

a)  Cel  arrangement in Gram stain:  ch,  chains;  c l .  c lusters;  t ,  tet rads
b) VAN, vancomycin susceptibility screening test; S, susceptible; R, resistant; GAS, gas production in MRS broth; BE, hydrolysis of esculin in the presence
of b i le;  PYR, product ion of  pyrro l idonyl  ary lamidase;  LAP, product ion of  leucine aminopept idase;  NaCl,  growth in broth contain ing 6 5 percent  NaCl;  1O
and 45'C, growth at  10 and 45'C; HEM, hemolyt ic  act iv i ty  on Trypt icase soy 5 percent  sheep blood agar;  p,  beta-hemolysis;  u,  a lpha-hemolysis;  y ,  no
hemoiysis; +, 85 percent or more of the strains are posltive; , 1 5 percent or ess of the strains are positive; V+, variable positive (50-84 percent of the
strains are positive); V ; variable negative (1 6-49 percent of the stra ns are positive)
c) Enterococcus group includes all Enterococcus species, Vagococcus species and some Lactococcus species
d) Some strarns of lactococci and vagococci grow very s owly when ncubated at 45.C
e) Leuconostoc and Weisella are often coccobacillary, sometimes appearing rod-like n chains
f) All the Streptococcus bovts strains and approximately 10 percent of the'viridans' streptococci are brle-esculin-posrtrve
g) Ali the Streptococcus pyogenes stralns are PYR-positive, and most of the other streptococci are PYR-negative
h) Some strains of p-hemolytrc but none of the non-B hemolytic streptococci grow in 6 5 percent NaCl
i) Nutritional varlant streptococci are now rdentified in two different genera: Abiotrophia and Granulicatella
i) Unusual strep/genera includes species of streptococci usually found in anlmals and Globicatella sanguinis and Dolosicoccus paucivorans
k) Aerococcus speciesincludesA vtridans,A urinae,A sanguicola,andA urinehominis
l) Salt-tolerant Gemella-l ke bacteria include A/ioiococcus, Dolosigranulum, Facklamia, and lgnavigranum species

discovery of the flrst organism of this group. Thiercelin
(1899) used the term to describe bacteria seen in pairs
and short chains in human feces. In the same year,
MacCallum and Hastings described a case of acute
endocarditis caused by a bacterium that was 'very hard
and tenacious of life,' which was named Micrococcus

zymogenes. These authors also mentioned that a similar
'micrococcus' had previously been isolated from a cess-
pool. A few years later Gordon reported the isolation of
fecal streptococci in a broth exposed to air probably
contaminated with animal feces, and Houston (cited in
Wade 1997) noted the abundance of streptococci in
sewage, proposing that they might be useful for
detecting contamination of water by human feces. In
1906, the name Streptococcus faecalls was used by
Andrews and Horder to identify an organism of fecal
origin that clotted milk and fermented mannitol and
lactose, but not raffinose. Orla-Jensen (1919) described a
second organism of this grotp, Streptococcus faecium,
which differed from the fermentation patterns of S.

faecalis. A third species, Streptococcus durans, proposed
by Sherman and Wing (1935, 1937) was similar to S.

faecium but had less fermentation activity. The term
'enterococcal group' was used by Sherman (1937, 1938)
to describe streptococci that grew at 10 and 45'C, grew
in broth with pH adjusted to 9.6 and in broth containing
6.5 percent NaCl, and survived heating to 60'C for 30

min. In 1967, Nowlan and Deibel (1967) added Strepto-

coccus avium to the enterococcal group. In 1970, Kalina

proposed that a genus for the enterococcal streptococci

be established and suggested that, based on cellular

arrangement and distinguishing phenotypic character-

istics, S. faecalis and S. faecium be named Enterococcus.

No action on this proposal was ever taken and the use of

the genus name Streptococcus corrtinued. For a long

time the enterococci remained as a major division of the

geilrs Streptococcus differentiated by their higher resis-

tance to chemical and physical agents, and accom-

modating most of the serological group D streptococci.

In the past decades, however, the enterococci have

undergone considerable changes in taxonomy, which

started with the splitting of the genus Streptococcus and

the recognition as a separate genus. Definite evidence

that S. faecalls and .1. faecium were sufficiently different

from the other members of the genus Streptococcus to

merit allocation into a separate genus, named Enter-

ococcus, was provided by Schleifer and Kilpper-Balz, in

1984. on the basis of DNA-DNA and DNA-rRNA

hybridization studies, as well as 165 rRNA sequencing.

Thereafter, the other enterococcal species were trans-

ferred to the new genus, and several new species were

described and proposed for inclusion in the genus Enter-

ococcus. Table 34.2 lists the species proposed to be

included in the senus Enterococcus.
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E faecium NCFB 942r ryl8294)
E durans NCFB 596r ffl8359)
E ratti ATCCTOOgl4r (AF539705)

E hirae DSM 2O160r (Y17302)

E villorum ATcc 7oo913r (AF335596)

E mundti iNCFB 2375r f f13340)
E canrs LMG 1n16r (x76177)

E asint ATCC 70091 5r f i l  1521)

E dispar NCIMB 1 3000r ff18358)
E pallens ATCC BAA-351r (AY033815)

E gilvus ATCC BAA-350r (AY033814)

E malodoratus NCFB 846r ryl8339)
E raff inosus NCIMB 12901r (Y18296)

E avium NCFB 2369r U18274)
E pseudoavium NCFB 2138r ffl8356)
E phoenicuticota ATcc BAA-412r (AY028437)

E gallinarum LGM 13129r (AJ301833)

E casseliflavus LGM 10745r (AJ301826)

E haemoperoxidus CCM 4851r (AF286832)

E moraviensis ccM 4858r (AF286831)

E faecal is LGM 7937r (AJ30131)
E saccharolyticus NCDO 25941 (Yl8357)

E sulfureus NcDo 2379r (x55133)

E cecorum ATcc 43198r (AFo61oo9)

E columbae NCIMB 13013r (x56422)

V. ftuviatis NCDo 2497r (X51258)

V salmoninarum NCFB 27777t (x54272)

C. piscicola NcDo 2762r (x54268)

C. divergens NCDO 2763r (x54270)

T. halophitus DsM 20339r (A.J301843)

T muriaticus JCM 10006r (D88824)

S pyogenes ATcc 12344r (48002521)

S pneumoniae ATcc 334OOr (AFOO393O)

L iacrrs ATCC 19435r (M58837)

L garvieae NCDO 2156 (X54262)
1 6 . 0

Figure 34.1 Phylogenetic relationships among species of Enterococcus and some related species of other catalase-negative gram-
positive cocci, based on analysis of 165 rRNA gene sequences The dendrogram was constructed by the ClustalW method using the
DNASTAR program The scale units indicate evolutionary distance values between sequence patrs

1 0121 4

Current criteria for inclusion into the genrs Enter-

ococcus are based on a combination of results of DNA-

DNA reassociation experiments, 165 rRNA gene

sequencing, analysis of whole-cell protein (WCP)

profiles, and conventional phenotypic tests. While
DNA-DNA reassociation is considered the gold stan-

dard for species definition, 165 rRNA gene sequencing

and WCP profile analysis correlate very well with this
gold standard (Merquior et al.1994; Teixeira et al. 1995;
Teixeira et al. 1997a; Patel et al. 1998; Tyrrell et al.
2002). The long-chain fatty-acid composition of enter-
ococcal cells, as revealed by gas-liquid chromatography
analysis, is also of taxonomic value and has been used to
discriminate species (Schleifer and Kilpper-Balz 1984;

Hsueh et al. 2000; Tyrrell et aI.2002). By using these

techniques some of the proposed species have not been

validated as new Enterococcus species (Table 34.2).

Enterococcus seriolicida was shown to be homologous to

Lactococcus garvieae (Teixeira et al. 1996). Since L.

garvieae was named first, it was retained as the species

name. Enterococcus casseliflavus and Enterococcus

flavescens were also shown to be closely related at the

species level (Teixeira et al. 1997a). Since E casseli-

flavus was described first it is the senior subjective

synonym of E flavescens and it was retained as the

species denomination. Enterococcus solitarius was shown

to be more closely related to the genus Tetragenococcus

than to any species of the Enterococcus by 165 rRNA

gene sequence analysis (Williams et al. 1991). There is

also evidence that two of the most recentlv proposed



Cultural characterist ics and morphology 885

Table 34.2 Proposals
Enterococcus

Species

E. faecalis

E. faecium

E. avium

E. casseliflavus
E. durans
E. gallinarum

E. malodoratus

E. hirae

E. mundtii
E. raffinosus

E. solitarius"
E. pseudoavium

E. cecorum

E. columbae
E. saccharolyticus

E. dispar
E. sulfureus
E. seriolicida'
E. flavescens"

E. asini
E. villorum'

E. haemoperoxidus

E. moraviensis

E. ratti
E. porcinus'

E. gilvus

E- pal lens

E. phoeniculicola

E. canis

of specles to be included in the genus

References

Schleifer and Kilpper-Balz 1984
Schleifer and Kilpper-Balz 1984
Col l ins  e t  a l .  1984
Col l ins  e t  a l .  1984
Col l ins  e t  a l .  1984
Col l ins  e t  a l .  1984

Col l ins  e t  a l .  1984
Far row and Co l l ins  1985

Col l ins  e t  a l .  1986
Col l ins  e t  a l .  1989
Col l ins  e t  a l .  1989
Col l ins  e t  a l .  1989
Devriese et al.  1983; Wil l iams et al.
1 989

Devriese et al.  1990
Farrow et al.  1984; Rodrigues and
Col l ins  1990

Col l ins  e t  a l .  1991
Mar t inez-Murc ia  and Co l l ins  1991
Kusuda e t  a l .  1991
Pompei  e t  a l .  1992
De Vaux e t  a l .  1998
Vancanneyt et al.  2001
Svec et al.  2001
Svec et al.  2001
Teixeira et al.  2001
Teixeira et al.  2001
Tyrrell et al.2002
Tyrrel l  et al.  2002
Law-Brown and Meyers 2003
De Graef et al.  2003

a) DNA reassociation studies and/or 165 rRNA sequencing studies indicate
that these two species do not belong to the genus Enterococcus E
seriolicida is related atthe species level to t garvieae and E soItarius is
more related to the genus Tetragenococcus
b) DNA reassociation studies showed that E. flavescens and E casseliflavus
are related at the species level and constitute a single species
c) Reports describing E villorum and E porcinus were published only 3
months apart; whole-cell protein profiles and DNA reassociation studies
indicate that these two species are the same

enterococcal species (Enterococcus porcinus and Enter-

ococcus villorum) constitute a single species. Two inde-

pendent groups of investigators examined the taxonomy

of these strains and named the species differently (Teix-

eira et al. 2O0l; Vancanneyt et al. 2001). The reports
describing E. villorum and E porcinus were published
only 3 months apart, with E. villorum coming in first.

Figure 34.1 shows the phylogenetic relationship of the
25 species of Enterococcr.r recognized at this time.

HABITAT

Several intrinsic characteristics of the enterococci allow
them to grow and survive in harsh environments and to
persist almost everywhere. Enterococci are widespread

in nature and can be found in soil, plants, water, food,

and animals, including mammals, birds, insects, and

reptiles (Devriese et al. 1992; Blaimont et al. 1995;

Aarestrup et al. 2002). In humans, as in other animals,

they are predominantly inhabitants of the gastro-

intestinal tract and are less commonly found in other

sites such as the genitourinary tract and the oral cavity.

The occurrence of enterococci in natural nonhuman

reservoirs (Aarestrup et al. 2002), as well as members of

the intestinal microflora of humans (Tannock and Cook

2002),has been extensively reviewed. The prevalence of

the different enterococcal species appears to vary

according to the host, and is also influenced by age, diet,

and other factors that may be related to changes in

physiologic conditions, such as underlying diseases and

prior antimicrobial therapy. E. faecalis is one of the

most common bacteria isolated from the human gastro-

intestinal tract. Other species, such as E. faecium as well

as E. casseliflavus, E. durans, and -E. gallinarum, are also

found in variable proportions in the gastrointestinal tract

of humans (Devriese et al. 1992', Endtz et al. 1997; Ieven

et al.1999; Strausbaugh and Gilmore 2000; Tannock and

Cook 2002). Even though the same enterococcal species

can be found in several different animal species, the

information available on the distribution of distinct

enterococcal species in other sources indicates differ-

ences from the distribution in humans (Devriese et al.

1992; Stern et al. 1994; Aarestrup et al. 2002: Tannock

and Cook 2002). Several aspects of the ecology of the

enterococci merit further evaluation, especially in the

light of the changing classification and taxonomic

approaches of the genus.

CU LTURAL CHARACTERISTICS AN D
MORPHOLOGY

Enterococcal cells may be spherical, oval, or coccobacil-

lary and occur singly or arranged in pairs or short

chains. All species are gram-positive and most are

nonmotile. E. gallinarum and E. casseliflavus are motile.

After growth on blood agar media for 24 h, colonies are

usually between 
'1, 

and 2 mm in diameter, although some

variants may appear smaller. Some (about one-third)

cultures of E. faecalls may be p-hemolytic on agar

containing rabbit, horse, or human blood but nonhemo-

lytic on agar containing sheep blood. Some cultures of

E. durans are B-hemolytic regardless of the type of

blood used. All other species are usually o-hemolytic or

nonhemolytic. Strains that appear o-hemolytic are actu-

ally nonhemolytic strains that produce peroxide. This
'greening' of the agar is due to peroxide action on the

blood cells in the medium and not to the production of

an s toxin. E. casseliflavus, E. gilvus, E. mundtii, E.

pallens, and ,E sulfureus produce a yellow pigment on

blood-agar medium. The pigment can be detected by

using a white cotton swab to pick up the growth on the

swab and examining the swab for a yellow color. The
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colonies of enterococci on selective media will depend
on the chemicals used in the medium. For example, on
media containing esculin, such as bile-esculin-azide
medium (Sabbaj et al. l97l) and Enterococcosel agar (a

bile-esculin-azide medium supplied by Becton Dick-
inson Microbiology Systems, Cockeysville, MD, USA),
the colonies will appear gray-white and surrounded by a
black halo, whereas on agar containing tetrazolium salts

the center of the colony will appear brick-red (Barnes

re64).

METABOLISM AND GROWTH
REQUIREMENTS

The nutritional requirements of the enterococci are
complex and these microorganisms are recognized by
their metabolic adaptability in order to fulfill diverse
roles as commensals and as pathogens. The capacity to
utilize a variety of carbohydrates, as well as the char-
acteristic tolerance to a diversity of physical and
chemical conditions, including various pH, temperatures,

salt concentrations, detergents, and antimicrobial

compounds, are likely to enhance enterococcal competi-

tiveness in many harsh environments. For a long period,

a major source of information on the enterococcal meta-
bolism was a review published in 1964 (Deibel 1964).
More recently, a comprehensive review on the
physiology of the enterococci was provided by Huycke
(2002), emphasizing topics such as central carbon meta-
bolism, respiration, ion transport, pyrimidine and folate
pathways, stress responses, and the metabolism of reac-
tive oxygen species. Most studies addressing the growth

requirements and physiology of the enterococci have
been done with E. faecalis strains and in some cases with
misidentified strains. Growth requirements include the B
vitamins, nucleic acid bases, and a carbon source, usually
glucose. The results of a work by Murray et al. (1993)

indicate that all 23 strains of E. faecalis tested had an
absolute requirement for histidine, isoleucine, methio-
nine, and tryptophan, while some strains required argi-
nine, glutamate, glycine, leucine, and valine and others
did not. This implies that there are strain-to-strain
differences in growth requirements. Intensive anti-
microbial pressures have created atypical growth

requirements, such as vancomycin-requiring strains
(Fraimow et al. 1994). It is likely that the different
species of enterococci have different growth require-
ments.

I MPORTANT GENETIC M ECHANISMS

have been identified and characterized in enterococcl.

mainly rn E faecalis and E. faecium. Three classes of

plasmids are known to be capable of replication in the

enterococci: the rolling circle replicating (RCR) plas-

mids, the Inc18 plasmids, and the pheromone-responsive

plasmids. While RCR and IncL8 plasmids are capable of

replication in a broad range of bacteria, the replication

of pheromone-responsive plasmids appears to be

restricted to the enterococci, primarily to E. faecalis.
Such plasmids are characterized by the ability of their

hosts to form readily visible mating aggregates when

mixed with plasmid-free (recipient) cells in broth. Thus,

in E. faecalis, exchange of these plasmids is unique and

involves the production of sex pheromones (Clewell and

Weaver 1989; Clewell 1993a). Plasmid-free recipient

strains produce extracellular pheromones. The phero-

mone-induced mating response results in the production

of a proteinaceous substance on the outer surface of the

donor cells called aggregation substance. The aggrega-

tion substance then reacts with a binding substance on

the surface of the recipient cell. The plasmid exchange

occurs when the cells are clumped together. The phero-

mone-induced transfer increases the frequency of

transfer of plasmids 105- to 106-fold (Clewell 1993b).

Other species of enterococci have the capacity to

acquire and exchange plasmids, but the mechanism of

exchange is not pheromone-induced.

The enterococci are also capable of genetic exchange

by conjugative transposons. The process requires cell-to-

cell contact. The excised DNA can be viewed as being

transferred to the recipient cell by a 'plasmid-like'

process, followed by insertion into the target chromo-

some (Clewell and Flannagan 1993). The transposons

frequently carry determinants coding for resistance to

antimicrobials, such as tetracycline, erythromycin, genta-

micin, kanamycin, and other aminoglycosides (Clewell

1990; Su and Clewell L993). Transposons have a very

broad host range and are commonly found in several

Enterococcus species, as well as species of Streptococcus,

Lactococcus, and other gram-positive bacteria. The

contribution of movable enterococcal elements to the

emergence and dissemination of antimicrobial resistance

and enhanced virulence is evident, and it appears that

certain conjugation-related molecules may even contri-

bute to pathogenicity, as they may play an immunomo-

dulatory role during infection (Clewell and Dunny

2002).

CELL.WALL COMPOSITION AND
ANTIGENIC STRUCTURES

The enterococci are capable of transmitting genetic
information by both plasmid and transposon exchange
(Clewell and Dunny 2002; Weaver et al. 2002). The
genetic material included on enterococcal plasmids and
transposons may be drug-resistance determinants and/or
virulence genes. A variety of plasmids and transposons

Three main constituents of the enterococcal cell wall are

generally reported: peptidoglycan, teichoic acid, and

polysaccharides. Sometimes, proteins are also

mentioned. Comprehensive reviews of the enterococcal

cell-wall chemistry were reported by Schleifer and

Kilpper-Balz (1987) and more recently by Coyette and
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Hancock (2002). However, because of the changes in
enterococcal taxonomy, the identification of the strains
used in previous studies is not clear, but a general
picture can be drawn. As in other gram-positive
bacteria, peptidoglycan polymers are the main structural
and shape-maintaining components of the cell wall. The
mesh of the peptidoglycan net is made of parallel glycan
chains held together by small peptide crosslinks. The
glycan moiety is composed of alternating B-1,4Jinked
units of N-acetylglucosamine (GlcNac) and N-acet-
ylmuramic acid (MurNAc). Short-stem peptides are
connected to the glycan chains through amide linkages
between the carboxyl groups on muramyl residues and
the terminal amino groups of the peptides. As in many
other gram-positive bacteria, the sequence of the enter-
ococcal stem peptide is t--Ala-n-Glu-l-Lys-o-Ala. The
o-glutamic acid is bound through its amino group to the
L-Ala carboxyl group and its y-carboxyl group to the
amino group of the r--Lys residue. Adjacent stem
peptides are cross-linked by interpeptide bridges.

The structural composition of many accessory
(nonpeptidoglycan) cell-wall polymers is still largely
unknown. Much of the information available is derived
from investigations on the serological grouping scheme
developed by Lancefield (1933) to differentiate the
streptococci. Whereas most groups of streptococci were
categorized on the basis of immunoreactivity of a predo-
minant cell-wall carbohydrate, the basis for defining the
group D streptococci stemmed from the serological
recognition of their distinct lipoteichoic acid (LTA).
Chemical analysis showed that the group D antigen was
a teichoic acid polymer of glycerol phosphate containing
a high proportion of glucose attached to the glycerol
units. The lipid component of the LTA was shown to be
a 1-kojibiosyl diglyceride, with the sugars linked to the
diglyceride by a phosphatidyl substituent. This glycolipid
was found to be a membrane component. The linkage of
LTAs to the cell membrane is in contrast to the attach-
ment of cell wall teichoic acids, which are supposed to
be anchored to the N-acetylmuramic acid in the pepti-
doglycan. The so-called 'streptococcal group D antigen'
is usually associated with the Enterococcus species, but it
is not exclusive. This antigen is also found in the strains
belonging to the Streptococcus bovis complex, as well as
in some Leuconostoc, Pediococcus, and Vagococcus
strains (Facklam and Elliott 1995; Teixeira et al.1997b:
Barros et al. 2001). Type antigens, carbohydrate in
nature, are also present on the surface of the cells of
many of the strains of E. faecalis, E. .faecium, and E.
durans (Sharpe and Shattock 1952; Barnes 1964; Sharpe
1964).

CLASSIFICATION AND IDENTIFICATION
OF SPECIES

After Schleifer and Kilpper-Balz (1984) suggested the
establishment of the genus Enterococcus, composed

initially by E. faecalis and, E. faeciun, the transfer of the

other known enterococcal species to the new genus was

proposed and several new species have been described.

DNA-DNA reassociation experiments, which are

considered the gold standard for establishing bacterial

identification to the species level, have been carried out

for most of the enterococcal species. Sequencing of the

165 rRNA gene is also a very powerful tool in aiding in

the description of bacterial species. This procedure

should not be used in itself as a validation tool for

defining new species, but together with results of DNA

reassociation experiments or WCP analysis and pheno-

typic characterization it can be very useful, especially in

relating one species to the other. 165 rRNA gene

sequencing has been performed on all enterococcal

species. Recently, authoritative journals have required

that the sequence of the 165 rRNA gene be deposited in

the GenBank when describing a new species.

At this time there are 25 distinct species included in

the genus Enterococcus (Table 34.3). Accurate presump-

tive identification of a catalase-negative gram-positive

coccus as an Enterococcus can be accomplished by

demonstrating that the unknown strain is positive for

BE, PYR, and LAP tests and grows in the presence of

6.5 percent NaCl and at 45'C. Because strains of Lacto-

coccus, Leuconostoc, Pediococcus, and VagococcuJ with
phenotypic similarities have been isolated from human

infections (Facklam and Elliott 1995; Teixeira et al.

I997b), the presumptive identiflcation of enterococci

based only on BE reaction and growth in 6.5 percent

NaCl broth can be erroneous. Conflrmation that a strain

is an Enterococcus requires complete identiflcation to

the species level. Demonstrating the presence of group

D antigen by serological reaction may be helpful in the

identification, although antigen is detected in only about

80 percent of the enterococcal strains. On the other

hand, pediococci and leuconostocs (Facklam and Elliott

1995; Barros et al. 2001), as well as some vagococcal

strains (Teixeira et al. 1997b; Teixeira et al. 1999) can

also react with anti-group D serum. Reactivity with the

AccuProbe Enterococcus genetic probe manufactured by

GenProbe, Inc. (San Diego, CA, USA) can also be used

to confirm an unknown strain as an Enterococcus. This

probe is based on a DNA oligomer having a structure

complementary to a segment of enterococcal rRNA

(Enns 1988; Daly et al. l99I). Most strains of known

Enterococcus species react positively with this probe.

However, Vagococcus strains also react (Teixeira et al.

1.997b; Teixeira et al. 1999).

Once it is established that an unknown catalase-nega-

tive gram-positive coccus is a member of the genus

Enterococcus or of a closely related gents (Lactococcus

or Vagococcus), the tests listed in Table 34.3 can be used

to identify the species. The recognition, in recent years,

of different phenotypic variants of E. faecium (Teixeira

et al. 1995), E. faecalis, E. casseliflavur, and E. galli-

narum (Teixeira et al. 7997a), and physiologically
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Table 34.3 Phenotypic characteristics used for the identification of Enterococcus species and some physiologically related species of
other gra m-positive cocci

Phenotypic characteristic"

Species

Group I

E. avium
E. gilvus

E. malodoratus

E. pal lens

E. pseudoavium

E. raffinosus
E. saccharolyticusb
Group l l

E. faecalis

E. haemoperoxidusb''

Lactococcus sp
E. faecium
E. casseliflavus
E. gallinarum

E. mundtii
Group l l l

E. dispar

E. durans
E. hirae

E. ratti

E. villorumd
Group lV

E. asinib
E. cecorumb
E. phoeniculicolab

E. sulfureus
Group V
E. canisb

E. columbaeh
E. moraviensis"

Vagococcus fluvialis
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+

+

+

+
+
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+

+
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+

ARG ARA SBt RAF TEL MOT SUC PYU MGP

+

+

f

+

+

+

+
+

+

i

+

+

+

+

+

+

+
+

f

+

+
+

+

+ *  + *

+

+

+ +

+ +

f -

f f

+ + V

+ +
+ + V

+ - +

+ + +
+ + V
+ - +

++

+

T

+

+
+

a) MAN, manni to l ;  SOR, sorbose;  ARG, argin ine;  ARA, arabinose;  SBL, sorbi to l ;  RAF, raf f inose;  TEL. 0 04 percent  te l lur i te;  MOT, mot i l i ty ;  PlG,
pigment; SUC, sucrose, PYU, pyruvate; MGP, methyl-a-o-glucopyranoside; +, 90 percent or more of the strains are positive; -, 1 0 percent or less of
the strains are positive; V, variable (1 1-89 percent of the strains are positive); ", occasional exceptions occur (<3 percent of strains show aberrant
reactrons)
b) Phenotypic characteristics based on data from type strains
c) Late manni to l  posi t ive (5 days'  incubat ion)
d) Phenotypic characteristics oI E villorum are identical to those of E porcinus These two recently described species correspond to a single taxon

related species of Lactococcus and Vagococcus isolated

from human sources (Facklam and Elliott 1995; Teixeira

et al. 1997b; Teixeira et al. 1999), as well as the descrip-

tion of several new species, made it necessary to expand

the species identification scheme. It should be pointed

out that most of the information presented here is

related to the phenotypic characteristics of enterococci,

lactococci, and vagococci isolated from humans. The

characteristics of strains of these microorganisms

isolated from nonhuman sources may be different. The

enterococcal species can be separated into five physiolo-

gical groups based on acid formation from mannitol and

sorbose and on hydrolysis of arginine (Table 34.3). All

the tests listed in Table 34.3 are conventional test-tube

tests and have been previously described (Facklam and

Collins 1989; Facklam and Elliott 1995; Facklam et al.

1999). The species of each group are then identifled

according to the results of additional testing. The

grouping in this manner is based on key phenotypic

characteristics and does not necessarily conform to the

grouping by 165 rRNA sequencing or by other mole-

cular techniques. The grouping by conventional pheno-

typic tests can be performed in any laboratory with

responsibilities for identifying the species of enterococct.

Identification of enterococcal species by conventional

tests is not rapid and may require incubation of the tests
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for up to 10 days. However, most identifications can be
made after 2 days of incubation.

Group I consists of E. avium, E. malodoratus, E
pseudoavium, E. rffinosus, E. saccharolyticus, E. gilvus,
and E. pallens. These species form acid from mannitol
and sorbose but do not hydrolyze arginine. They are
differentiated by reactions in arabinose and raffinose
tests, the capacity to utilize pyruvate, and whether or not
the strains are pigmented (Table 34.3). Production of acid
from methyl-o-o-glucopyranoside (MGP) also helps to
differentiate some of these species from each other.

Group II comprises E. faecalis, E. faecium, E. casseli-

flavus, E. gallinarum, E. mundtii, and E. haemoperox-
idus, a more recently described species. These species
form acid from mannitol and hydrolyze arginine but fail
to form acid from sorbose. Atypical strains fail to hydro-
lyze arginine or form acid from mannitol. Lactococcus
sp. is also listed in this group because the phenotypic
characteristics of some strains can lead to the misidenti-
fication as an Enterococcus. If nonmotile variants of E.
casseliflavus and, E. gallinarum are encountered, produc-
tion of acid from MGP can be used to help in the identi-
fication of these species. E. casseliflavus and E. galli-
narum form acid from MGP while E. faecium and, E.
mundtii do not. In all likelihood the mannitol-positive
strains of E. haemoperoxidus, a recently described
species (Svec et al. 2001), will also fall into group II
enterococci.

Group III enterococci hydrolyze arginine but do not
form acid from mannitol or sorbose. This group consists
of E. dispar, E. durans, E. hirae, and two new species, -E
ratti and E. villorum (E. porcinus). The new species in
this group are difficult to identify and differentiate from
E. durans. E. durans, E. ratti, and E. villorum have very
similar phenotypic profiles in the tests listed in
Table 34.3. They can be differentiated by reactions in
litmus milk, hydrolysis of hippurate, and acid formation
from trehalose and xylose. E. durans forms acid and
clot, E villorum forms acid but no clot. and E. ratti does
not form acid or clot litmus milk. E durans hydrolyzes
hippurate, while E. villorum does not hydrolyze hippu-
rate. E. ratti is variable in the hippurate hydrolysis test.
E. durans forms acid from trehalose but not from xylose,
E. villorum forms acid from both trehalose and xylose,
and E. rani does not form acid from either trehalose or
xylose. The other members of this group are easily iden-
tified by the reactions in the pyruvate, arabinose, raffi-
nose, and sucrose tests. Uncommon mannitol-negative
variant strains of E. faecalis and E. faecium resemble
species in this group. However, E. faecalis strains are
positive in the pyruvate test but not for acid formation
from arabinose, raffinose, or sucrose, and E. faecium
variant strains form acid from arabinose. If the results of
conventional tests compare to the results of testing with
the API system originally reported (Svec et al. 2001),
the mannitol-negative strains of E. haemoperoxidus, a
recently described species, will be grouped with the

enterococci in group III. In addition, although similar to

E dispar it appears that the mannitol-negative strains of

E. haemoperoxidus can be differentiated from the other

group III enterococci.

Group IV is composed of four species (E. asini, E.

cecorum, E. phoeniculicola, and E. sulfureus) that do not

form acid from mannitol or sorbose and fail to hydro-

lyze arginine. These four species can be differentiated by

acid formation from arabinose, raffinose, and sorbitol

and pigmentation tests (Table 34.3). E. phoeniculicola

and E. sulfureus form acid from MGP.

Group V consists of E. canis, E. columbae, E. moravt-

ensis, and Vagococcus. Variant strains of E. casseliflavus,

E. gallinarum, and E. faecalis that fail to hydrolyze argi-

nine resemble the microorganisms included in this
group. However, these variant strains have character-

istics similar to the strains that hydrolyze arginine and

can be differentiated by these same phenotypic tests.
Vagococcus fluvialis is listed here because the pheno-

typic characteristics of this species are very similar to

those of the genus Enterococcus and some strains may

be identified as enterococci (Teixeira et al. 1997b; Teix-

eira et al. 1999). If appears that E. moraviensis, another

newly described species, will fall into group V enter-

ococci and if the results of conventional test are similar

to those of the API testing originally reported (Svec

et al. 2001), E. moraviensls will be easily differentiated

from the other group V enterococci.

There are several commercially available miniatur-

ized, manual, semiautomated, and automated identifica-

tion systems for the identiflcation of Enterococcus

species. Since their introduction, these systems have

been updated to improve their performance character-

istics and expand their identification capabilities, as

investigators have become more aware of inaccuracies
(Wilke et al. 1997; Hamilton-Miller and Shah 1999;

Garcia-Garrote et al. 2000; d'Azevedo et al. 2001). In

general, these systems are reliable for the identiflcation

of E. faecalis, and to a lesser extent, E. faecium. Accu-

rate identification of other species, by most systems,

depends on additional testing, although improvements

have been observed with updated formats and data

banks. Commercial systems now available for the identi-

flcation of enterococcal species include: the API 20S and

the API Rapid ID32 STREP systems (bioM6rieux,

Hazelwood, MO, USA), the Crystal Gram-Positive and

the Crystal Rapid Gram-Positive identification systems
(Becton Dickinson Microbiology Systems), the Gram-

Positive Identification Card of the Vitek system
(bioM6rieux), and the Gram-Positive Identification
panel of the MicroScan Walk/Away system (Dade

MicroScan, West Sacramento, CA, USA). The accuracy

of identification by some of these systems in comparison

with identification by molecular techniques was reported

by Angeletti et al. (2001). In general, approximately 80

percent of all enterococcal isolates will be accurately

identified by any one of these systems. However, the
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accuracy will be dependent on the distribution of species

found in each specific setting. Identification of unusual

species by a commercial system should be confirmed by

a reference method before being reported.

Molecular methods based on the analysis of different

target molecules present in the enterococcal cells, such

as DNA-DNA hybridization and sequencing of the 165

rRNA genes, have been primarily used for taxonomic

purposes in special laboratories In the past 10 years,

however, the application of molecular techniques for the

identification of Enterococcus species has expanded

dramatically. The range of molecular procedures

proposed for the identification of enterococcal species

has been reviewed and summarized (Facklam et al.

2002). They include: analysis of WCP profiles by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE); vibrational spectroscopic analysis; proton

magnetic resonance spectroscopic analysis; randomly

amplified polymorphic DNA (RAPD) analysis; sequen-

cing analysis of the 165 rRNA gene; fragment-length

polymorphism analysis of amplified L6S rDNA; broad-

range amplification (BR-PCR) of the 165 rDNA;

sequencing of the domain V of the 23S rRNA gene;

amplification of the tRNA or the rRNA intergenic

spacers, or of the t-Ala:n-Ala ligases (ddl) and the

vancomycin resistance (ucn) genes; sequencing of the

ddl genes or of the manganese-dependent superoxide

dismutase (sodA,,,) gene; sequencing and hybridization

of the chaperonin 60 (cpn60) gene; amplification and

probing of. the Enterococcus protein A (efaA) genes or

of the E. faecalis adhesin for collagen (ace) gene; and

amplification of the elongation factor EF-Tu (tufl gene,

or the pEM1225 gene.

Among the molecular techniques proposed to identify

the enterococcal species, SDS-PAGE analysis of WCP

profiles is the only one that has been extensively eval-

uated and meets a stage of being recommended for

1 2 1 3 ' t 4  1 5 M  1 6  1 7  1 8  1 9  MM1 0

,,: ,.tt

M kDa

1  19 .0
85.0

62 .0

38.0

26.0

14.5

Figure 34.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) patterns of whole-cell protein extracts
of Enterococcus specles Lanes M, molecular mass markers, lane 1 , E avium, /ane 2, E malodoratus, lane 3, E pseudoavium; lane 4,
E raffinosus; lane 5, E saccharolyticus; lane 6, E faecalis; lane 7, E faecium, lane 8, E casseliflavus; lane 9, E gallinarum, lane 10,
E mundt r i ,  lane11,  E  durant  lane12,  E  h i rae ,  lane13,  E  v i l lo rum;  lane14,  E  ra t t i , /ane  15 ,E d ispar ;  lane l6 ,E  as in i ;  lane l7 ,E
cecorurn. lane 18. E sulfureus. lane 19. E columbae

general use. This method was shown to be a reliable for

the differentiation and identification of typical and

atypical Enterococcus strains, since WCP profiles are

species-specific (Figure 34.2). Apart from minor qualita-

tive and/or quantitative differences among strains, each

of the known enterococcal species corresponds to a

unique WCP profile (Merquior et al. 1994; Teixeira et al.

1995; Teixeira et al. 1997a). WCP profiles of related

species of Lactococcus and Vagococcus are also unique

and different from those of the enterococci (Teixeira

et al.  1996; Teixeira et aI.1997a; Teixeira et al.  1997b).

Analysis of WCP using a standardized technique has

revealed a correlation between WCP profiles and DNA

homology studies. Table 34.3 depicting the phenotypic

characteristics of the Enterococcus species is based on

correlations between the WCP profiles and the pheno-

typic tests and, in some occasions, in conjunction with

DNA-DNA reassociation experiments. Sequencing the

165 RNA gene has been performed on all species of

enterococci and the sequences are available via

GenBank for comparison purposes. Among the other

molecular methods, only a few have been performed in

more than one laboratory or have been evaluated for

the majority of the Enterococcus species. Some do not

appear to be practical for routine use in clinical labora-

tories. On the other hand, some of these recently devel-

oped molecular procedures deserve consideration for

expanded testing and future improvement

LABORATORY ISOLATION

Trypticase-soy-s percent sheep blood agar, brain-heart

infusion-5 percent sheep blood agar, or any blood agar

base containing blood supports the growth of enter-

ococci. Some strains of E. faecalis are beta-hemolytic on

agar bases containing rabbit, horse, or human blood but

nonbeta-hemolytic on the same base media containing
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sheep blood. Some strains of E. durans are beta-hemo-
lytic regardless of the type of blood used. The other
species are usually alpha-hemolytic or nonhemolytic.
Enterococci grow at 35-37"C and do not require an
atmosphere containing increased levels of CO2, although
some strains grow better in this atmosphere. If the
sample is likely to contain gram-negative bacteria,
bile-esculin azide (Sabbaj et al. 1971), Pfizer selective
enterococcus (Isenberg et al. 1970), and some other
commercially prepared medium containing azide, such
as Enterococcosel agar, are excellent primary isolation
media. The azide inhibits the gram-negative bacteria and
the enterococci appear as black colonies because of
hydrolysis of esculin. The use of selective media for the
isolation of enterococci has been reviewed (Sabbaj et al.
1971; Facklam 1976; Devriese et al.  1992). Since then,
several new media have been described, including those
containing chromogenic substrates for the isolation and
presumptive identification of enterococci from urrne
(Merlino et al. 1996) and the cephalexin-aztreonam-
arabinose agar for the isolation of E. faecium from
heavily contaminated sites (Ford et al. 1994). Another
medium that has been used to improve the isolation
rates of enterococci from polluted waters is oxoline-
esculin agar (OOA) (Figueras et al. 1998). OOA has not
been used in a clinical setting.

The increasing incidence of vancomycin resistance
among the enterococci has raised the importance of
selective isolat ion oI vancomycin-resistant enterococci
(VRE). Early identiflcation of VRE is necessary for
controlling the spread of these organisms (Hospital

Infection Control Practices Advisory Committee 1995).
Several different selective agar andior broth media have
been employed for the isolation of VRE from sources
containing normal flora, such as stool samples and rectal
swabs (Landman et al. 1996; Sahm et al. 1997; Satake
et aL. 1.997;. Ieven et al. 1999). Although there is not a
single generally accepted screening method at this point,
the use of a selective-enrichment broth to enhance the
recovery of VRE seems the most effective procedure.
Enterococcosel broth has been used in a number of
studies as the base medium supplemented with different
concentrations of vancomycin, 6 prgiml being the most
common concentration. In some of these studies, vanco-
mycin and other antimicrobials, such as aztreonam and
clindamycin, have been used in the enrichment broth as
well as in the subculture medium. It would be prudent,

however, to use a nonselective agar as well for subcul-
turing from a selective enrichment broth, as some strains
may be inhibited to a point of very poor or no growth.

Satake et al. (1997) have evaluated several selective
media for the isolation of VRE from fecal specimens
before and after broth enrichment. They found that
culturing with Enterococcosel agar containing 6 pg of
vancomycin per milliliter after enrichment in supple-
mented Columbia colistin-nalidixic acid (CNA) broth at
35'C was the most sensitive method.

In some circumstances, it may be necessary to recover

VRE from environmental surfaces for epidemiological

studies. Isolation of the organisms from these surfaces is

accomplished by swabbing the surfaces with pre-

moistened swabs and placing them either into an enrich-

ment broth or on to agar plates. Alternatively the Rodac

imprint method may be employed by applying the agar

surface directly to the environmental surface to be

cultured (Hacek et al. 2000).

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Resistance to several commonly used antimicrobial

agents is a remarkable characteristic of most of the

enterococcal species. Moreover, the majority of the

information available is based on studies with E faecalis
and E. faeciurr?, the two species that are more frequently

associated with human infections. Antimicrobial resis-

tance can be classified as either intrinsic or acquired.

Intrinsic resistance is related to inherent or natural chro-

mosomally encoded characteristics present in all or most

of the enterococci. Furthermore, certain specific

mechanisms of intrinsic resistance to some antimicrobial

agents are typically associated with a particular enter-

ococcal species or group of species. In contrast, the

occurrence of acquired resistance is more variable,

resulting from either mutation in existing DNA or

acquisition of new genetic determinants found in plas-

mids or transposons (Murray 1990, 1998; LeclercqI99T;

Huycke et al. 1998; Strausbaugh and Gilmore 2000; Kak

and Chow 2002).

Enterococcal intrinsic resistance involves two major

groups of antimicrobial therapeutic drugs: the aminogly-

cosides and the BJactams. Because of the poor activity

of several antimicrobial agents against enterococci due

to intrinsic resistance, the recommended therapy for

serious infections (i.e. endocarditis, meningitis, and other

systemic infections, especially in immunocompromised

patients) includes a combination of a cell-wall-active

agent, such as a B-lactam (usually penicillin) or vanco-

mycin, combined with an aminoglycoside (usually genta-

micin or streptomycin) (Murray 1990; Huycke et al.

1998; Murray 1998; Strausbaugh and Gilmore 2000).

These combinations overcome the intrinsic resistance

exhibited by the enterococci and a synergistic bacter-

icidal effect is generally achieved since the intracellular

penetration of the aminoglycoside is facilitated by the

cell-wall-active agent.

In addition to the intrinsic resistance traits, entero-

cocci have acquired different genetic determinants that

confer resistance to several classes of antimicrobials.

including chloramphenicol, tetracyclines, macrolides,

lincosamides and streptogramins, aminoglycosides, B-
lactams, glycopeptides, and, more recently, quinolones.

A variety of antimicrobial resistance patterns involving
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different mechanisms that can be found in enterococcal
isolates are presented in Table 34.4.

Over the past decades, the occurrence of acquired
antimicrobial resistance among enterococci, especially
high-level resistance (HLR) to aminoglycosides, B-
lactams, and resistance to glycopeptides (especially
vancomycin), has been increasingly reported. These
resistance traits are of particular clinical relevance as
they confer resistance to agents used in the treatment of
serious enterococcal infections and can abolish the
activity of the therapeutic regimens with proven bacter-
icidal activity against enterococci. Isolates that are resis-
tant to the cell-wall-active agent or have HLR to amtno-
glycosides are resistant to the synergistic effects of
combination therapy and constitute an even more
serious problem concerning the effective management of
enterococcal infections. Therefore. the detection of
resistance to these groups of antimicrobial agents is
important to predict the likelihood of synergy by using
antimicrobial association as a therapeutic strategy.

Enterococcal isolates exhibiting HLR to one or more

aminoglycosides have been described with increasing

frequency (Murray 1990, 1998; Antalek et al. 1995;

Leclercq 1997; Huycke et al. 1998; Strausbaugh and

Gilmore 2000) and are now present in large proportions

in several geographic areas. Strains expressing acquired

HLR to aminoglycosides usually have minimal inhibi-

tory concentrations (MIC) >2000 pg/ml and cannot be

detected by diffusion tests with conventional disks.

Special tests using high-content gentamicin and strepto-

mycin disks (Sahm and Torres 1988), as well as a

single dilution method, were developed to screen for

this type of resistance (Swenson et al. 1995). Strains

exhibiting HLR to penicillin and ampicillin due to

altered penicillin-binding proteins have also dissemi-

nated widely in the past several years (Murray

1990, 1998; Boyce et al. 1992; Huycke et al. 1998;

Strausbaugh and Gilmore 2000), and strains producing

BJactamase have been identifled (Murray 1990; Gordon

et al.1992).

The emergence of vancomycin resistance as a ther-

apeutic problem in enterococcal strains was first docu-

mented in western Europe and in the USA (Kaplan et al.

1988; Leclercq et al. 1988; Uttley et al. 1988). Thereafter

Tabf e 34.4 Major patterns and mechanisms of resistance to antimicrobial agents in enterococci

Pattern of resistance

High-level resistance to
am inoglycosidesu

Gentamicin
Kanamyc in

Streptomycin

Resistance to glycopeptides'

Vancomycin
Te icop lan in

Resistance to p-lactamsd

Pen ic i l l i n

A m p i c i l l i n

Resistance to quinolones

Resistance to chloramphenicol

Resistance to the MLS group

Macrol ides (erythromyci n)
Lincosamides (cl indamycin)

Streptogramin B

Mechanism of resistance

Enzymatic (Production of aminoglycoside-modifying enzymes, AMEs)b

AAC(6')- le + APH(2")- la

AAC(6',)-ri
APH (2/ ')- lb; APH (2")- lc; APH (2')- ld

APH(3 i  ) - l l l a
ANT(3')- la; ANT(4')- la; ANT (6')- la

Alterat ion of the target ( leading to decreased r ibosomal binding)

Alterat ion of the target (modif icat ion of the peptidoglycan biosynthetic pathway)

Van A
Van B

Van C (Van C1, Van C2, and Van C3)

Van D

Van E

Van G

Alterat ion of the target (altered penici l l in binding proteins, PBPs)

Enzymatic (production of B-lactamase)

Alterat ion of the target (changes to the subunit A of DNA gyrase)

Enzymatic (production of chloramphenicol acetyl transferase, CAT)

Enzymatic (production of methylat ing enzymes)

a) Found in increasing frequencies in F faecals and E faecium
b) AAC, acetyltransferases; ANT, nucleotidyltransferases; APH, phosphotransferases
c) vanA and yanB genotypes are usually found in F faecalis and E faecium. yanA has occasionally been found in several other enterococcal species;
vanCl is usually associated with E gallinarum and vanc2 and vanC3 willt E casseliflavus VanD resistance has been described in E faecium strains while
VanE and VanG were found in E faecalrs
d) Found in E faecalis and E faecium Also described amonq E raffinosus strains
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the isolation of VRE has been continuously reported in
diverse locations (Huycke et al. 1998; Murray 1998;
Cetinkaya et al. 2000). VRE strains have been classified
by phenotypes and genotypes. Six types of glycopeptide

resistance have already been described among enter-
ococci. Three of them are the most common: the VanA
phenotype, with inducible high-level resistance to vanco-
mycin, as well as to teicoplanin, encoded by the vanA
gene; the VanB phenotype, with variable (moderate to
high) levels of inducible resistance to vancomycin only,
encoded by the vanB gene; and the VanC phenotype,

with noninducible low-level resistance to vancomycin.
The VanA and VanB phenotypes are considered
the most clinically relevant and are usually associated
with E. faecium and E. faecalis strains while the
VanC resistance is a intrinsic characteristic of E. galli-

narum (vanC[ genotype) and E. casseliflavus (vanC2

and vanC3 genotypes) strains (Clark et al. 1998;
Huycke et al. 1998; Murray 1998; Cetinkaya et al. 2000).
The remaining three types of enterococcal glycopeptide
reslstance seem to occur rarely and are encoded by
genetic determinants that were recently recognized,
named vanD (Perichon et al. L997; Ostrowsky et al.
1.999), vanE (Fines et al. 1999), and vanG (McKessar

et al. 2000).

The diversity and, in some cases. species specificity of
emerging antimicrobial resistance traits among entero-
coccal isolates created an additional need for accurate
identification at the species level and for in vitro evalua-
tion of susceptibility to antimicrobial agents. Because of
the diverse antimicrobial resistance mechanisms.
successful treatment and control of enterococcal infec-
tions are becoming increasingly difflcult. On the other
hand, several of such special drug-resistance character-
istics acquired by enterococcal strains are not adequately
detected by the routine susceptibility tests most
commonly used in the clinical microbiology laboratories,
so they require modifications of the usual procedures.

Early detection of resistant strains would be of great

value for the selection of the more appropriate therapy
to be prescribed for the treatment of serious entero-
coccal infections. Therefore, a better patient manage-
ment will be achieved since treatment failure, selection,
and spreading of resistant strains can be minimized.

For several years, controversies and confusion existed
regarding antimicrobial susceptibility testing of entero-
coccal isolates, particularly about the reliability of pheno-
typicmethods for detection of HLR to aminoglycosides
and resistance to vancomycin. Results of studies devised
for evaluation of different methods and interpretative
criteria, have led to the proposal of more accurate
procedures. Updated guidelines for the selection of
antimicrobial agents that should be considered for
routine testing and reporting, as well as performance

and interpretative criteria of susceptibility testing for
enterococci, have been published by the National
Committee for Clinical Laboratory Standards (2001).

The in vitro methods for detecting antimicrobial resis-
tance in enterococcal isolates have been reviewed and
summarized (Facklam et aL.2002).

Molecular methods have been used to detect specif,c
antimicrobial-drug-resistance genes (Swenson et al. 1995;
Endtz et al. 1997; Patel et al. t997; Sahm et al. 1997;
Satake et al. 1997; Clark et al. 1998; Jayaratne and
Rutherford 1999; Ostrowsky et al. 1999; Kariyama et al.
2000; Papaparaskevas et al. 2000; Portillo et al. 2000;
Werner et al. 2000; Duh et al. 200\) and have substan-
tially contributed to the understanding of the spread and
genetics of acquired enterococcal resistance, especially
resistance to vancomycin. However, because of their
high speciflcity, molecular methods will not detect anti-
microbial resistance that is due to a mechanism that is
not included in the testing or due to an emerging resis-
tance mechanism.

TYPING METHODS

Because enterococci are a leading cause of nosocomial

infections and frequently exhibit multiple antibiotic

resistance, there has been an increasing need to type and

subtype isolates as a means of assisting infection control

and epidemiological studies both within and among

various medical institutions. Furthermore, the evidence

supporting the concept of exogenous acquisition of

enterococcal infections has generated an additional need

for typing the isolates. Therefore, the investigation of

nosocomial outbreaks along with the dissemination of

enterococcal strains harboring antimicrobial resistance

markers is of major interest, particularly in the light of

the increasing occurrence of VRE. Besides outbreak

analysis, the methods used for epidemiological investiga-

tion of enterococcal isolates must be able to track

enterococcal dissemination in different environments

and hosts and the evolution of multiresistant strains.

Early epidemiological investigations of enterococcal

infections were based on phenotypic characteristics and

have been hampered by the lack of simple, highly repro-

ducible, and sufficiently discriminatory typing systems.

Classic phenotypic typing methods used to investigate

the diversity among isolates of a given enterococcal

species have included biotyping and antibiotyping, based

on physiological and/or antimicrobial resistance char-

acteristics (Coudron et al. 1984; Luginbuhl et al. 7987;

Smyth et al.1987: Murray 1990,1992; Kuhn et al.1995),

serotyping (Sharpe and Shattock 1952; Sharpe 1964;

Smyth et al. 1987; Maekawa et aI. 1992), bacteriocin

typing (Pleceas et al. 1972; Sadatsune et al. 1978;

Kuhnen et aI. t987; Kuhnen et al. 1988), and bacter-

iophage typing (Pleceas and Brandis 1,974; Caprioli et al.

1975; Brandis et al. 1985; Kuhnen et al. 1987; Smyth et al.

1987; Kuhnen et al. 1988). Although these approaches

have occasionally yielded useful information, they are

generally time-consuming and difficult to reproduce and/

or interpret. Some of these techniques frequently fail to
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adequately discriminate among strains and, therefore,
they have limited value in epidemiological studies. On
the other hand, the use of phenotypic typing methods in
association with more recent molecular techniques can
contribute valuable information (Willey et aL. 1,994;
Kuhn et al. 1995, 2000; Morrison et al. 1999; Teixeira
et al. 2000)

The introduction of various molecular techniques has
substantially improved the ability to discriminate entero-
coccal isolates and has provided critical insights into
epidemiological aspects of enterococcal infections. As
a result of the use of more discriminatory typing
methods, it has been possible to demonstrate that
strains can be exogenously acquired by direct and
indirect contact among patients (Zervos et al. 1986;
Livornese et aL. 1,992; Woodford et al. 1993; Willey
et al. 7994; Pegues et al. 1997). Intrahospital transmis-
sion and interhospital spread has also been docu-
mented for antimicrobial resistant enterococci (Chow

et al. 1993a; Sader et al. 7994; Willey et al. 1994).
The first molecular techniques developed for typing of
enterococci were the analysis of plasmid profiles and
the restriction enzyme analysis (REA) of genomic
DNA by conventional electrophoresis (Luginbuhl et al.
1987; Lacoux et al. 1992: Savor et al. 1998; Quednau
et al. 1999) These techniques may be helpful in some
instances, but problems have been encountered with
their use. A remarkable contribution to the ability to
discriminating among enterococcal strains was noted
with the use of techniques involving the analysis of
chromosomal DNA restriction endonuclease profiles

by pulsed-fleld gel electrophoresis (PFGE) by either
field-inversion gel electrophoresis (FIGE) (Green et al.
1995) or, ideally, counter-clamped homogeneous elec-
tric-field electrophoresis (CHEF) (Murray et al. 1990;
Gordillo et al. 1993; Green et al. 1995; Plessis et al.
1995; Pegues et al. 1,997; Perlada et al. 1997), which is
the basis for most of the recent PFGE studies. Multi-
Iocus enzyme electrophoresis (MLEE) (Carvalho et al.
1997:' Tomayko and Murray 1995), ribotyping
(Gordillo et al. 1993; Woodford et al. 1993; Kiihn
et al. 1995; Plessis et al. 1995; Endtz et al.1997), and
the polymerase chain reaction (PCR)-based typing
methods, such as the random amplified polymorphic
DNA (RAPD)-PCR assay and the repetitive element
sequence (REP)-PCR have also been used to investi-
gate the genetic relationship among enterococcal
strains (Barbier et al. 1996; Issack et al. 1996;
Descheemaeker et al. 1997; Malathum et al. 1998).
Sequencing of PCR products and restriction fragment
length polymorphism (RFLP) analysis of PCR
products have been used to trace and to determine
differences among specific resistance genes in enter-
ococci, therefore representing additional tools for
typing resistant strains (Patel et al. 1.997; Donabedian
et al. 2000; Kawalec et al. 2000; Willems et al. 2000;
Lee et al. 2001).

Results from a number of investigations indicate that

analysis of SmaI restriction digests of genomic DNA by

PFGE is widely useful for studying enterococcal species
(Chow et al. 1.993a; Gordillo et al. 1993; Thal et al. 1993;

Antalek et al. 1995; Plessis et al. 1995; Tomayko and

Murray 1995; Carvalho et al. 1997; Descheemaeker et al.

1997; Pegues et al. 1.9971, Perlada et al. 1997; Clark et al.

1998; Malathum et al. 1998; Murray 1998; Bischoff et al.

1999; Reinert et al. 1999), showing definite advantages in

strain discrimination. PFGE is currently the single most

useful and reliable typing method, being considered as

the gold standard for the epidemiological analysis of

enterococcal infections. Several protocols for performing

PFGE analysis of enterococcal strains have been

published. However, the development of standardized

protocols as a result of collaborative studies is needed in

order to allow for interlaboratory comparison in future

investigations. Most of the information accumulated

over the past years is related to E. faecium (Plessis et al.

1995; Privitera et al. 1995; Bischoff et al. 1999; Morrison

et al. 1,999; Ostrowsky et al. 1999; Reinert et al. 1999;

Willems et al. 2000) and E. faecalis (Thal et al. 1993;

Antalek et al. 1995; Privitera et al. 1995; Ma et al. 1998).

Although PFGE has been more discriminatory than

other methods, epidemiological interpretation of PFGE

profiles is not always clear-cut. The occurrence of

genetic events can be associated with substantial changes

in the PFGE profiles, leading to problems in clonality

assessment (Savor et al. 1998; Morrison et al. 1999;

Kawalec et al. 2000). The more appropriate interpreta-

tion in such cases remains a controversial issue, as it

may be difficult to define which level of polymorphism is

acceptable. In consequence, there is not a single defini-

tive typing technique for enterococci; a strong match of

the results of several typing techniques, particularly

those based on different genomic polymorphism,

however, can be used as indicative of high relatedness.

The use of PFGE in conjunction with at least an addi-

tional typing technique or independent PFGE analysis

using different restriction enzymes is highly recom-

mended to help in clarifying epidemiological interpreta-

tion. General principles proposed for the interpretation

of molecular typing data, based on fragment differences

(Tenover et al. 1995), are usually applied to interpret

PFGE proflles obtained for enterococcal strains.

BACTERIOCINS AND BACTERIOPHAGES

Bacteriocins are bacteriostatic or bactericidal proteins or

peptides that are produced by a number of bacteria and
prevent the growth of other bacteria. These bacterial

products exhibit a relatively narrow spectrum of anti-

microbial activity and are usually active only against

bacteria closely related to the producer strain. The

ability to produce bacteriocins has been shown to confer

ecological advantages. Among the enterococci, E.

faecalis (Salzano et al. 1.992; Villani et al. 1993; Balla
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et al. 2000; Del Campo et al. 2001), E. faecium (Kato

et al. 1993; Laukova et al. 1993; Cintas et al. 2000; Del

Campo et al. 2001), E. hirae (Siragusa 1992), and E.

mundtii (Kawamoto et al.2002) are known to produce

bacteriocins. Several enterococcal bacteriocins have

been described, but only relatively few have been char-

acterized at the molecular level. The best-characterized

inhibitor substances produced by E. faecalis strains are

the bacteriocin/hemolysin (or cytolysin), encoded on a

conjugative plasmid (pAD1) and associated with strain

virulence (see Pathogenicity and virulence factors);

the cyclic peptide antibiotic AS-48 encoded on the

pMB2 plamid; bacteriocin 21 encoded on plasmid

pPD1, and bacteriocin 31 encoded by a conjugative

plasmid (pY117) (Ike et al. 1990; Martinez-Bueno et al.

1990; Tanimoto et al. 1993; Gilmore et al. 1994; Tomita

et al. '1996, 1.997; Balla et al. 2000; Del Campo et al.

2001). Bacteriocins characterized in E. faecium include

enterocin A, enterocin B, enterocin I , enterocin P, and

enterocins L50AiL50B (Aymerich et al. 1996; Casaus

et al. 1.997; Cintas et al. 1.997, 1998, 2000; Floriano et al.

1998; Del Campo et al. 2001). In recent years, additional

interest in bacteriocins has been generated due to their

potential use as food preservatives to improve food

safety and quality and even as alternatives to antibiotics

for some medical applications (Kato et al. 1993;

Twomey et al.20O2). The enterococcal bacterioclns are

inhibitory to several spoilage and food-borne pathogenic

bacteria, including Listeria monocytogenes, Staphylo-

coccus aureus, Bacillus cereus, Clostridium botulinum,

Clostridium perfringes, and Lactococcus and Enter-

ococcus specles.

The detection of bacteriocin production, which is

based on the use of various species of bacteria as indica-

tors, has also been applied as a typing system for enter-

ococci (Pleceas et al. 1972; Sharma and Shriniwas Bhuj-

wala1976; Sadatsune et aI.1978).

Phage typing of enterococci has been performed in

several laboratories. In some cases phage typing has

been combined with bacteriocin typing to discriminate

between strains (Herman and Hoch 1971; Hoch and

Herman 1977; Caprroli et al. 1975; Kuhnen et al. 1987,

1988).

ROLE IN NORMAL FLORA OF HUMANS

As outlined in Habitat, the enterococci are primarily

members of the gastrointestinal microflora of humans,

occurring in numbers as high as 108 colony forming

units acronym>CFU per gram of feces of adult indivi-

duals (Noble 1978; Huycke et al. 1998). Enterococcal

populations in the intestinal tract fluctuate in size

according to the age and physiological condition of the

human host, being more numerous during early life

(Tannock and Cook 2002). Diet also seems to affect the

numbers of enterococci in fecal samples. Although E.

faecalis appears to be the enterococcal species most

commonly detected in human feces, in all likelihood

most Enterococcas species are normal inhabitants of the

gastrointestinal tract of humans. Since the enterococci

are opportunistic pathogens, the incidence of each

species found in human infections probably reflects the

distribution of the different Enterococcas species in the

human gastrointestinal tract. This site is believed to

represent an important reservoir for strains associated

with disease; from this location they may migrate to

cause infections and can also disseminate to other hosts

and environmental surfaces. E. faecalis is usually the

most frequent enterococcal species isolated from human

clinical specimens, representing 80-90 percent of the

isolates, followed by E. faecium which is found in 5-10

percent of enterococcal infections (Facklam and Collins

1989; Gordon et al. 1992; Buschelman et al. 1993; Stern

et al. 1994; Mondino et al. 2003). The other enterococcal

species are identified less frequently. However, clusters

of infections with E. casseli.flavus (Nauschuetz et al.

1993) and E. raffinosus (Chirurgi et al. 1997; Wilke et al.

1997) have been reported. Therefore, the distribution of

species varies with each clinical setting. Although less

frequently or even rarely, several of the other entero-

coccal species, including E. avium, E. cecorum, E. dispar,

E. durans, E. gallinarum, E. gilvus, E. hirae, E. mundtii,

E. pallens, and E. faecalls variant strains, have also been

isolated from human sources (Facklam and Collins 1989;

Collins et al. l99l: Gordon et al.1992; Stern et al- 7994;

Facklam et al. 1999; Teixeira et al. 2000; Tyrrell et al.

2002; Mondino et al. 2003). E. columbae, E. haemoper'

oxidus, E. malodoratus, E. moraviensis, E. porcinus, E'

pseudoavium, E. ratti, E. saccharolyticus, and E.

sulfureus have not been isolated from human sources.

The comparison of data from different publications

and the evaluation of the real incidence of the different

species of enterococci as members of the intestinal

microflora or as members of the microflora in other

body sites have been impaired due to differences in the

methodology used and the changes in the taxonomy of

the genus.

PATHOGENICITY AND VIRULENCE
FACTORS

The enterococci are commensal microorganisms that act

as opportunistic pathogens, particularly in elderly

patients with serious underlying diseases or in other

immunocompromised patients who have been hospita-

lized for prolonged periods, use invasive devices, and/or

have received broad-spectrum antimicrobial therapy.

Although the enterococci can be a cause of infections in

humans in the community and in the hospital, these

microorganisms began to be recognized with increasing

frequency as common causes of hospital-acquired infec-

tions in the late 1970s, paralleling the increasing resis-

tance to most currently used antimicrobial agents. As a

result, enterococci have emerged as one of the leading
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therapeutic challenges when identified as a cause of
serious or life-threatening infections. The ubiquitous
nature of enterococci, however, requires caution in
establishing the clinical significance of a particular
isolate.

The variety of infections in which enterococci are
involved has been thoroughly reviewed and summarized
(Murray 1990; Hancock and Gilmore 2000; Strausbaugh
and Gilmore 2000; Malani et al. 2002). Enterococci have
become the second most common agent recovered from
nosocomial urinary tract infections (UTI) and wound
infections and the third leading cause of nosocomial
bacteremia in the USA (Murray 1990; Schaberg et al.
1991; Moellering 1992; Hancock and Gilmore 2000).
UTIs are the most common of the enterococcal infec-
tlons: enterococci have been implicated in approximately
10 percent of all UTIs (Felmingham et al. 1992) and in
16 percent of nosocomial UTIs (Schaberg et al. 1991).
Enterococcal bacteriuria usually occurs in patients with
underlying structural abnormalities and/or in those who
have undergone urologic manipulations (Moellering
1992). Intra-abdominal and pelvic infections are the next
most commonly encountered infections. However,
cultures from patients with peritonitis, intra-abdominal
or pelvic abscesses, biliary tract infections, surgical-site
infections, and endomyometritis are frequently poly-
microbial, and the role of enterococci in this setting
remains controversial. Enterococci are being recovered
from wound infections at an increasing rate, which likely
results from increased antibiotic usage and emerging
resistance among these organisms (Moellering 1992;
Murray 1990; Schaberg et al. 1991; Fridkin and Gaynes
1999). Enterococci have been considered as an impor-
tant cause of endocarditis, since early descriptions, and
are estimated to account for about 20 percent of the
cases of native valve bacterial endocarditis and for about
6 to 7 percent of prosthetic valve endocarditis (Megran
1992; Hancock and Gilmore 2000). Whereas endo-
carditis is a serious enterococcal infection. it is less
common than bacteremia. Enterococcal endocarditis is
more common in the elderly and in patients with degen-
erative valvular diseases and patients with genitourinary
conditions. Enterococcal infections of the respiratory
tract or the central nervous system, as well as otitis,
sinusitis, septic arthritis, and endophthalmitis may occur
but are rare (Murray 1990; Hancock and Gilmore 2000;
Strausbaugh and Gilmore 2000).

Several potential virulence factors have been identi-
fied in enterococci, as reviewed recently (Jett et al.1994;
Huycke et al. 1998; Hancock and Gilmore 2000; Mundy
et al. 2000; Strausbaugh and Gilmore 2000; Eaton and
Gasson 2001; Gilmore et al. 2002), bt none has been
established as having a major contribution to virulence
in humans. The enterococcal virulence traits include
secreted factors, such as a cytolysin that displays both
hemolytic and bacteriocin activity and proteolytic
enzymes with gelatinase and serine protease activity;

adhesins, such as the aggregation substance (a surface-
localized protein encoded by pheromone-responsive
plasmids, the enterococcal surface protein (Esp), a
collagen-binding adhesin of E. faecalis (Ace), and an
immunodominant antigen named EfaA (E. faecalis
antigen A); and capsular and cell-wall polysaccharides.

Most of the information available on enterococcal viru-
lence factors is related to E. faecalis. The production of
gelatinase, cytolysin, aggregation substance, and adhe-
sins are the most frequently studied. Despite the signif,-
cance of E. faecium in human infections, the potential
virulence factors of this species remain poorly character-
ized.

The proteolytic activity of some enterococcal strains
was early recognized and used for classifying E. faecalis
into subspecies. Such activity is easily demonstrated by
gelatin liquefaction tests and the enzyme involved is
usually referred to as gelatinase. Animal models of
experimental endocarditis have suggested a possible role
for gelatinase in virulence (Gutschik et al. 1,979).
Recently, the /sr locus was described and associated with
E. faecalis virulence in animal models (Qin et al. 2000).
This locus is comprised of three genes and has been
shown to regulate the transcription of at least two genes:
those for gelatinase (gelE) and serine protease (sprE).

Additional studies are needed to determine the exact
mechanism of regulation of protease gene expression
and also to define the potential role or /sr in regulating
other enterococcal virulence factors.

The cytolysin is a bacterial toxin expressed by some
strains of E. faecalis that is distantly related to strepto-
lysin O and also to members of the bacteriocins known
as lantibiotics (Hancock and Gilmore 2000). It is either
encoded within pheromone-responsive plasmids or on
chromosome within pathogenicity islands (Gilmore et al.
2002). The production of cytolysin (hemolysin) was
reported to be more common in strains of E. faecalis
isolated from human infections than in strains isolated
from fecal sources of healthy people (Ike et al. 1987).
Hemolysin production by E. faecalis has also been asso-
ciated with enhanced virulence in mice (Ike et al. 1984)
and was found to contribute to the severity of E. faecalis
experimental endophthalmitis (Jett et al. 1992; Stevens
et al.1992).

The production of aggregation substance is induced by
a pheromone (small linear peptides), and the immediate
effect of this substance is the aggregation of plasmid-free
and plasmid donor cells. Then, exchange of plasmids
carrying the hemolytic-bacteriocin genes as well as anti-
microbial-resistance genes is conducted through efficient
conjugal transfer (Clewell 1993b). Aggregation
substance has been shown to enhance colonization in
tissue-culture models for adherence to urinary epithe-
lium (Hirt et al. 1993). Olmsted et al. (1994) reported
that aggregation substance facilitated the E. faecalis
internalization by host epithelial cells. However, Coque
et al. (1995) were unable to find an increase in the inci-



References 897

dence of production of aggregation substance or hemo-

lysin in E. faecalis isolated from patients with endo-

carditis and patients without endocarditis or normal

flora of healthy individuals.

The mechanism by which hemolysin and aggregation

substance enhance virulence is not completely under-

stood. It is conceivable that these substances have an

effect on colonization, invasion, platelet aggregation, or
generation of flbrin (Chow et al. 1993b). Aggregation

substance can act as an adhesion capable of promoting

adherence of E. faecalis to epithelial cell surface, a

necessary first step in colonization, and of promoting

internalization and survival within intestinal macro-

phages and polymorphonuclear neutrophils (PMNs).

Aggregation substance and hemolysin act synergistically

to enhance virulence by facilitating achievement of a
quorum and activating the quorum-sensing mode of

hemolysin regulation, resulting in tissue damage and

invasion (Gilmore et al.2002).

Properties involved in the adherence to host tissues

are considered important virulence factors for bacteria

to establish infections. Guzman et al. (1989) reported

that E. faecalis strains isolated from urinary tract

infections adhered to urinary tract epithelial cells more

efficiently than to human embryonic kidney cells or

Girardi heart cell lines. E. faecalis strains isolated from

endocarditis strains preferentially adhered to Giriadi

heart cell lines. These findings indicated that strain-

specific adhesins may be necessary to establish

initial colonization. Direct experimental evidence for

the role of a novel cell-surfacelocalized protein

named Esp as an adhesin involved in colonization of the

urinary tract was recently published (Shankar et al.

2001).
The investigation of hemagglutination properties can

be a convenient approach to detect the presence of

adhesions on bacteria. Results of a study by Carvalho

and Teixeira (1995) indicated that the surface structures

related to the enterococcal adhesion are diverse. Most of

the enterococcal strains analyzed were shown to possess

hemagglutinins, both proteins and nonproteins, that are

involved in the attachment to sialic acid-containing

receptors on the surface of rabbit erythrocytes. Other

investigators have demonstrated that an adhesin similar

to that found in oral streptococci is produced by E.

faecalis (Lowe et al. 1995) and postulated that this mole-

cule may function as an adhesin in endocarditis.

Guzman et al. (1991) described a nonprotein molecule

that promoted the adhesion of -8. faecalis to human

Giradi heart cell lines.

Enterococcal invasive properties under certain circum-

stances have been investigated. Evidence on the capacity

of enterococci to translocate across intact intestinal

mucosa in a murine model of antibiotic-induced

superinfection was provided (Wells et al. 1990). Trans-

location of enterococci across normal intestinal epithe-

lium occurred in mice orally inoculated with E. faecalis

and given broad-spectrum antimicrobials that favor

enterococcal overgrowth, resulting in disseminated infec-

t1on.

Neutrophils (polymorphonuclear leukocytes) are one

of the primary participants in host defense response to

invading bacteria. Complement-dependent killing of

enterococci has been demonstrated with strains of E

faecalis (Harvey et al. 1992; Arduino et al. 1994a).

Neutrophil-mediated killing of E. faecium was ineffec-

tive in some cases, which led the investigators to postu-

late that resistance to neutrophil-mediated killing could

be an additional virulence factor (Arduino et al. 7994b).

Recent evidence indicates that polysaccharides on the

enterococcal surface are involved in hindering leukocyte

killing of enterococci (Teng et aI.2002).

Overall, the studies on the pathogenesis-of entero-

coccal infections are beginning to identify specific enter-

ococcal and host traits that contribute to the balanced

commensal relationship, as well as those that destabilize

it. The results indicate that we are only beginning to

understand the pathogenicity and the virulence mechan-

isms of the enterococci.
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INTRODUCTION

The first description of'anaerobic streptococci' was by

Veillon, who isolated an organism that he named Micro-

coccus foetidus from a case of bartholinitis in 1893. He

noted that the organism could be recovered only under

conditions of rigorous anaerobiosis. Veillon subse-
quently showed this organism to fulfill Koch's postulates.

Other workers soon cultured similar organisms from a

variety of infections, notably puerperal fever, abscesses,

and gynecological sepsis. However, their classification

has never been satisfactory. Previous schemes relied on

inconsistent morphological characteristics and almost

certainly included capnophilic strains, which are now
placed in other genera such as Streptococcus (Holdeman

Moore and Moore 1974; Cato 1983) and Staphylococcus
(Kilpper-Baelz and Schleifer 1981). Watt and Jack

(1977) defined anaerobic cocci as 'cocci that grow well

under satisfactory conditions of anaerobiosis and do not

grow on suitable solid media in 10 percent carbon

dioxide (CO2) in air even after incubation for 7 days at

37'C.' This definition is valuable for distinguishing obli-
gate anaerobic cocci from microaerophilic organisms

and has been followed in this chapter.

Gram-positive anaerobic cocci (GPAC) are now

recognized as a major part of the normal human flora of

the mouth, gastrointestinal tract, female genital tract,

and skin. They are often isolated from clinical speclmens

but seldom in pure culture, making it difficult to deter-

mine their importance in human disease. However, the

recovery of these organisms from almost any body site

coupled with the sheer weight of numbers recovered

would suggest their clinical relevance in many cases.

They have received less study than some other anae-

robic groups and most aspects of their biology are

poorly understood. For the early history of these organ-

isms see Wilson and Miles (1964) and Finegold (1994).

CLASSIFICATION

There have been several attempts to develop a satisfac-

tory classification. The genera Peptococcus and Peptos-

treptococcus were proposed by Kluyver and van Neiel

(1936), who separated them by morphological character-

istics: peptococci were arranged in clumps and peptos-

treptococci in chains. This distinction is unreliable

because it is influenced greatly by many variables, in

particular composition of the medium. Prevot (1948)

divided anaerobic cocci into eight genera on the basis of

their microscopic appearance. Individual species were

differentiated by tests such as indole production, lique-

faction of gelatin, and growth in litmus milk, which are

now recognized to be of little value. Hare and coworkers

(1952) distinguished ten groups of anaerobic cocci by

fermentation and gas production from carbohydrates

and inorganic acids, and consequently they did not add

more names to a classification already confused by

poorly deflned species. Rogosa (1971) created the family

Peptococcaceae for Peptococcus, Peptostreptococcus and

Ruminococcu.s. Shortly afterwards, Holdeman Moore
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and Moore (1974) proposed the genus Coprococcus and
assigned it with Sarcina to the Peptococcaceae, which
then contained five genera classified together purely on
morphological grounds. Some authorities considered
that the Peptococcaceae were too heterogeneous to be
considered a valid taxon (Holdeman Moore et al. 1986;
Holdeman Moore and Moore 1986) but this term was
still used by others (Ezaki et al.1994).

In recent years, a wide range of analytical techniques
has been used, including DNA G + C content, DNA-
DNA homology studies, comparison of 165 rRNA
sequences, analysis of cell-wall fatty acids and pepti-
doglycan structure, whole-cell composition by pyrolysis
mass spectrometry (PMS), analysis of 165 rDNA
sequences, and the analysis of 165-235 intergenic ribo-
somal RNA polymorphisms. These studies have empha-
sized the heterogeneity of GPAC and, consequently,
major changes at the genus level have recently taken
place (Murdoch and Shah 1999; Wade et al. 1.999;Ezaki
et al.  2001).

Changes at the genus level

The results of DNA-DNA homology studies led Ezaki
et al. (1983) to propose that most species in the genus
Peptococcus should be placed in the genus Peptos-
treptococcus However, similar studies by Huss et al.
(1984) suggested that these organisms were considerably
more heterogeneous. The genus Peptococcus now
includes only one species, Peptococcus niger, with a
G + C content of 50-51 mol%, but left 13 species in the
genus Pepfostreptococcus, with a G + C range of 27-
37 mol"/". Comparisons of 165 rRNA sequences indicate
lhat Pc. niger, the type species of the family Peptococca-
ceae, is not related to other members of the family
(Ezaki et al. 1994) and Peptostreptococcus anaerobius,
the type species of its genus, is related more closely to
some members of the gen:us Clostridium than it is to
other peptostreptococci (Lawson et al.1993; Paster et al.
1993; Collins et al. 1994; Ezaki et aL. 1994). It became
clear that the genus Peptostreptococcus is not a geneti-
cally valid taxon (Lawson et al. 1993; Ezaki et al. 1994).
Li et al. (1994) recommended that it be divided into at
least seven genera. A recent study of whole-cell compo-
sition by PMS agreed with these conclusions (Murdoch
and Magee 1995).

Ezaki et al. (1994) proposed moving Pepto-
streptococcus productus, a strongly saccharolytic species
with a G + C content of 45 molo/", and Streptococcus
hansenii, another obligately anaerobic coccus, to the
gelrus Ruminococcus. They also suggested that members
of the genera Coprococcus and Ruminococcas might be
better classified in a single genus. Unfortunately, this
study did not include the type species of the genus,
Ruminococcus flavefaciens. Studies using 165 rRNA
sequence comparisons (Collins et al. 1994; Rainey and

Janssen 1995) confirm that the genus Ruminococcus

contains at least two genetic clusters. It is likely that
Ruminococcus productus will be placed in a new genus.

Streptococcus parvulus, an obligately anaerobic coccus
previously in the genus Peptostreptococcus (Cato 1983),

has now been placed in a new genus Atopobium toge-

ther with some species formerly in the genus Lactoba-

cillus (Collins and Wallbanks 1992). Recent taxonomic

studies have now begun to resolve these problems.

Murdoch and Shah (1999) using 165 rRNA sequence

analysis proposed two new genera, thus reclassifying

Peptostreptococcus magnus as Finegoldia magna and
Peptostreptococcus micros as Micromonas micros. The

other three genospecies suggested by Ezaki and co-
workers have now been given the generic names

Anaerococcus, Gallicola, and Peptoniphilus (Ezaki et al.
2001) on the basis of 165 rDNA sequence analysis.

Peptostreptococcus heliotrinreducens is only distantly
related to other anaerobic cocci (Li et al. 1.994; Murdoch
and Magee 1995) and appears closer to some organisms

at present in the genus Eubacterium.

Peptostreptococcus heliotrinreducens has therefore
been reclassified as Slackia heliotrinreducens by Wade
et al. (1999) on the basis of 165 rRNA gene analysis.

In spite of all this work Hill et al. (2002) using inter-
genic ribosomal RNA polymorphisms have shown that,
using both type strains and wild strains, there is still
some heterogeneity within certain species (e.9. Anaero-

coccus vaginalis).

In summary, there has been much progress since the
previous edition of this book, but clearly there are still
issues awaiting resolution. The currently accepted
genera of the anaerobic gram-positive cocci are summar-
ized in Table 35.1.

Recent and new species of anaerobic
gram-positive cocci

It has become increasingly clear that Peptoniphilus
( P eptostreptococcus ) as accharolyticus and Anaerococcus
(Peptostreptococcus) prevotii are genetically hetero-
geneous (Ezaki et al. 1983, Harpold and Wasilauskas
1987; Murdoch and Mitchelmore 1991; Ng and Dillon
1991; Murdoch and Magee 1995). Several new species
have recently been described: Gallicola (Peptos-

treptococcus) barnesae (Schiefer-Ullrich and Andreesen

1985), Anaerococcus (Peptostreptococcus) hydrogenalis
(Ezaki et al. 1990), Anaerococcus (Peptostreptococcus)

vaginalis, Anaerococcus (Peptostreptococcus) lactoly-
ticus, and Peptoniphilus (Peptostreptococcu) lauimalis
(Li et al. 1.992), btt there is good evidence from DNA
hybridization and PMS studies (Li et al. 1992; Murdoch
and Magee 1995) that further species await description.
Finegoldia (Peptostreptococcus) magna, Micromonas
(Peptostreptococcus) micros, and P. anaerobius, the
other species most often isolated from human material,
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Tabfe 35.1 Currently recognized genera of anaerobic gram-positive cocci

G + C o / o

Anaerococcus 26-34
Atopobium 46
Coprococcus 3942
Finegoldia 32-34
Gall icola 32-34
Micromonas 28-30
Peptoniphi lus 25-35
Peptococcus 50-51
Peptostreptococcus 34-36
Ruminococcus 39-46
Sarcina 28-31

Fermentation of Cell-wall
carbohydrates Major VFA diamino acid

+ Bu r-Lysine

+ A n d

+ B m-DAP

A L-Lysine

A Orn i th ine
- A L-Lysine

B Orn i th ine

B,IV,C r-Lysine

+ A,lC L-Lysine

+ A m-DAP

+ A LL-DAP

Interpeptide
bridge

o-Glu tamic  ac idb

n d

None

Glyc ine

D-Aspart ic acid

D-Aspartate

o-Glu tamic  ac id

D-Aspartate

D-Aspartate
None

Glycine

Peptone as major
energy soUr'Ce

f

A. acet ic  acid;  B,  butyr ic  acid;  C,  caproic acid;  DAP, d i -aminopinel ic ;  lC.  iso-caproic acid;  lV,  iso-valerc acid;  nd,  no data;  VFA, volat i le  fat ty acid
Da tacomp i l ed f romEzak i  e ta l  ( 2001 ) ;  Mu rdochandMagee (1995 )  andMurdoch (1998 )
a) Except An octaylus where major VFA is caproic acid
b) Except An octaylus where it is D-aspartate

appear to be valid and homogeneous taxa (Ezaki et al.

1983; Murdoch and Magee 1995). There are some data

from protein electrophoretic studies (Cato et al. 1983;

Taylor et al. 1991) suggest that ATCC 14955, the type

strain of 'Peptococcus variabilis,' is distinct from

F. magna. Most workers have found no evidence that

F. magna is heterogeneous.

Three further species of anaerobic gram-positive cocci

have been identified recently. Peptoniphilus (Pepto-

streptococcus) harei, Peptoniphilus (Peptostreptococcus)

ivorii, and Anaerococcus (Peptostreptococcus) octavius

were all described by Murdoch et al. (1997) based on
genotypic and phenotypic methods. All isolates were

recovered from human clinical material.

Two other groups of anaerobic gram-positive cocci, as

yet not given species status, were described by Murdoch
(1998). The 'trisimilis' group and the 'B-Gal' group are

both recovered from human clinical material. The 'trisi-

milis' group are saccharolytic and weakly proteolytic

cocci and are phenotypically distinct from other groups.

This group of cocci are slow-growing.

The 'B-Gal' group are a heterogeneous group.

Analysis of 165 rRNA of two strains show a close rela-

tionship to Anaerococcus lactolyticas. They are slow-
growing and some strains reveal satellite growth around

other microorganisms.

Currently recognized species of GPAC are listed in

Table 35.2.

LABORATORY ISOLATION AND
MAINTENANCE

Most of the anaerobic gram-positive cocci are strict
anaerobes in that they need an anaerobic atmosphere

for multiplication (Watt and Jack 1977), but the limited

data available suggest that most clinical strains are

moderatelv aerotolerant. The 14 clinical strains studied

by Tally et al. (1975) all survived 8 h or more of expo-

sure to oxygen; nine (63 percent) survived more than

72 h. Murdoch (1998) has shown in investigations of

fresh clinical isolates that 1 percent of cells of F. magna

and M. micros were still viable after exposure to air for

48 h. Most workers consider that anaerobic conditions

are necessary during specimen transport, though

opinions differ (Smith et al. 1986a; Ezaki et al. 1'992).

Growth is best in the temperature range 35-37'C and is

enhanced by the presence of 10 percent CO2 in the

atmosphere (Watt and Smith 1990). If evacuation and

replacement jars are used, a palladium catalyst should

be present to remove traces of oxygen. The newer non-

catalytic sachets for generating anaerobic atmospheres

are satisfactory for the recovery of clinically important

anaerobes including the anaerobic cocci (Brazier 1995).

The anaerobic gram-positive cocci require complex but

ill-defined nutrients; consequently, commercial non-

selective media vary in their ability to support the

growth of fresh clinical isolates (Heginbothom et al.

1990). Tween 80 (final concentration 0.02 percent)

enhances growth of some species (particularly P. anaero-

bius and F. magna) but is not essential, nor are vitamin

K or hemin supplements (Holdeman Moore et al. 1986).

Opinions differ concerning the need for pre-reduced

media for isolation (Holdeman et al. 1977; Ezaki et al.

1992). Viability in chopped-meat broth depends on the

commercial source since some preparations do not

support growth at all. Solid media without blood can

also be used (Ezaki et al. 1992).

Gram-positive anaerobic cocci may fail to signal in

commercial blood culture media. Terminal subculture

should be considered when there is suspicion of these

organisms in clinical bacteraemia (van der Vorm et al.

2000). The observation that some strains show satellitism

around other species of GPAC would suggest that the

growth requirements of some anaerobic cocci are not yet

fully known (Murdoch 1998).
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Tabf e 35.2 Currently recognized species of anaerobic gram-positive cocci

Current classif ication

A. hydrogenalis
A. lactolyticus
A- octavius
A. prevotii

A. tetradius

A. vaginalis
F. magna

G. barnsae

M. micros
Pe. asaccharolyticus
Pe. indolicus

Pe. ivorii
Pe. lacrimalis

Pc. niger

Pst. anaerobius
R. productus

S. heliotrinreducens
' B - G a l ' g r o u p

'Pst. trisimilis'

Previous approved name

Pst. hydrogenalis

Pst. lactolyticus
'Pst. harei'
Pst. prevotii

Pst . tetradius
Pst. vaginalis
Pst. magnus

Pst. micros

Pst. asaccharolyticus
Pst. indolicus
'Pst. ivorii'
Pst. Iacrimalis
Pc .  n iger

Pst. productus

Pst. hel iotr inreducens

Other previous designations

Pc. prevotii

Gaffkya anaerobia

Pc. magnus, Pc. variabilis

Pc. asaccharolyticus

Pc. indolicus

A,Anaerococcus;F,Finegoldia,G,Gal l icola,M,Micromonas;Pc,Peptococcus:Pe,Peptoniphi lus;Pst . ,Peptostreptococcus;R,Ruminococcus,
5 , Slackia

Ruminococci, coprococci, and sarcinae (see below)
are more sensitive to oxygen and will grow only in well-
maintained anaerobic conditions (Ezaki et al. 7992).
Carbohydrates stimulate the growth of coprococci and
are essential for ruminococci and sarcinae. Few strains
of these genera are likely to grow on standard commer-
cial media and are therefore unlikely to be recovered
from clinical material. Bryant (1986) and Ezaki et al.
(1992) give excellent guidelines for their isolation and
culture.

Pus or the aspired fluid material is preferred for the
isolation of anaerobes and gives a better recovery of
these organisms including the anaerobic cocci (Wren
1991; Mangels 1994). Anaerobic transport systems are
necessary for optimum recovery when swabs are used
(Smith er al.  1993).

The development of selective media has been
neglected. This is an area that deserves active study as
clinical isolates grow slowly on standard media and are
usually present in mixed culture. Overgrowth by more
rapidly growing organisms on non-selective media
occurs, thus many clinical studies will give a falsely low
estimate of their frequency. However, GPAC are so
heterogeneous that any single selective medium is unli-
kely to be satisfactory for all. Wren (1978) found that
nalidixic acid-Tween agar was superior to an enriched
blood agar containing either neomycin or kanamycin,
the traditional isolation media for anaerobic bacteria
from clinical material. These flndings were confirmed in
his survey of selective media for the recovery of anae-
robes from clinical samples (Wren 1980). Anaerobic
gram-positive cocci are very sensitive to most antibiotics

but are usually resistant to bicozamycin (Watt and

Brown 1983; Smith et al. 1986a); however, this agent is

no longer easily available. Ezaki et al. (1992) recom-
mend the use of phenylethylalcohol blood agar but this
medium may not recover some species of cocci (Turng

et al. 1996). A specific medium for M. miuos has been
described (Turng et al.1.996).

Media should be incubated under continuous anae-
robic conditions for 48 h before examination followed

by a further 3 days of incubation to allow maximum
growth of the slower growing species.

The gram-positive anaerobic cocci retain viability well
at -70C or in liquid nitrogen. For long-term storage,
Holdeman Moore et al. (1986) recommend lyophiliza-

tion of cultures in the early stationary phase of growth

in a medium containing less than 0.2 percent fermen-

table carbohydrate. The use of commercially produced

cryobeads stored at -70"C is a satisfactory alternative
for long-term storage.

For short-term storage, most strains survive well on

the open bench in high-quality chopped-meat broth;

however, regular subculture is necessary to maintain the
viability of many strains.

LABORATORY I DENTI FICATION

ldentif ication to the genus level

An important early step in the identification of anae-
robic cocci is their differentiation from the strains of
microaerophilic and capnophilic organisms at present
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classified in the genera Streptococcus, Staphylococcus,

and Gemella. Although such species may appear only on

anaerobic plates on primary isolation, they will grow in

10 percent CO2 on repeated subculture, particularly

strains of S. asaccharolyticus, S. anginosus, and G.

morbillorum. The detection of large amounts of lactic

acid in the absence of other acids by gas-liquid chroma-

tography (GLC) would indicate a member of the

Streptococci. Staphylococcus saccharolyticus, a normal

part of the skin flora, will usually grow only in an anae-

robic atmosphere on primary incubation. Strains ferment

several carbohydrates, produce urease and catalase, and

reduce nitrate (Evans et al. 1978; Ezaki et al.1992).The

species of anaerobic gram-positive cocci of major

medical importance are at present classified in the

genera Anaerococcus, Finegoldia, Micromonas, Peptoni-

philus, and PeptostreptococcLrs, but the definition of

Watt and Jack (1977) also embraces Peptococcus, Rumi-

nococcus, Coprococcus, Sarcina, and Atopobium

(Table 35.1). Isolates of these genera have rarely been

reported from human clinical specimens, perhaps

because techniques for their isolation and identification

are difficult and currentlv used routine diagnostic media

are unsatisfactory.

Antibiotic disk susceptibility tests have been widely

used for the presumptive identification of gram-negative

anaerobic rods (Sutter and Finegold 1971) but not for

GPAC. Watt and Jack (1977) and Murdoch and Mitch-

elmore (1991) used sensitivity to metronidazole as a

simple screening method for separating GPAC from

facultative organisms. Anaerobic cocci gave a zone of

inhibition greater than 15 mm in width around a 5-pg

disk. Metronidazole resistance has been reported but

such strains have been incompletely characterized

(Edson et al. 1982; Wexler and Finegold 1988; Sanchez

et al. 1992; Sheikh et al. 1993). Many isolates of GPAC

retain Gram's stain poorly and can be confused with

gram-negative organisms especially Veillonella. Sensi-

tivity to vancomycin is a simple and reliable method of

separation (Murdoch and Mitchelmore l99l). The

presence of elongated cells in Gram-stained smears of

older cultures may also lead to confusion.

ldentif ication to species level

Identification based on microscopical appearance, detec-

tion of volatile fatty acids (VFAs) by GLC, ability to

ferment carbohydrates, and standard biochemical tests

such as nitrate reduction and indole production have

been the traditional standard methods for identification

of the anaerobic cocci (Holdeman et al. 1977; Sutter

et al. 1985; Summanen et al. 1993; Hillier and Moncla

1995). The results of GLC are of limited discrimination.

They permit a useful if arbitrary division into groups

based on the major terminal volatile fatty acid
(Murdoch and Mitchelmore 1991). However. with the

current reclassification resulting in new genera this

grouping by GLC does not necessarily correlate with

any specific genus. GLC remains useful as part of the

full identification process.

Production of non-volatile fatty acids (NVFAs) has

been little studied, except by Ezaki et al. (1983), but

appears to be of little value except to exclude strepto-

cocci. Few species of GPAC produce acid from carbohy-

drates or are active in standard biochemical tests (Ezaki

and Yabuuchi 1985; Holdeman Moore et al. 1986;

Summanen et al. 1993). Therefore most species have in

the past been identified on the basis of negative reac-

tions. P. anaerobius can be presumptively identified by

sodium polyanethol sulfonate (SPS) disk testing (Graves

et al. t974, Wideman et al. 1976). Murdoch and Mitch-

elmore (1991) found that this test had a sensitivity and

specificity approaching 100 percent. A few strains of

Pe. ivorii may also be SPS-sensitive.

The products of protein decomposition are a major

energy source for most species of GPAC (Rogosa 1974;

Holdeman Moore et al. 1986). Ezaki and Yabuuchi

(1985) showed that tests for amidase and oligopeptidase

activity clearly and reproducibly distinguished between

most species of 'peptostreptococci' and microaerophilic

streptococci. Commercial preformed enzyme kits for the

detection of proteolytic and saccharolytic enzymes

(Karachewski et al. 1985; Murdoch et al' 1988a;

Murdoch and Mitchelmore 1991; Wren 1996) have now

made rapid, reliable identification straightforward for

routine diagnostic laboratories (Table 35.3). Between 10

and 16 percent of isolates still cannot be identified to

recognized species (Murdoch et aL. 1,994; Wren 1996).

The heterogeneity that still exists within some species is

the likely reason for most identification failures.

DNA probes provide a sensitive and specific method

for the rapid identification of single bacterial colonies.
32P-Labeled probes for the identification of P. anaero-

blas (Yasui et al. 1989) and M. micros (Yasui 1989) are

limited by the short half-life of the radioisotope and

problems with their disposal. The development of a
'cold' digoxigenin-labeled probe for M. micros (Gunar-

atnam et al. 1992) could be of considerable value, parti-

cularly in oral microbiology.

The use of the polymerase chain reaction (PCR) for

the detection of M. micros in destructive dental infec-

tions (Riggio et al. 2001) and for the detection of Rumi-

nococcus species in human and animal feces (Wang et al.

1997) has been described.

Two 165 rRNA targeted probes have been developed

and used for the study of lhe Atopobium cluster in

human intestinal f fora by Harmsen et al.  (2000)'

ROLE IN NORMAL FLORA OF HUMANS

The GPAC are a major part of the normal flora of skin

and the mucosal surfaces of the mouth and upper

respiratory, gastrointestinal, and genitourinary tracts
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(Neut et al. 1985; Bartlett 1990; Summanen et al. 1993)
but reports have usually not attempted identification to
the species level. Many commensals of low pathogenicity
are poorly studied and cannot be placed in recognized
species (Murdoch and Mitchelmore 1991; Summanen
et al. 1993). There is considerable variation between
reports, partly because of genuine differences between
the populations studied and partly because of difficulties
with nomenclature and identiflcation. In particular,
organisms described in earlier reports as Pe. asacchar-
olyticus and An. prevotii are likely to be heterogcneous.
As the endogenous flora is believed to be the source of
most anaerobic infections (Finegold and George 1989),
further studies of commensal GPAC are required, with
identification when possible to the species level.

The GPAC constitute 1-5 percent of the normal oral
flora (Sutter 1984), the major species betng M. mrcros
and, according to some reports, P. anaerobiu^l (Neut
et al. 1985; Holdeman Moore et al. 1986; Rams et al.
1992). Dental plaque and the gingival sulcus seem to be
the main sites of colonization. The gastrointestinal tract
hosts most species of GPAC, with considerable numbers
of little known commensals such as coprococci, sarcinae,
and ruminococci (Holdeman Moore and Moore 1974;
Ezaki et al.1992), which have rarely been isolated from
infectious processes. Ruminococcus productus, M.
micros, An. prevotii, and F. magna are reported as being
particularly common. Furthermore it has been demon-
strated that the composition varies with diet (Finegold
et al. 1974' Neut et al. 1985). The female genitourinary
tract contains high numbers of GPAC, including F.
magna, An. prevotii, Pe. asaccharolyticus, P. anaerobius,
and M. miuos (Bartlett 1990; Summanen et al. 1993) but
its detailed composition at the species level appears to
have been little studied. Finegoldia magna, Pe. asaccharo-
lyticus, and An vaginalis are likely to be present in
Iarge numbers as they are the predominant species in
associated superficial wound infections and abscesses
(Murdoch et al. 1994). Levels of GPAC in the female
genitourinary tract may vary with stages of the
menstrual cycle and with pregnancy (MacDonald et al.
1994).

CLINICAL IMPORTANCE

The GPAC are the second commonest group of anae-
robes cultured from human clinical material. They
consistently account for 20-35 percent of all anaerobic
isolates (Holland et al. 1,977; Wren et al. 1977: Rosen-
blatt 1985; Brook 1988a; Murdoch et al.1994). They can
produce disease and be cultured from a wide variety of
sites, particularly gynecological, oral, cutaneous, gastro-
intestinal, and upper respiratory tract infections (Brook
1995), and are commonly recovered from a variety of
skin diseases (Higaki et al. 1,999). They constitute a
significant proportion of the infecting flora in sinusitis
(Mitchelmore and Tabaqchali 1999). GPAC are also

major causes of serious obstetric infections, particularly
puerperal fever (Schwarz and Dieckman 1926; Coleb-
rook and Hare 1933; Hare and Polunin 1960; Hillier
et al. 1990). Isolation from the blood is uncommon
except in obstetric cases (DiZerega et al. 1980; Topiel
and Simon 1986; Brook 1989a). Endocarditis is rare
(Felner and Dowell 1970; Cofsky and Seligman 1985).
Central-nervous-system infections usually present as
abscesses (Brook 1981; Murdoch et al. 1988b) and
meningitis has been reported after head and neck
surgery (Brown et al. 1994). Careful investigations have
shown that GPAC are common in superficial infections
(Wheat et al. 1986; Brook 1989b; Edmiston et al. 1990;
Brook et al. 1992). Most infections are mixed, particu-
larly abdominal wounds and deep-organ abscesses,
which may yield a characteristic flora of anaerobes and
microaerophilic streptococci (Murdoch et al. 1988b).
However, they are sometimes isolated in pure culture
from serious infections, in particular from splenic
abscess (Loualidi et al. 2001), renal abscess (Casullo

et al. 2001), prosthetic valve endocarditis (Ubeda et al.
1998; van der Vorm et al. 2000), paraspinal abscess
(Leder and Barlam 2000), destructive knee-joint infec-
tion (Riesbeck and Sanzen 1999), other osteoarticular
infections (Bourgault et al. 1980; Fitzgerald et al. 1982;
Murdoch et al. 1.994; Felten et al. 1998), spondylitis
(Rousseau and Harle 1998), ovarian abscess (Mikamo

et al. 1998) and meningitis (Korman et al. 1997). Pros-
thetic joints provide potential foci for low-grade infec-
tions, which can easily be overlooked (Fitzgerald et al.
19821 Dav ies  e t  a l .  1988) .

M. micros may be involved in the etiology of acute
dentoalveolar abscess and in adult periodontitis (Riggio

et al.  2001).

The species of greatest clinical importance appear to
be P. anaerobius, Pe. asaccharolyticus, M. micros, and, in
particular, F. magna. These species constituted 77
percent of all GPAC isolates in two recent series
(Murdoch et al. 1994; Wren 1996). The anaerobic coccus
most frequently isolated in pure culture is F. magna,
(Bourgault et al. 1980; Murdoch ef al. 1994). Previous
series reported An. prevotll as one of the commonest
pathogens but these organisms are likely to have been
heterogeneous.

The anaerobic gram-positive cocci are important
pathogens in infections in pediatric patients, particularly

in brain abscess, acute otitis media, chronic sinusitis,
aspiration pneumonia, lung abscess, and osteomyelitis.
In many of these infections GPAC are the most
common anaerobes present (Brook 2002).

PATHOGENICITY AND VIRULENCE
FACTORS

The pathogenicity of the GPAC has been little studied,
with clinical observations suggesting that they are most
often expressed via a synergistic interaction with other
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anaerobes, facultative or obligate. However, as most
infections are mixed. it is difficult to evaluate the rela-
tive importance of different organisms. Synergy of

GPAC with facultative and anaerobic organisms has
been demonstrated in an animal model, with increased
mortality, increased ability to induce abscesses, and
enhanced growth of the bacterial components (Brook

1988b). The ability to produce capsules is an important
virulence mechanism in this model (Brook 1986). Few
other virulence factors have been described. Tam and
Chan (1983) isolated hyaluronidase-producing pepto-

streptococci (not fully identified) in higher numbers from

diseased periodontium than from healthy periodontium.

Murdoch et al. (1988b) noted the strong proteolytic

activity of M. micros and suggested that it might contri-

bute to the formation of deep-organ abscesses. Krepel
et al. (1991, 1992) studied the production by F. magna of
proteolytic enzymes, particularly collagenase and gelati-

nase, and demonstrated that strains from nonpuerperal

breast abscesses and diabetic foot infections had signifl-
cantly greater enzymic activity than those from intra-
abdominal sepsis. They proposed that these proteolytic

enzymes could be important virulence factors in the
causation of soft-tissue infections by F. magna.

Elastase activity of strains of F. magna and M. micros
recovered from the amniotic fluid of patients with
preterm premature rupture of membranes has been
reported (Mikamo et al. 1999).

Protein L is a multidomain cell-surface protein formed

by some strains of F. magna that can bind to the r-light
chain variable domain of human immunoglobulin (Ig)

molecules (Nilson et al. 1992); its expression has been
linked to clinical infection (Kastern et al. 1990). The
production of an albumin-binding protein (PAB) related
to protein L and the protein G produced by some hemo-

lytic streptococci has been reported in some strains,
which are identifiable by both ribotyping and pulse-fleld
gel electrophoresis (Ng et al.1996).

Deoxyribonuclease, RNAase, coagulase, and hemoly-
sins have been reported in some strains of GPAC
(Marshall and Kaufman 1981). Adherence mechanisms
may be important for certain anaerobic cocci, particu-

larly strains of M. micros (Kremer et al. 1997,1999).
Commensal symbiosis in batch and continuous culture

between P. anaerobius and Prevotella bivia may hold
potential significance to the pathogenesis of bacterial
vaginosis (Pybus and Onderdonk 1998). Of similar
interest is the finding that four of seven strains of -F.
magna recovered from the vaginal flora of women with
bacterial vaginosis expressed protein L (Kastern et al.
1990).

TYPING METHODS

There have been several attempts to devise a serologi-
cally based classification of GPAC but they have had
little success (Porschen and SpauldingI9T4; Wong et al.

1980; Collins et al. 1989). Several antigens are shared
between strains of P. anaerobiu,s (Smith et al. 1986b;
Collins et al. 1989). Bacteriophage and bacteriocin
typing schemes have not been developed. Neither
nucleic-acid-based nor molecular typing methods have
yet been devised for GPAC.

SUSCEPTIBILITY TO ANTIBIOTICS

The anaerobic gram-positive cocci are usually suscep-
tible to a wide range of antibiotics commonly used for
the treatment of anaerobic infections (Garcia-Rodriguez
et al. 1995). This predictablility has led some authorities
(Finegold 1988) to suggest that routine susceptibility
testing is required only in limited, well-deflned circum-
stances. Guidelines for quantitative susceptibility testing
have been published (King and Phillips 1988; National
Committee for Clinical Laboratory Standards 1990).
Almost all strains tested have been susceptible to vanco-
mycin, rifampicin, chloramphenicol, broad-spectrum
penicillins, cefotaxime and cefoxitin, imipenem, and
combinations of B-lactam with B-lactamase inhibitor
(Watt et al. 1979; Edson et al. 1.982; Watt and Brown
1986; Wexler and Finegold 1988). Most studies have
found that strictly anaerobic cocci are highly susceptible
to metronidazole (Watt et al. 1979; Panichi et al. 1,990;
Wexler et al. 1993). Edson et al. (1982) and Sanchez
et al. (1992) reported resistance rates of 10-15 percent
but did not give the species identity of their strains and
it is likely that some may have been microaerophilic
streptococci. Wren (1996) found no resistance to metro-
nidazole or chloramphenicol in 169 strains of anaerobic
coccl.

Penicillin G is usuallv considered to be hiehly effec-

t ive but Panichi 
"t 

ut. iteoo; reported a resiiance rate
of 10 percent. Twenty-four percent of the strains tested
by Greenwood and Palfreyman (1987) showed penicillin
minimum inhibitory concentrations (MICs) of greater

than 1 mg/l but did not exhibit BJactamase activity. F.
magna and M. micros had penicillin resistance rates of
16 and 8 percent, respectively, in the study reported by
Wren (1996). Four strains of P. anaeroblus studied by
Reig and Baquero (199a) had a modal MIC to amox-
icillin of 8 mg/l; MIC was unaffected by the addition of

BJactamase inhibitors. These observations suggest that

B-lactam resistance may be mediated via modifled peni-
cillin-binding proteins. The literature concerning the
production of B-lactamases is confusing (Aldridge et al.
1983; Sturm 1989; Murdoch 1998) but it would appear
that their production in GPAC is rare. Sensitivity of
GPAC to the cephalosporins is dependent upon the
class of drug (Panichi et al. 1990). The carbapenems are
fully active (Wexler et al. 1993).

Ciprofloxacin has borderline activity (Watt and Brown
1986) but recently developed quinolones are more
active, for example gatifloxacin and gemifloxacin
(Wexler et al. 1,993; Goldstein et al. 1999a, b).
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Susceptibility to tetracycline, erythromycin, and clin-
damycin appears to be variable (Edson et al. 1982; Reig
et al. 1992; Sanchez et aL 1992). Importantly clin-
damycin resistance rates may be as high as ll-L2
percent (Wren 1996; Finegold et a1.2002). In one study
clindamycin resistance was reported to be as high as 16
percent (Hecht et al. 1999). Selection of clindamycin-
resistant strains following clindamycin therapy has been
described (Ohm-Smith et al. 1986). Inducible macrolide-
lincosamide resistance has been demonstrated (Reig

et al. 1992; Sanchez et al. 1.992), though regrettably the
species identities of the relevant strains were not
reported. In the study by Reig et al. (2001), 2l of 26
anaerobic gram-positive cocci resistant to the macrolides
possessed the ermTR gene encoding a methyltransferase
enzyme. It was shown by these workers that resistance
was transferrable from F. magna to Sfteptococcus
pyogenes. There is the possibility that the circulation of
this resistance determinant among the oropharyngeal
flora may occur. Sanchez recommended testing erythro-
mycin susceptibility so that inducible clindamycin resis-
tance can be detected. Wexler et al. (1999) showed clari-
thromycin to be the most active of the macrolides
against the anaerobic coccr.

Resistance to glycopeptides has not been reported.
Teicoplanin is reported to be more active than vanco-
mycin (Greenwood and Palfreyman 1987).

Recently published studies have shown high rates of
sensitivity of GPAC to ertapenem and faropenem
(Aldridge 2002; Wexler et al. 2002), daptomycin (Gold-
stein et al. 2003), quinopristin/dalfopristin (Ling et al.
2001), Iinezolid (Goldstein et al. I999c), amoxicillin-
clavulanate (Goldstein et al. 1999d), cefminox
(Hoellman et al. 1998), a new semisynthetic glycylcy-
cline, GAR-936, (Goldstein et al. 2000), and a new keto-
lide ABT-773 (Finegold et aL.2002).

As GPAC are usually isolated from polymicrobial
infections (frequently with other anaerobes, aerobes,
and microaerophilic streptococci) therapy should consist
of a suitable antibiotic in combination with metronida-
zole; a B-lactam with a BJactamase inhibitor is a reason-
able alternative. More work would be valuable, particu-
larly on the frequency of resistance to antimicrobial
agents. Currently, reports of significant antibiotic resis-
tance in GPAC to many agents are rare and as identifi-
cation of most strains is now straightforward such
isolates should be identified to the species level.

GENUS AND SPECIES DESCRIPTIONS

Genus Anaerococcus

Strictly anaerobic gram-positive non-motile cocci. Cells
are found in pairs, tetrads, irregular clusters, or chains.
Peptones and amino acids are metabolized. The major
terminal volatile fatty acid is butyric acid. Most species

weakly ferment carbohydrates. The diamino acid of the

cell wall is r--lysine and the interpeptide bridge is n-

glutamic acid (except in An. octavius, where it is l-

aspartate). The G + C content of the DNA is 26-34
percent. The type species is Anaerococcus prevotii.

ANAEROCOCCUS HYD ROG E NALI S

An. hydrogenalls cells are 0.5-1.8 pm in diameter and

occur in clumps, diplococci, and tetrads, sometimes in

short chains. Colonies are usually 2-3 mm, gray-white,

low convex, entire, and circular after incubation for 5

days, often with an unpleasant smell. They produce

indole and most strains are positive for alkaline phos-

phatase (ALP) but not coagulase. Urease production is

variable and they do not reduce nitrate. An. hydro-

genalis is strongly saccharolytic but weakly or non-
proteolytic. Some strains produce o-glucosidase. No

arylamidases are produced. Butyric acid is the terminal

volatile fatty acid (VFA) produced. An. hydrogenalls has

been isolated from human feces, vaginal discharge

(Ezaki et al. 1990), infected superficial sites (Murdoch

et al.1994), ulcers, and urine. Pathogenicity is unknown.

The G + C content of DNA is 30-31 mol% and the type

strain is DSM (Deutsche Sammlung von Mikro-

organismen) 7454. An. hydrogenalis is synonymous

with Hare group III (Thomas and Hare 1954; Murdoch

and Magee L995).

ANAE ROCOCCU S ACTO LYTICU S

The type strain of An. lactolyticas is slow-growing,

forming translucent colonies 1 mm in diameter after 5

days. Cells are 0.5-1.5 pm in diameter and occur in short

chains or clumps. An. lactolyticus produces urease but

not ALP or indole; it is strongly saccharolytic but

weakly proteolytic (Li et al. 1992). Strains are positive

for p-galactosidase and arginine arylamidase. Butyric

acid is the terminal VFA produced. Two strains

described by Li et al. (1992) were from vaginal

discharges. The G + C content of DNA is 34 mol% and

the type strain is DSM 7456.

ANAEROCOCCUS OCTAVIUS

An. octavius cells are 0.7-0.9 pm in diameter, occurring

in clumps. Colonies after 5 days are 1-2 mm in

diameter, yellow-white, glistening, circular, raised, and

entire (Murdoch and Mitchelmore 1991). Indole, urease,

and ALP are not produced. Strains of An. octavius are

strongly saccharolytic but weakly proteolytic. No glycosi-

dases are produced. Strains are positive for proline

arylamidase and give a weak reaction for pyroglutamyl

arylamidase. They produce large quantities of butyric

acid and some isovaleric acid. The terminal VFA is n-

caproic acid. Fifteen strains studied by Murdoch et al.
(1994) came from nasal flora; their pathogenicity is

unknown. The type strain is DSM 11663.
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ANAEROCOCCUS PREVOTII

An. prevotii cells are 0.6-I.2 pm in diameter, usually

occurring in clumps and tetrads. Colonies are matt grey

with whiter centers, low convex, circular, entire, 2 mm in

diameter after 5 days, but showing marked variation in

size and shape. The type species An. prevotii produces

urease but not indole or ALP. There is weak sacchar-

olytic and proteolytic activity. The strain produces cr-

galactosidase, u-glucosidase, B-glucuronidase, and argi-

nine, pyroglutamyl, and histidine arylamidases. Weak

activity occurs for tyrosine arylamidase. Butyric acid is

the terminal YFA. An. prevotii is a constituent of the

normal flora but its pathogenic potential is unclear. The

G + C content of DNA rs 29-33 molTo and the type

strain is NCTC (National Collection of Type Cultures)

11806 (= ATCC [American Type Culture Collection]

932r).
Clinical isolates of this species show considerable

variation in identification tests (Murdoch 1998: Wilson

et al. 2000).

Taxonomic note

The original description of this species (Foubert and

Douglas 1948) was based on six strains, some sacchar-

olytic and some asaccharolytic. Rogosa (1974) consid-

ered that 'P. prevotii' was a 'composite description of

two organisms,' one similar to'Gaffkya anaerobia' (now

An. tetradius) and the other to indole-negative strains of

P. asaccharolyticus; he recommended that the name

should be rejected. The type strain is weakly sacchar-

olytic and closely related to An. tetradius (Ezaki et al.

1983; Li et al. 1994). Until recently, identiflcation

manuals and clinical papers described most or all indole-

negative, butyrate-producing strains of GPAC as An.
prevotti. However, strictly defined isolates are infre-

quently isolated from human clinical material (Murdoch

et al. 1994); strains previously reported as An. prevotti

probably belong to a variety of species such as An. vagi-

nalis.

ANAEROCOCCU S TETRA DI US

An tetradius (formerly P. tetradius; 'Gaffkya anaerobia')

cells are 0.5-1.8 pm in diameter, occurring in clumps and

tetrads. Colonies after 5 days are usually 2 mm in

diameter, matt gray with whiter centers, low convex,

circular, and entire, often showing marked variation in

size and shape. The type strain of An. tetradius produces

urease but not indole or ALP; nitrate is not reduced.

The species is strongly saccharolytic but proteolytic

activity is very weak. o-Glucosidase and B-glucuronidase
are produced, as are arginine and leucine arylamidase.
Variable and weak reactions occur in many other tests,
probably owing to the heterogeneity of the species.

Butyric acid is the terminal YFA. An. tetradius is prob-

ably a constituent of the normal vaginal flora; it is rarely

isolated from human clinical specimens but has been
little studied. The G + C content of DNA is 30-
32 mol'/" and the type strain is ATCC 35098 (= DSM

zesr).
Considerable variation occurs in tests performed on

clinical isolates of this species (Murdoch 1998; Wilson

et al. 2000).

ANAEROCOCCU S VAG I NALIS

An. vaginalis cells are 0.5-1.5 pm in diameter and

usually occur in clumps or tetrads. Colonies are 2-3 mm,

gray-white, low convex, and circular after incubation for

5 days, often with an unpleasant smell. An. vaginalis

produces arginine dihydrolase (ADH) but not urease or

indole. ALP production is variable. There is moderate

saccharolytic and proteolytic activity. No glycosidases

are produced but strains are positive for arginine.

leucine, and histidine arylamidase. Butyric acid is the

terminal VFA produced. An. vaginalis is part of the

vaginal flora (Li et al. 1992) and a significant human

pathogen, accounting for six percent of all isolates of

GPAC in one survey (Murdoch et al. 1994). It has been

cultured from pleural empyema and superficial and post-

surgical wound infections, sometimes in pure culture.

The G + C content of DNA is 28-30 molTo and the type

strain is DSM 7457.

Genus Finegoldia

Obligately anaerobic non-motile gram-positive cocci.

Cells occur in pairs, clusters, or short chains.

Carbohydrates are not fermented but peptones and

amino acids are metabolized. The major terminal vola-

tile fatty acid is acetic acid. The diamino acid of the cell

wall is r-Jysine and the interpeptide bridge is glycine.

The G + C content of the DNA is 32-34 percent. This

genus contains only one species F. magna, the type

specles.

FINEGOLDIA MAGNA

F. magna cells are 0.8-1.6 pm in diameter and arranged

in clumps. In direct smears of clinical material they

resemble staphylococci. The colonial morphology is

highly variable; they are entire, circular, low convex, and

most commonly translucent but color varies from white

to grayish or yellowish. The surface is glistening or matt'

Colonies measure 2 mm diameter after 5 days but

marked variation in size may occur. Occasional strains

are B-hemolytic. F. magna does not produce urease or

indole or reduce nitrate. Activity in ADH and ALP is

variable. There is weak saccharolytic activity, which may

be enhanced by the presence of tween 80 and marked

proteolytic activity. Glycosidase enzymes ate not

produced. F. magna is positive for arginine, leucine, and

pyroglutamyl arylamidase and gives a weak reaction for

histidine arylamidase. The terminal VFA is acetic acid.
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F. magna is part of the normal flora of the gastro- MICROMONAS MICROS
intestinal and female reproductive tracts and probably of
the skin. It is the commonest species of anaerobic cocci 

M' micros cells are 0'3-0'7 pm in diameter and arranged

isolated from human pathological specimens (Bourgault in chains. and clumps' colonies grow slowly and are

et al. 1980; wren et al 1977; wren 1996) ani is 
usually 

.distinctive, 
being glistening, white (sometimes

frequently cultured from soft-tissue infections (Bour- gray), domed' entire' circular' 1 mm in diameter after

gault et al. 1gg0; Murdoch et a;. 1.gg4), septic loints, 
incubailon for 5 days, and often surrounded by a yellow-

particularly in the presence of prosthetic material (Fitz- o|:*t 
.litt 

of discoloration in the medium about 2 mm

gerald et al. \982), diabetic foot infecrions (Sanderson wide. (Murdoch and Mitchelmore r99r)' A rough

1.977; wheat et al. 1986), breast abscesses (Edmiston -:.tphltype possessing fibrillar structures form dry,

et al. 1990) superficial wound infections (Brook 19g9b; 
white' hemolytic colonies (van Dalen et al' t993)' M'

Murdoch et al. lg94), and ulcers (wren 1996). It is often 
micros produces ALP but not indole, urease, or ADH' It

isolated in pure culture and can be a primary pathogen t:. 
Tu""l1to1ttic 

but very strongly proteolytic; it can be

(cofsky and Seligman 1985; phelps and Jacobs 1915; distinguished from F' magna by production of proline,

Panagou et al. 1991; pouedras et al. 1992; Brown et al. 
phenylalanine, and glutamylglutamyl aminopeptidases'

1994). Collagenase (Krepel et al. 1gg2), protein L Y.' :',.'-t 
also produces arginine, leucine, pyroglutamyl,

(Nilson et at. 1992), and albumin-binding protein (Ng l:':91""' 
and tyrosine arvlamidase, though Ng et al'

et al. 1996) may be virulence factors. The G + C.oni.ni 
(1994) reported that some of these tests were not reli-

of DNA is 32-34mol% and the type strain is NCTC able for.vaginal strains of M. miuos. Glycosidases are

11g04 (= ATCC 15794). peptococcus variabilis is prob- "", lto.dY::d. 
M' micros produces acetic acid as the

abrv a svnonvm :""'#li'rH1,?J*;?T.:::"'fi;il J."fir'HJ
, anaerobes in periodontitis (Moore et al. 1982; Socranskyqenus galllcoE 

et al. 1988; Rams et al. 1992), peritonsillar abscess

;r;r;;, unu;"' non-rnot'e gram-positive cocci. :t"'j',:t';:*,ft?ifl'j:'l,"i,li,j3l,1t'i, Ttj:$i;
Cells occur singly or in pairs. Carbohydrates are not isolated from infections in close proximity to the respira_
fermented and indole is negative. The diamino acid of tory tract but it is probably under_recorded; it can be
the peptidoglycan is ornithine and the interpeptide cultured from a wide range of human polymicrobial
bridge is n-aspartic acid. The major terminal volatile abscesses, including the brain (Murdoch et al. 19ggb).
fatty acid is acetic acid. The G + C content of the DNA The type srrain is NCTC 11g0g (= ATCC 33270). pepto_
is27-34 percent. The type species is G. barnsae. coccus glycinophilus is a synonym (Cato et al. 19g3).

GALLICOLA BARNSAE

G. barnesae cells are 0.5-0.9 pm in diameter, usually
occurring in pairs. Colonies of the type strain are white
and up to 1 mm in diameter after incubation for 5 days.
Growth is enhanced by bile salts. G. barnesae forms
indole weakly but not urease, ALP, or ADH. Nitrate is
not reduced. G. barnesae is asaccharolytic but utilizes
purines and glycine as the only amino acid (Schiefer-
Ullrich and Andreeson 1985). No glycosidases or aryl-
amidases are produced. Acetic acid is the terminal vola-
tile fatty acid. G. barnesae has been isolated from
chicken feces. The type strain is DSM 3244.

Genus Micromonas

Genus Peptoniphilus

Obligately anaerobic non-motile gram-positive cocci.
Cells occur in pairs, chains, and clusters.

Carbohydrates are not fermented but peptones and
amino acids are metabolized. The major terminal vola-
tile fatty acid is acetic acid. The diamino acid of the cell
wall is t--lysine and the interpeptide bridge is D-aspar-
tate. The G + C content of the DNA is 28-30 percent.
This genus contains only one species, M. micros, which
is the type species.

Strictly anaerobic non-motile gram-positive cocci. Cells
may occur in pairs, short chains, tetrads, or small clus-
ters. Peptone and amino acids are metabolized. Carbo-
hydrates are not fermented. The major terminal volatile
fatty acid is butyric acid. The cell-wall diamino acid is
ornithine and the interpeptide bridge is o-glutamic acid.
The G + C content of the DNA is 30-34 percent. The
type species rs Peptoniphilus asaccharolyticus.

P E PTO N I PH I L U S ASACC H ARO LYTI C U S

Pe. asaccharolyticus is a genetically heterogeneous

species (Ezaki et al. 1983; Holdeman Moore et al. 1986;
Murdoch and Magee 1995). Typical strains form cells
0.7-0.9 pm in diameter that vary little in size, occur in
clumps, and retain Gram's stain poorly. Colonies after 5
days are 2-3 mm in diameter, glistening, lemon-yellow,
low convex, circular, entire, and often with a musty
smell. Between 80 and 90 percent of strains form indole
but urease, coagulase, and ALP are not produced. The
species is asaccharolytic and moderately proteolytic.

Glycosidases are not produced. Arginine arylamidase is
produced. Variable results occur in leucine and tvrosine
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arylamidase. Weak activity occurs for histidine arylami-
dase. The terminal VFA is butyric acid. Pe. asacchar-

olyticus is a normal part of the human flora of the
gastrointestinal tract; the species is commonly isolated
from clinical specimens, sometimes in pure growth
(Murdoch et al. 1.994\. The G + C content of DNA is
30-34 rlnol"/o and the type strain is NCTC 11461 (=

ATCC 14963). On microscopy, atypical strains show
marked variation in cell size and shape (cell diameter
0.5-1.5 pm), with oval and elliptical forms; they grow

more slowly-forming colonies that are 1 mm ln
diameter, translucent, matt, flat, and entire after 5 days.
Indole production is weak. Atypical strains can be
isolated from human pathological specimens, occaslon-
ally in pure growth (Murdoch et al. 1994). The identifi-
cation of the indole negative strains is currently
problematic.

PEPTONIPHILUS HAREI

Murdoch and Mitchelmore (1991) distinguished two
groups within Pe. asaccharolyticus based on phenotypic

properties. Analysis of strains by pyrolysis mass spectro-
metry and analysis of 165 rRNA led to the proposal that
the so-called type B strains of Pe asaccharolyticus be
reclassified as Pe. harei.

Cells of Pe. harei show considerable variation in size
(0.5-1.5 pm) and appear in clusters. Growth is very slow,

colony size being only 1 mm in diameter after 5 days of
incubation. Colonies are flat and transluscent. They are
asaccharolytic; glycosidase enzymes are not produced.

Indole is variable and urease, ALP and ADH are nega-

tive. Arginine and histidine arylamidase are produced

and weak activity is detected for tyrosine arylamidase.
Some strains give a weak reaction for leucine arylami-
dase. The terminal volatile fatty acid is butyric acid. The
type strain is DSM 10020.

PEPTO N I PH I LU S I N DO LI CU S

Pe. indolicus cells are 07-1.6 um diameter and occur
mainly in clumps, often retaining Gram's stain poorly.

Colonies are usually 3-4 mm (though with considerable
variation), raised, yellow-buff, circular, entire, and

smooth after incubation for 5 days. They produce indole
but not urease. Biochemical activity is similar to typical
Pe. asaccharolyticus brt Pe. indolicus is distinguished by
the production of coagulase (Ezaki et al. 1983) and ALP
(Murdoch and Mitchelmore 1991) and, in some test
systems, reduction of nitrate to nitrite (Ezaki et al.

1983). Pe. indolicus is asaccharolytic but strongly proteo-

lytic. Arginine, phenylalanine, leucine, and histidine

arylamidase are produced by all strains but tests for
tyrosine arylamidase show weak activity. Butyric acid is
the terminal volatile fatty acid. Pe. indolicus is a species
of veterinary importance, causing bovine summer

mastitis (Madsen et al. 1992), but it is rarely isolated

from human clinical specimens. The type strain is NCTC
11088 (= ATCC 29427\.

PEPTONIPHILUS IVORII

Pe. ivorii cells are 0.4-L.5 pm in diameter, occurring in

clumps. Colonies grow slowly; they are 1-2 mm in

diameter, whitish, low convex, entire, and circular after

5 days. The organism does not produce indole, urease,

ADH, or ALP. The four strains tested by Murdoch and

Mitchelmore (1991) are asaccharolytic and weakly

proteolytic. No glycosidases are produced. Proline aryla-

midase is produced. The terminal volatile fatty acid

produced is isovaleric acid but large quantities of butyric

acid are also formed. Some strains are inhibited by

sodium polyanethol sulphonate. Pe. ivorii has been

isolated from the normal flora of humans (Murdoch et al.

1994); its pathogenicity is unknown. The type strain is

DSM 10022.

PEPTONIPHILUS LACRI MALIS

Cells of the type strain Pe. lauimalis are 0.5-0.7 pm in

diameter and occur in short chains or clumps. After 5

days colonies are pink-white and l-2 mm in diameter,

but with considerable size variation. They are asacchar-

olytic and inactive in classic biochemical tests. using

peptones and oligopeptides as energy source (Li et al.

1992). Glycosidase enzymes are not produced. Arginine,

phenylalanine, leucine, and histidine arylamidase are

produced. Variable reactions occur for tyrosine arylami-

dase. Butyric acid is the terminal volatile fatty acid.

Both strains described by Li et al. (1.992) were isolated

from human eyes. The type strain is DSM 7455.

Genus Peptococcus

Obligately anaerobic non-motile gram-positive cocci.

Cells occur singly or in pairs and clusters. Peptones and

amino acids are metabolized but carbohydrates are not

fermented. The major terminal VFAs are butyric,

caproic, and isovaleric acids. The cell-wall diamino acid

is r-Jysine and the interpeptide bridge is D-aspartate.

The G + C content of the DNA is 50-51 percent. The

genus now contains only the type species, Pc. niger.

PEPTOCOCCUS NIGER

Pc niger cells are 0.3-1.3 pm in diameter, occurring in
singles, pairs, and clumps. The type strain grows slowly
to form raised, circular, entire colonies 1 mm in
diameter after incubation for 5 days. Black pigmented
colonies may be seen on initial isolation but become
gray on exposure to air. Pigment is often absent after
several laboratory transfers (Wilkins et al. 1975). The
type strain forms catalase but is inactive in other tests
including glycosidases and arylamidases (Ezaki and
Yabuuchi 1985; Murdoch 1998). The distinctive VFA
profile includes butyric, isovaleric, and terminal
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n-caproic acids. The neotype and other strains were
isolated from human umbilical flora by Wilkins et al.
(1975). Very rarely the organism is isolated from patho-
logical specimens (Ezaki et al. 7992; Murdoch et al.
1994). The G + C content of DNA is 51 mol%.
Although it is the type species of the family Peptococca-
ceae, Pc. niger is related only distantly to other members
(Ezaki et al 1994). The type strain is NCTC 11805 (+
ATCC 27731).

Gen us Peptostreptococcus

Obligately anaerobic nonmotile gram-positive cocci.
Cells occur in pairs, chains, and clusters. Carbohydrates
are weakly fermented. Peptones and amino acids are
utilised. The terminal VFA is isocaproic acid in the
majority of strains. In a few strains the terminal acid is
isovaleric acid. The diamino acid in the cell wall is r--
lysine and the interpeptide bridge is o-aspartate. The
G + C content of the DNA is 34-36 percent. The genus
now contains only one species, the type species Psl.
anaerobius.

P E PTO STR E PTO CO CC U S AN A E RO B I U S

Pst. anaerobius cells are 0.5-0.9 pm in diameter, often
coccobacillary, and with a variety of pleomorphic forms;
cells usually occur in pairs or chains. Pst. anaerobius is
the most rapidly growing species in the genus. Colonies
reach 1 mm in diameter after incubation for 24 h: after 5
days they reach2-4 mm, and are gray, flat, entire, and
with slightly raised whitish centers and a distinctive,
sickly sweet 'plasticine-like' smell. Growth is inhibited
by polyanethol sulfonate. This species does not produce
indole, urease. ADH. or ALP. It is a weak fermenter of
carbohydrates. The organism produces o-glucosidase and
proline arylamidase. Various volatile fatty acids are
formed, usually terminating in isocaproic acid, but 5-10
percent of strains produce a terminal isovaleric peak.
Pst. anaerobizs is a normal part of the human flora of
the genitourinary and gastrointestinal tracts, commonly
isolated from human clinical specimens, particularly
from abdominal sites, but rarely in pure culture. The
G + C content of DNA is 33-34 mol% and the type
strain is NCTC 11460 (= ATCC 27337). Recent taxo-
nomic studies suggest a closer relationship to some clos-
tridia than to other genera of anaerobic gram-positive
coccr.

Further detailed information on all of the above
species can be obtained from the excellent review by
Murdoch ( i998).

Genus Ruminococcus

Analysis of 165 rRNA sequences shows that Rumino-
coccus spp. are genetically heterogeneous. They are
gram-positive coccbacilli (though often retaining stain

poorly) with ends that can be rounded, flat, or pointed.

They occur in pairs and chains. They are obligate anae-

robes and do not form spores; they require carbohy-

drates, which are fermented to form various proportions

of acetate, formate, succinate, lactate, ethanol, carbon

dioxide, and hydrogen. Amino acids and peptides are

not fermented; most strains require ammonia as their

nitrogen source. They have the ability to digest cellu-

lose. They do not grow well on ordinary laboratory

culture media. The cell-wall diamino acid is m-DAP

with no interpeptide bridge amino acid. The G + C

content of DNA is 3946 mol% and the type species is

Ruminococcus flav efaciens.

Most strains have been isolated from the gastro-

intestinal tract of animals, including humans, and appear

to be of low pathogenicity (Bryant L986); however, the

culture methods used in diagnostic laboratories are unli-

kely to lead to their isolation (Ezaki et al. 1992). Bryant
(1986) listed eight species; Ezaki et al. (99a) have since

proposed that P. productus and S. hansenll should be

transferred to the genus Ruminococcus. Collins et al.
(1994) and Rainey and Janssen (1995) disagree; Collins

et al. (1994) place R. productus as a major part of the

human anaerobic flora and can be readily identified

using preformed enzyme kits (Murdoch and Mitch-

elmore 199L).

RU M I NOCOCCU S PRO D U CTUS

R. productus cells are elliptical, (0.6-0.9) x (0.8-2.0) prm;

they occur in pairs or short chains and will grow on en-

riched blood agar to form circular, convex, glistening gray

colonies, 1-3 mm in diameter, after 2 days. They are

strongly saccharolytic, forming acid from many carbohy-

drates, but have no proteolytic activity. Nitrate reduc-

tion, urease, ALP, and indole production are all nega-

tive. Aesculin is weakly fermented. o-Galactosidase and

u-glucosidase are produced, but not arylamidases. The

terminal VFA produced is acetic acid. The organism has

rarely been isolated form human clinical specimens. The

type strain is NCTC 11829 (=ATCC27340).

Genus Slackia

Obligately anaerobic nonmotile gram-positive cocci.

Cells occur as cocci, coccobacilli, or short bacilli. They

are bile-sensitive, hydrolyse arginine, are catalase-,

urease-, and indole-negative and do not hydrolyse

aesculin. Growth is stimulated by 0.5 percent arginine.-

Carbohydrates are not fermented. The G + C content of

the DNA is 60-64 percent. The type species is S. exigua.

S LACKIA H E LI OTRI N RE DUCEN S

S. heliotrinreducens cells are 0.3-0.6 pm in diameter and

occur in pairs, chains, and clumps, often with elongated
pleomorphic forms. Cells are easily decolorized. They

are very slowly growing, forming translucent, glistening,
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low convex, entire, circular colonies L mm in diameter

after incubation for 5 days. S. heliotrinreducens strains
produce ADH but not ALP, thus distinguishing them

from M. micros; they do not produce urease. Nitrate

may be reduced. S. heliotrinreducens strains are asac-

charolytic but strongly proteolytic (Murdoch and Mitch-

elmore 1991). Glycosidases are not produced. Positive

tests occur for proline, phenylalanine, and leucine aryla-

midase. Weak tyrosine and histidine activity occur. The

terminal VFA is acetic acid. The type strain was isolated

from sheep rumen (Lanigan 1976); similar isolates

cultured from human polymicrobial anaerobic abscesses

(Murdoch and Mitchelmore L989) may belong to a

different species. Two of these isolates were shown to be

different from the type species (Goodacre et al. 1996).

The type strain is NCTC 11029 (= ATCC 29202).

Species awaiting description

There are some species that still await description, parti-

cularly in the butyrate group. The following have been

well characterized (Murdoch 1998).

' P E PTO STR E PTO CO CCU S TRI S I M I LI S'
'P. trisimilis' is similar to An. hydrogenalis (Hare group

III; Murdoch and Magee 1995); cells are 0.8-1.5 pm in

diameter, occurring in clumps and tetrads. Colonres are

gray with whiter centres, entire, circular, and I-2 mm in

diameter after 5 days. 'P. trisimilis' produces indole but

not urease. ALP activity is variable. The organism is

strongly saccharolytic. Some strains produce B-galactosi-
dase, and all are pyroglutamyl arylamidase positive. 'P.

trisimilis' has been isolated from blood. infected

mastoid, and sternotomy wounds.

THE' ,p-GAL' ,GROUP

Murdoch and Mitchelmore (1991) described a loose

group of 11 strains with characteristic arylamidase

patterns. These strains were strongly saccharolytic and

most produced B-galactosidase and ALP but not indole

or urease. Arginine and leucine arylamidase were

produced, together with weak pyroglutamyl activity. The

cells of these organisms appear in clusters and colonies

were 1,2 mm in diameter after 5 days of incubation. The

terminal VFA is butyric acid. Strains isolated in the

study by Murdoch et al. (1994) were mostly recovered

from abscesses of the breast and buttock.

Other genera

coPRococcus
This genus was proposed by Holdeman Moore and

Moore (I91a) to include gram-positive obligately anae-

robic cocci for which fermentable carbohydrates are

required or are stimulatory to growth and that form

butyric acid. They do not form spores and are differ-

entiated form Ruminococcus by production of butyric

acid. However,Ezaki er al. (1.994) suggested that copro-

cocci and ruminococci might be better classified toge-

ther. Coprococci are unlikely to grow on routine media;

methods for their isolation have been described

(Holdeman et al. 1977; Ezaki et al. 1992). There are

three species, all described from the human gastro-

intestinal tract; they have not yet been reported from

clinical specimens (Holdeman Moore and Moore 1986).

The G + C content of DNA is 39-42 mol7o.

SARCINA

This is a little-studied genus of gram-positive obligately
anaerobic cocci characteristically arranged in packets of

eight. The organisms can form endospores, and 165

rRNA sequence data indicate that the Sarcina ventriculi

is closely related to Clostridium perfringens and P. anae-

robius (Collins et al. 1994; Ezaki et al. 1994)' S. ventri-

crl/l is placed by Collins et al. (1994) in Clostridium

cluster I. The species require fermentable carbohydrate,

will grow at pH range 1.0-9.8, and can be selected out

using bifidobacterium medium (Ezaki et al. 1992). Two

species have been described, both isolated from the

human gastrointestinal tract and from soil. S. ventriculi

has been cultured from human vomitus (Ezaki et al.

1,992) and in the feces of patients with gastrointestinal

pathology. The G + C content of DNA is 28-31 mol%.

ATOPOBIUM

The genus Atopobium was proposed by Collins and

Wallbanks (1992) on the basis of 165 rRNA sequence

data. The organisms are gram-positive obligately anae-

robic cocci or rods occurring in pairs or short chains'

Cells may be elongate but they do not form spores. The

major metabolic product is lactic acid. Atopobium

parvulum, formerly in the gents Peptostreptococcus,

laler Streptococcus (Cato 1983), is weakly saccharolytic

and proteolytic. The type strain will grow slowly on

commercial media to form tiny translucent colonies after

5 days but its growth can be stimulated by Tween 80'

Atopobium parvulum has been recovered from human

clinical material taken from infections of the abdomen,

abscesses, and from high vaginal swabs (Wren et al.

1977). Its principal habitat is unknown. The G + C

content of DNA is 35-46 mol7" and the type strain is

ATCC33793.

Three other species of Atopobium (A. vaginae, A'

minutum, and A. rimae) have been described and may

be differentiated from each other and A. parvulum .using

glycosidase and arylamidase reactions (Rodriguez Jovita

et al. 1999). They are rarely recovered from human

material but A. rimae ar'd A. parvulum have been

reported in dental abscesses and A. minutum from

abdominal wounds and pelvic abscess (Rodriguez Jovita

et al.  1999).
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sequencing studies. So far, ten new genera have been
proposed: Alicyclobacilh.rs (Wisotzkey et al. 1992), which
contains six species of thermoacidophiles; Paenibacillus
(Ash et al. 1993), containing 49 species and including
organisms formerly called -8. polymyxa, B. macerans, B.
alvei, and the honey bee pathogens B. larvae and ,8.
pulvifaciens (now both subspecies of P. larvae); Breviba-
cil/us (Shida et al. 1996), containing 12 species and
including organisms formerly called B. brevis and B.
laterosporus; Aneurinibacillus (Shida et al. 1996), with ,4
aneurinilyticus and three other species; Virgibacillus
(Heyndrickx et al. 1998) with l/. pantothenticus and four
other species; Gracilibacillas and Salibacillus (Wain@

et al. 1999), which each contain two species of halo-
philel. Geobacll/rls (Nazina et al. 2001) with ten species
of thermophifes including Bacillus stearothermophilus;
Ureibacillus (Fortina et al. 2001) with two round-spored,

thermophilic species, and single-membered Mariniba-

cll/r.rs (Yoon et al. 2001b). Salibacillus has subsequently
been merged with Virgibacillus (Heyrman et al. 2003).
Sporosarcina contains the motile, sporeforming coccus ̂ 1.
ureae, which is closely related to B sphaericas, and five
rod-shaped, round-spored species, including Bacillus
pasteurii, that have now been placed in this genus (Yoon

et al. 2001a). Other genera of aerobic endospore
formers, not derived from Bacillus, are: Sulfobacillus,

Bacillus anthracis, Bacillus cereus, and
other aerobic endospore-formi ng
bacteria

NIALL A. LOGAI.T

Def in i t ion
Taxonomy
lmportance of  the aerobic endospore-

formers
Habi tats
Life cycle
The endospore

DEFINITION

Although the production of resistant endospores in the
presence of oxygen remains the delining feature for
Bacillus and the new genera derived from it, the definition
was undermined by the discoveries ol Bacillus infernus and
B. ttrseniciselenatis, which are strictly anaerobic (Boone
et al. 1995; Switzer Blum et al. 1998), and spores have not
been observed in B. halodenitrificans, B in.ferruLs, B. seleni-
tireducens, B. subterraneu.r, and B. thermoamylovorans.

Nonetheless. those species of Bacillus and related
genera l ikely to be isolated in a cl inical laboratory are
rod-shaped, endospore-forming organisms which may be
aerobic or facultatively anaerobic. They are usually gram-
positive (in young cultures), but sometimes gram-variable
or frankly gram-negative. They are mostly catalase-
positive, and may be motile by means of peritrichous
flagella. Most species are mesophilic,btL Bacillus contains
some thermophiles and psychrophiles, Aneurinibacillus
and Brevibacll/l.s both contain thermophilic species, and
Paenibttcill us contains one psychrophilic species.

TAXONOMY

Bacillus has been divided into more manageable and
better-delined groups on the basis of 165 rRNA gene
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Amphibacillus, Halobacillus, Ammoniphilus, Thermo-
bacillus, Filobacillus, Jeotgalibacillrrs, and Lentibacillus
(Golovacheva and Karavaiko 1978; Niimura et al. 1990;

Spring et aI.1996; Zaitsev et al. 1998; Touzel et al. 2000;

Schlesner et al. 200L; Yoon et al. 2001b, 2002). Alicyclo-

bacillus, Ammoniphilus, Amphibacillus, Filobacillus,

Gracilibacillus, Halobacillus, Jeotgalibacillus, Lentiba-

cillus, Sulfobacillus, Thermobacillus, and Ureibacillus

strains are unlikely to be encountered in a clinical
laboratory, and clinical isolates of Geobacillus and Spor-
osarcina have not been reported, so these genera will
not be considered further.

Bacillus continues to accommodate the best-known

species such as B. subtilis (the type species), B.
anthracis, B. cereus, B. licheniformis, B. megaterium, B.
pumilus, B. sphaericus, and B. thuringiensis. It still
remains a large genus, with over 90 species, as losses of

species to other genera have been balanced by proposals

for new Bacillus species (four species await transfer to

Geobacillus and Paenibacillus). The pathogenic

members of the B. cereus gronp, B. anthracis, B. cereus,

B. thuringienszs, are really pathovars of a single species
(Turnbull et al.2002).

Unfortunately, taxonomic progress has not revealed

readily determinable features characteristic of each
genus. They show wide ranges of sporangial morpholo-
gies and phenotypic test patterns. Many recently

described species represent genomic groups disclosed by

DNA-DNA pairing experiments, and routine pheno-

typic characters for distinguishing some of them are very

few and of unproven value. New species and subspecies
of aerobic endospore formers are regularly described (47

in the three years January 2000-January 2003, during

which period no proposals for merging species had been

made), but often on the basis of very few strains.

IMPORTANCE OF THE AEROBIC
ENDOSPORE.FORMERS

Most species of aerobic endospore-forming bacteria

appear to have little or no pathogenic potential and are

rarely associated with disease in humans and other

animals. The main exceptions to this are B. anthracis
(anthrax), B. cereus (food poisoning and opportunistic
infections), B. thuringiensis, P. larvae and its subspecies,
P. lentimorbus and P. popilliae (all pathogenic to inver-
tebrates), but a number of other species, particularly B.

licheniformis, have been implicated in food poisoning

and other human and animal infections. The resistance
of the spores to heat, radiation, disinfectants, and
desiccation also results in Bacillus species being trouble-

some contaminants in the operating room, on surgical

dressings, in pharmaceutical products, and in foods.
Aerobic endospore-formers have been, and continue

to be, important in many flelds of basic research, and
long-term research into the sporulation process in B.
subtilis has led to its being probably the best understood

developmental system. The genomes of four Bacillus

species, B. subtilis, B. halodurans, B. anthracis, and B.

cereus, have been sequenced (Kunst et al.1997; Takami

et al. 2000; Read et aI.2003; Ivanova et al. 2003). The

restriction endonucleases and DNA polymerases of

several Bacillus species are of considerable importance

as research tools for better understanding of disease and

improved diagnosis. Bacillus species lend themselves

well to host-vector systems for production of bioengi-

neered therapeutic products.

Aside from the pathogenicity of some species, several

aerobic endosporeformers are of clinical or health

importance in very positive ways: in the production of

antibiotics (bacitracin from B. Iicheniformis or B.

subtilis, gramicidin from Brevibacillus brevis, and poly-

myxin from Paenibacillus polymyxa) or vitamins (e.g.

vitamins B12 and 82 from B. megateriun, biotin and

riboflavin from B. subtilis); as the bases of antibiotic

assays (,8. cereus, B. circulans, B. megaterium, B.

pumilus, B. subtilis, and G. stearothermophilus); in the

validation of disinfectants (8. cereus), or the monitoring

of fumigation (8. subtilis), heat sterilization (G. stear-

othermophilu.s) or radiation (8. pumilus) processes; and

in various clinical tests (such as a uric acid assay using

B. fastidiosus, a Chlamydia detection assay employing a

variant of subtilisin from B. subtilis, or a blood screening

test for phenylketonuria utilizing B. subtilis). A number

of Bacillus species are the active ingredients of probio-

tics for animals and humans.

Bacillus species are also of considerable commercial

importance in the production of industrial enzymes. The

largest consumer is the detergent industry, accounting

for one third of the global market in such products, and

the proteases and amylases it uses are all of Bacillus

origin. Bacillus amylases, proteases, and glucanases are

also widely used by the food and potable alcohol indus-

tries (Outtrup and J6rgensen 2002). Bacillus thur-

ingiensis is preeminent as a biopesticide, even though

the global market for Bacillus insecticides is quite small,

representing less than 2 percent of the global insecticide

market (Bishop 2002).The genes for the D-endotoxins of

B thuringien^sis have been in the forefront of the devel-

opment of transgenic crop plants (Van Rie 2002).

Strains of several species show promise as agents to

control fungal diseases of plants (Chanway 2002).

Sporeformers are also important deleterious agents

and contaminants in the food industry. The very enzymes

that are of commercial interest can also be responsible

for spoilage of several food products. B. coagulans,

B. lichenifonnis, B. subtilis, G. stearothermophilus, and

P. macerans have all been implicated in flat sour spoilage

of evaporated milk, in which fermentation occurs without

gas production. P. macerarzs and P. polymyxa, on the

other hand, produce both acid and gas, which can lead to

canned food swells and cheese defects. B. cereus causes

problems in the dairy industry - it is a regular contami-

nant of milk, and it causes 'bitty cream defect' and 'sweet
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curdling'. B. subtilis causes'rope'in bread, which appears
as slimy stringiness when the loaf is cut.

HABITATS

Most aerobic endospore-formers are saprophytes widely
distributed in the natural environment, but some species
are opportunistic or obligate pathogens of animals,
including humans, other mammals, and insects. The
main habitats are soils of all kinds, ranging from acid to
alkaline, hot to cold, and fertile to desert, and the water
columns and bottom deposits of fresh and marine
waters. Their spores readily survive distribution in soils,
dusts, and aerosols from these natural environments to a
wide variety of other habitats, and Nicholson (2002) has
considered the roles of Bacillus spores in the natural
environment. In studies of indoor and outdoor air and
dlusts, Bacillus species commonly dominate the culti-
vable flora or form a large part of it. Some species
appear to be ubiquitous contaminants of man, other
animals, their foodstuffs, water, and environments:
natural, domestic, industrial, and hospital. Dried foods
such as spices, milk powders, and farinaceous products
are often quite heavily contaminated with spores-

Endospores show much greater resistance to physical
and chemical agents, such as heat, cold, desiccation,
radiation, disinfectants, antibiotics, and other toxic
agents, than do their counterpart vegetative cells, and
they can survive for very long periods. They are typically
more resistant to heat than vegetative cells by a factor of
10s or more, while resistance to UV and ionizing radia-
tion may be 100-fold or more. If protected from radia-
tion, spores may show remarkable longevities. Striking
claims, which require independent confirmation, include
the isolation of a viable strain of B. sphaericus from an
extinct bee preserved in 25- to 40-million-year-old
amber (Cano and Borucki 1995), and the recovery of an
aerobic endosporeformer related to Salibacillus and
Virgibacillus from a water droplet trapped in a Permian
salt crystal for an estimated 250 million years (Vreeland
et al. 2000). B. infernus was isolated from Triassic shales,
lying at depths of around 2.7 km below the land surface,
that may have been hydrologically isolated for 140
million years, and although they have not been demon-
strated for this organism, endospores are likely to have
contributed to its survival (Boone et al. 1995). Another
organism from a deep subsurface environment is B.
subteruaneus, which was isolated from the Great Arte-
sian Basin of Australia, a thermal aquifer up to 2 km
deep (Kanso et al. 2002); spores have not been demon-
strated for this species either.

Bacillus anthracis is, to all intents and purposes, an
obligate pathogen of animals and humans. Some autho-
rities consider that microcycling of the organism in soil
is very rare, and that the highly conserved nature of the
organism is consistent with it having infrequent multi-
plication phases in animals, but others believe that

multiplication may occur in certain soils (Cherkasskiy

1999). Its close relative, B. cereus, is now well estab-

lished as an opportunistic pathogen, and other aerobic

endospore-formers can also, from time to time, be

opportunistic pathogens. Six organisms are important as
insect pathogens: B. thuringiensis (another close relative

of B. anthracis), B. sphaericus, the two P. larvae subspe-

cies, P. lentimorbus and P. popilliae. The commonly

isolated species, such as B. subtilis and B. cereus ate
very widely distributed worldwide; B. thuringiensls has

been isolated from all continents, including Antarctica
(Forsyth and Logan 2000).

Most known species of Bacillus and related genera are

heterotrophic organisms which have been isolated on
complex organic media. Relatively few attempts have

been made to isolate aerobic endosporeformers that can

utilize inorganic sources of carbon and energy, or to

demonstrate that established heterotrophic species are

capable of facultative autotrophy. The two thermophiles

B. schlegelii and B. tusciae remain the only species in

Bacillus shown to be facultatively chemolithoauto-

trophic. Nitrogen fixation is well established for certain

species in Paenibacillus (P. azotofixans, P. macerans, P.
polymyxa), and less is known about Bacillus species

utilizing atmospheric nitrogen. However, several studies

have demonstrated nitrogen fixation by strains of B.

cereus, B. licheniformis, B. megaterium, B. sphaericus,

and unidentified strains (some of which may have been

Paenibacillus species) isolated from rhizospheres and
phylloplanes, and from endophytic sites and mycor-

rhizae. Nitrogen-fixing Bacillus and Paenibacillus
growing in the rhizosphere may help to promote plant

growth; and aerobic endosporeformers may promote

plant growth in other ways (Chanway 2002), including

the production of phytohormones, increasing nutrient

availability, interactions with symbiotic bacteria and

fungi, enhancement of root nodulation, and biological

control of plant pathogens by various mechanisms

including the production of antibiotics.

LIFE CYCLE

Under suitable nutritional, temperature, pH, gaseous

and other conditions, Bacillus cells will grow and divide

by binary fission, with the dividing septum traversing the

middle of the cell. Depending on species, strain, and

cultural conditions, daughter cells may separate so that

the culture appears to be composed of single cells and
pairs of dividing cells when viewed by phase-contrast

microscopy. In other cases, daughter cells may remarn

attached to each other, so that chains of cells are seen.
Filaments may also be observed, and these can often be

symptomatic of a stressed culture. An organism that

exists predominantly as regular rods in optimal growth

conditions may produce swollen, pleomorphic,

unhealthvlooking cells when stressed.
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Aerobic endospore-formers show a very wide range of
colonial morphologies (Figure 36.1). both within and
between species. and medium composit ion and other
incubation condit ions do of course have strong inl lu-
ences. Despite this diversity. however. colonres on
routine media are not general ly dit l lcult  to recognize.
and some spccies have charactcrist ic, bu1 seemingly
inl ini tely variable. colonial morphologies (see Diagnosis
sections. below).

L-form Bacillus cells have been reported from
humans, other animals. and plants. Several authors havc
found L-forms in the blood of normal and arthritic
persons in associat ion with erythrocytes (Bisset and

Bart lett  1978), in other body f luids such as synovial

I luids of arthri t ic patients (Pease 1969), in associat ion

wilh neoplasms (Livingston and Alexander-Jackson

1970). and in chickens and turkeys with infectious syno-

vitis. These organisms may revert to small, acid-fast

diphtheroids, and on prolonged culture or subculture in

the presence of agents known to stimulate reversion of

L-forms. some increase in size and become gram-positive

endospore-forming rods The fully reverted isolates of

Bisset and Bart lett  (1978) were phenotypical ly similar to

B Lichenifttrml.s in other respects, and they named them
' B. lic:heniformis var. endoparasiticus'. Symbiotic assocra-

tions between L-form bacteria and plants have been

Figure 35.1 Colontes of endospore-forming bacteria on blood agar
represent 2 mm (a) B anthracis, (b) B cereus, (c) B thur ng ensis,
over)

(a-i) and nutrient agar (1-l after 24 36 h at 37"C Bar markers
(d) B megaterium, (e) B pumilus, (f)  B sphaericus (Continued
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Figure 36.1 Colonies of endospore-forming bacteria on blood agar (a-i) and nutrient agar (l-l) after 24-36 h at 37"C. (Continued) Bar
markers represent 2 mm (g) Brevibacillus brevis, (h) Brevibacillus laterosporus, (i) Paenibacillus polymyxa, (j) B subtilis, (kl spreading
colonies of Paenibacillus sp ; see comments on B circulans in ldentifrcation below (l) Paenibacillus alvei

observed (Paton and Innes 1991), and a stable l-form of
B. subtilis in Chinese cabbage seedlings has been shown
to inhibit the germination of Botrytis cinerea conidia
(Walker et al.2O02\.

THE ENDOSPORE

It was independently discovered by Cohn (1876), Koch
(1876), and Tyndall  (1877) that some bacteria could
spend part of their lives as the dormant cellular struc-
tures we now call endospores. The {irst two of these
authors recognized the significance of these structures in
the epidemiology of anthrax, and Koch's study of the

life history of B anthracls proved the germ theory of

disease and so marked the birth of clinical bacteriology.

The ability to form endospores in aerobic conditions has

been a defining character of the genus Bacillus since the

1920s.

Endospores are so named because they are formed

intracellularly, and they differ from their parent vegeta-

tive cells in many ways: they are optically refractile, and

are highly resistant to chemical and physical stresses that

are lethal to vegetative cells. These properties are

conferred by the spores' special chemical composition

and ultrastructure, and much effort has been expended

over many years in order to elucidate the processes of
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spore formation and germination, and the molecular
mechanisms that make endospores the hardiest form of
life known on Earth. Although endospores are to be
found in other genera, it is the spores of Bacillus subtilis
that have been the most intensively studied, especially
those of strain 168. which was also the first Bacillus
strain to have its genome sequenced (Kunst et al. 1997).

Endospores are formed at the end of exponential
growth phase, and at least two kinds of environmental
factors have been implicated in the induction of sporula-
tion. It should be appreciated that spores will not be
formed under all cultural conditions. and that cultures
may die if conditions are not conducive to sporulation.
Under phase-contrast microscopy, such cells can be seen
to have lost their phase-darkness and become 'ghost

cells'. Some strains may lose the ability to sporulate
upon repeated subculture. One trigger for sporulation is
nutritional deprivation, so that sporulation may be initi-
ated by transferring an actively growing culture from a
rich to a poor growth medium, but many environmental
factors are known to affect endospore formation. These
include: growth temperature, environmental pH, aera-
tion, presence of certain minerals, and carbon, nitrogen
and phosphorus sources and their concentrations. A
second influence is population density, and sporulation is
poor at low cell densities, even though the cells may be
starved. As the mass of a culture increases. there is an
extracellular accumulation of a secreted peptide (compe-

tence and sporulation factor (CSF)), which acts as an
autoinducer for quorum sensing (Miller and Bassler
2001). When this peptide reaches a concentration that
relates to a particular cell density, high intracellular
levels of CSF lead to an increase of the phosphorylated

form of a response regulator (SpoOA), which leads to
derepression of various stationary phase genes, some of
which are needed for sporulation (Sonenshein 2000).

Studies of B. subtilis biofilms have shown that the cells
do not behave as strictly unicellular organisms, but that
sporulation is also tightly linked with the spatial devel-
opment of the microbial community; motile cells may
form aligned chains of attached cells that produce aerial
structures that can be seen as primitive fruiting bodies,
as they are the preferred sites of sporulation (Branda

et al.  2001).

Sporulation is closely tied to the cell cycle, and a
round of DNA replication must be initiated as a prere-
quisite for the sporulation pathway being activated
(Michael 2001). The cell division of vegetative growth is
symmetrical, and yields two similar cells. During spor-
ulation, however, cell division is asymmetrical and two
quite different kinds of cells, the small forespore and the
larger mother cell, are produced, each with its own copy

of the chromosome. The two different kinds of division
are believed to use essentially the same protein

machinery (Errington 2001). At the beginning of spor-
ulation, the chromosomes form an elongated structure

called the axial fllament, with migration of a specif,c

region of the chromosomes towards the poles, and

polar septation bisects one end of this fllament so

that only part of the nucleoid lies within the fore-

spore. The remainder of the chromosome is then

transferred into the forespore from the mother cell

(Levin and Grossman 1998; Errington 2001). The

process of sporulation may be divided into seven

morphologically-recognizable stages following vegeta-

tive growth:

1 preseptation, with the DNA forming the axial fila-

ment;

2 asymmetric septation, in which the membrane of the

developing spore surrounds the spore protoplast and

becomes detached from the membrane of the mother

cell;

3 the forespore so formed becomes surrounded by the

cytoplasm of the mother cell and so is contained

within two membranes of opposing polarity;

4 spore cortex formation commences, with a primordial

cell wall being laid down between the membranes,

next to the forespore inner membrane; the cortex (a

thicker layer of electron-transparent peptidoglycan,

unique to bacterial endospores) is laid down on the

outside of this primordial cell wall; the exosporium, a

thin and delicate proteinaceous outermost covering,

appears at this time;

5 proteinaceous spore coats are synthesized and begin

to be deposited outside the cortex;

6 the spore matures, and acquires its refractility and

heat resistance;

7 the sporangium lyses and releases the mature spore
(Foster 1994).

In a laboratory culture of B. subtilis, the whole process

of sporulation may take about 8 h.

Endospores are metabolically extremely dormant and

do not contain adenosine triphosphate (ATP); this

dormancy is the key to their resistance to many agents,

including heat, radiation, and chemicals, and their

survival over long periods. Spore structure, resistance,

and germination are reviewed by Atrih and Foster

(2002). The spore cortex is essential for spore dehydra-

tion (down to 10-30 percent of the water content of the

vegetative cell) and so for the maintenance of dormancy,

and for the spore's heat resistance; the temperature of

sporulation influences the mature spore's heat resistance

(Nicholson et al. 2000). The mechanisms of spore resis-

tance to chemical agents and radiation are not well

understood, but saturation of the chromosome by

protective small acid-soluble proteins (SASP) is believed

to play a part, while the spore coats are believed to

prevent access of peptidoglycan-lytic enzymes to the

spore cortex, and are also known to protect from

hydrogen peroxide and UV radiation (Riesenman and

Nicholson 2000); coat assembly and compositron are

reviewed by Takamatsu and Watabe (2002). SASPs

appear to be more important than the low core water
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content in protecting DNA from heat and oxidative
damage (Setlow 1995). Pyridine-2,6-dicarboxylic acid
(dipicolinic acid (DPA)) is a unique and quantitatively

important spore component (comprising 5-14 percent of
the spore dry weight), and Ca2* and other divalent
cations are chelated by it, but precisely how it contri-
butes to spore resistance is unclear (Slieman and
Nicholson 2001). DPA may be used as a marker for
detecting the presence of spores by Curie-point pyrolysis
mass spectrometry and by Fourier transform infrared
spectroscopy (Goodacre et al. 2000). Mechanisms of
spore resistance have been reviewed by Nicholson et al.
(2000) in the contexts of survival both in extreme terres-
trial conditions and durins travel throush extraterrestrial
envtronments.

Conversion from the dormant spore to vegetative cell
involves the three steps: activation, germination, and
outgrowth. Dormancy may be broken by heat treatment
at a time and sublethal temperature appropriate to the
organism concerned, and by aging at low temperatures,
but endospores of many species do not require such acti-
vation. The heat treatment procedure used to assist the
isolation of Bacillus species, by destruction of all kinds
of vegetative cells, is often effective in activation.
Following dormancy, with or without activation, the
spore may encounter conditions that trigger germina-
tion; the cortex is rapidly hydrolyzed, SASPs are quickly

degraded, and refractility is lost in a matter of minutes.
The germinated spore protoplast then outgrows: it
visibly swells owing to water uptake, biosynthesis recom-
mences (taking advantage of the nutrients released by
germination as well as those available in its new envir-
onment), and a new vegetative cell emerges from the
broken spore coat; another period of vegetative repro-
duction ensues It seems incredible that a metabolically
dormant spore can monitor its external environment in
order to trigger germination within seconds in suitable
conditions, and that this triggering mechanism can
escape the constraints of dormancy while being resistant
to damaging agents. Germination can be induced by
exposure to nutrients such as amino acids and sugars, by
mixtures of these, by nonnutrients such as dodecyl-
amine, and by enzymes and high hydrostatic pressure. For
many species, L-alanine is an important germinant, while
D-alanine can bind at the same site as L-alanine and acts
as a competitive inhibitor (Foster and Johnstone 1990;
Johnstone 1994). The mechanism of germination has
been most studied for B. megaterium. Although spore
structure is very similar between species, and cortex
peptidoglycan structure is highly conserved (Atrih and
Foster 2001), there are many different germinant
receptor specificities. Nonetheless, the underlying
mechanism of germination may be universal (Foster and
Johnstone 1990). Recent developments in the under-
standing of the spore germination process and the spore
components required for it are reviewed by Moir et al.
(2002\.

ANTIGENS

Despite the promising f,ndings of some early studies

of somatic, flagellar, and spore antigens of a range of

species, and the potential taxonomic value of spore

precipitinogens, serological studies have been taken

little further for classification and identiflcation of

members of this genus. Paradoxically, however,

although the B. cereus group appeared to be one of

the least tractable in these early studies, where

species-speciflc antigens were sought, the H-antigens

of B. cereus and .8. thuringiensis are now used with

considerable success for typing purposes; B. anthracis

is nonmotile and so has no H antigen. Smith et al.

(L952) reviewed the earliest work, following their own

disappointing results with antisera to vegetative cells

of a range of species, and Berkeley et al. (1984)

reviewed the application of serological methods to the

identification o[ Bacillus sDecies.

Somatic antigens

These have been little used for the identification of

Bacillus strains. Investigations into the O-antigens of B.

cereus and B. licheniformls (Norris and Wolf 1961)

found them too strain-specific to be of taxonomic value.

Walker and Wolf (1971) and Wolf and Sharp (1981)

found the O-antigens of B. stearothermophilus (now

Geobacillus stearothermophilus) to show some correla-

tion with the three biochemical and physiological

subgroups of this species that they recognized. Sero-

typing of B. thuringiensls strains has been attempted on

the basis of extracellular heat-stable somatic antigens
(HSSA) (Ueda et al. 1991l, Ohba et al. 1992), by obser-

ving the formation of immunoprecipitin haloes around

colonies on antiserum-agar plates; they found a lack of

correlation with H-antigen serogroups, while field

isolates showed little HSSA variation within a single H-

serovar. Concerns about the potential of B. anthracis as

a biological weapon have emphasized the need for a

rapid method for its identification and the diagnosis of

anthrax. Polyclonal antibodies lack the desired specifi-

city, because they react with other members of the B.

cereus group. Phillips and Ezzell (1989) were able to

identify B. anthracis by raising polyclonal antibodies

against extracted vegetative cell antigens, absorbing with

B. cereus and B. thuringiensis, and detecting reactions by

immunofluorescence or immunoblotting. A monoclonal

antibody specific to the B. anthracis cell wall poly-

saccharide antigen is effective in identification (Ezzell

et al. 1990), but this antigen may be masked in vivo by

the organism's poly-y-l-glutamic acid capsule. De et al.
(2002) therefore developed a two-component direct

fluorescent-antibody assay that allows rapid, sensitive,

and speciflc detection of the cell wall and capsule of B.

anthracis in cl inical specimens.



Antigens 929

Flagel lar  ant igens

H-antigens have been more widely used in Bacillus
typing than any other kind of antigen, as they provide

the highest strain speciflcity, and valuable serotyping
schemes have been developed for B. thuringiensis and B.
cereus. High frequencies of H-antigen sharing between
B cereus and B. thuringiensis have been reported; in one
study of B. cereus strains from soils, phylloplanes, and
animal feces, the seropositivity of the isolates with B.
thuringiensis H-antisera was 60-77 percent (Shisa et al.
2002). The common flagellar antigen of B. cereus has
been shown by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblot assay
to be due to a 61 kDa protein, and monoclonal antibody
studies showed that the common antigenic epitope of
this protein also exists in the flagella of B. thuringiensis
(Murakami et al. 1993).

Sixty-nine serotypes and 13 sub-antigenic groups of,B.
thuringiensis have been recognized, giving 82 serovars
(Lecadet et al. 1999). New strains of the species are
screened by reference H-antisera, and antisera are
prepared against any strains that do not agglutinate. New
antisera are then screened with all the known H-anti-
gens, and a new serovar is recognized if cross-reactions
do not occur or if new subfactors can be demonstrated
by the antiserum-saturation technique (de Barjac 1981).
New serovars are registered at the International Ento-
mopathogenic Bacillus Centre (IEBC) Collection at the
Institut Pasteur, Paris, France; this laboratory has been
the international reference for B. thuringiensis since
1965. Serotyping services for this species are available at
the IEBC and at Abbott Laboratories, North Chicago,
Illinois, USA. Distinct serovars of B. thuringiensts are
given names and abbreviations, such as finitimus (FIN,

H-antigen 2), sotto (SOT, H4a4b), tolworthi (TOL, H9)

and pirenaica (PIR, H57). The flrst two of these two
names were formerly used as the specific epithets of
distinct species (Gordon er al. 1973). Although these
serovar names have often been informally regarded as
subspecific epithets, they do not represent validated
subspecies of B. thuringiensis and should instead be
regarded as varieties. These varieties do not, unfortu-
nately, show much correlation with toxicity to inverte-
brates; for example, serovar morrisoni (MOR, H8a8b)
includes strains pathogenic to mosquitoes (Diptera),

Coleoptera and Lepidoptera (Lecadet et al. 1999), while
the invertebrate toxicity, if any, of many serovars (espe-

cially the recently recognized ones) is unknown.
A strain differentiation system for B. cereus based on

H-antigens is available at the Food Hygiene Laboratory,
Central Public Health Laboratory (Colindale, London,
UK), for investigations of food-poisoning outbreaks or
other B. cereus-associated clinical problems (Kramer

and Gilbert 1992). This system was developed by Taylor

and Gilbert i1975\ for the investisation of food

poisoning outbreaks and recognized 18 serovars, but

many strains from outbreaks were untypable (Gilbert

and Parry 1977). Terayama et al. (1978) extended the

system and recognized further serovars in foods. Some

of the serotypes show some correlation with pathogeni-

city and biotype; the distinction is not absolute,

however, and it is probable that some organisms can

produce both diarrheal and emetic toxins. Serovar I,3,

5, and 8 strains comprise a biotype distinguishable from

other B. cereus serovars and untypable strains, and these

former four serovars have often been isolated in connec-

tion with cases of the emetic form of food poisoning

(Logan et al. 7979; Logan and Berkeley 1984), a form

especially associated with cooked rice. Gilbert and Parry

(1977) found that strains of serovar 1 are found more

frequently in cooked rice than in uncooked rice, while

strains of serovar 17 are commoner in uncooked rice

than they are in cooked rice; they later showed that

serovar 1 strains form more heat resistant spores than do

serovar 17 strains (Parry and Gilbert 1980).

Flagellar serotyping was developed for B. sphaericus

(de Barjac 1981; de Barjac et al. 1985) independently of

the recognition of DNA relatedness groups, so that the

DNA relatedness group IIA, the group in which the

mosquitocidal strains of this species lie, is divided into

nine nonconsecutively numbered serovars. The sero-

typing scheme for B. sphaericus shows good agreement

with a phage typing scheme (Yousten 1984) for this

species, but, as with B. thuringiensis, the types do not

always concur with pathogenicity (Priest 2002).

The study of H-antigens of B. subtilis (Simon et al.

f977) by agglutination tests was complicated by the

tendency of the cells to clump spontaneously, and so

double-diffusion in agar or complement fixation methods

were applied. At least five distinct serovars were recog-

nized, and although cross-reactions made the establish-

ment of a practical serotyping scheme difficult, this

approach was considered to be potentially useful in

taxonomic studies.

Spore antigens

As spores are so characteristic of the genus Bacillus, it is
not surprising that their antigens have attracted much
interest. Early workers (reviewed by Norris 1962) recog-
nized:

I that any attempt to use living spores as antigens
might be complicated by their germination in the host
animal, giving rise to antisera against vegetative cells
as well as spores;

2 the need for a rapid method to overcome any
problems of germination during the agglutination test
itself;

3 the tendency of spores to auto-agglutinate owing to
their hydrophobic surfaces; and
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4 the need to remove vegetative cell debris from spore
suspensions - by using media promoting complete
sporulation, or by autolysis with lysozyme or thio-
mersalate, or by autoclaving.

Once these problems are overcome, spore antigens can
be useful for serological identification, and a revival of
interest has been stimulated by the need to detect the
spores of B. anthracis in the contexts of biowarfare and
bioterrorism (Iqbal et al. 2000).

In order to circumvent cell-clumping problems, Kim
and Goepfert (1972) developed a fluorescent antibody
technique for confirming identifications of B. cereus
from food poisoning cases, but could not distinguish
between spores of this species and B. thuringlensls; it has
subsequently been recognized that strains of the latter
species may also cause food poisoning (Damgaard et al.
1997). Phillips and Martin (1983a, 1983b) used radio-
labeled polyclonal antibody to probe for B. anthracis
spores attached to solid supports. Spores would not
attach reliably to microtitre plates, but although attach-
ment to glass slides was better, the background signal in
the immunoradiometric assay (IRMA) was higher; the
best sensitivity was achieved with an indirect assay, but
specificity was only moderate. Fluorescein-conjugated
polyclonal antibodies to B. anthracls spore surface anti-
gens were found to cross-react with spores of several
other Bacillus species, but these cross-reactions could be
absorbed with strains of B. cereus; however, spores of
the Vollum strain (= type strain) did not react with anti-
bodies to spores of most of the other strains of B.
anthracis tested (Phillips and Martin 1988). A mono-
clonal antibody to viable and heat-killed spores of B.
anthracis was used in an immunofluorescence assay and
achieved higher specificity but lower sensitivity than the
IRMA approaches, but the epitope recognized by the
antibody appeared to be unstable in spores stored for
long periods (Phillips et al. 1988).

PATHOGENICITY

Bacillus anthracis

Anthrax is a disease of great antiquity, and descriptions
are found in ancient literature such as Virgil's Georgics
(36-29nc). It is primarily a disease of herbivores, and
before an effective veterinary vaccine became available
in the late 1930s, it was one of the foremost causes
worldwide of mortality in cattle, sheep, goats, and
horses. An outbreak in Iraq in 1945 killed 1 million
sheep. The development and application of veterinary
and human vaccines together with improvements in
factory hygiene and sterilization procedures for
imported animal products, and the increased use of
man-made alternatives to animal hides or hair. have
resulted over the past half century in a marked decline
in the incidence of the disease in both animals and

humans. Sites where these natural materials were

formerly handled, such as disused tanneries, may be

sources of infection when they are disturbed during

redevelopment. Likewise, anthrax carcasses can remain

infectious for many years, even when buried with quick-

lime. Nonendemic regions must be constantly on the

alert for the arrival of B. anthracls in imported products

of animal origin; the disease continues to be endemic in

several countries of Africa. Asia. and central and

southern Europe, particularly those that lack an efficient

vaccination policy.

Natural infectious cycle

The cycle of infection is as follows; a grazing animal

ingests the spores which may then gain access to the

Iymphatics, and so to the spleen, through abrasions in

the alimentary canal. After several days of the organism

multiplying and producing toxin in the spleen, the

animal suffers a sudden and fatal septicemia and

collapses; hemorrhagic exudates escape from the mouth,

nose, and anus and contaminate the soil. where the

vegetative cells sporulate in the air. In an infected herd

of herbivores, not all the animals develop clinical

disease, and there is serological evidence that mild and

symptomless infections occur (Turnbull et al. 1992a).

The spores may remain viable in soil for many years and

so the persistence of the organism does not depend on

animal reservoirs; B. anthracis is therefore exceedingly

difficult to eradicate from an endemic area. The

organism continues to be generally regarded as an obli-

gate pathogen, with its continued existence in the

ecosystem appearing to depend on a periodic multi-

plication phase within an animal host, and its environ-

mental presence reflecting contamination from an

animal source at some time. Excepting cases of carni-

vorous scavenging of meat from anthrax carcasses, direct

animal-to-animal transmission within a species is very

rare; however, such scavengers can show transient

carriage of the organism (Lindeque and Turnbull 1994).

Human anthrax

In public consciousness, B. anthracis is associated more

with warfare and terrorism than with a disease of herbi-

vores, and it is feared accordingly. It has long been

considered a potential agent for biological warfare or

bioterrorism. Its flrst use is believed to have been

against livestock during World War I (Christopher et al.

1997; Barnaby 2002). It has been included in various

development and offensive programs in several countries

since (Zilinskas 1997; Alibek 2003; Mangold and Gold-

berg 1999; Miller et al. 2001; Barnaby 2002) and it has

also been used in terrorist attacks (Christopher et al.

1997; Lane and Fauci 2001). Apart from such artificial

attacks, humans almost invariably contract anthrax
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directly or indirectly from animals. It is a point-source

type of disease, and direct human-to-human transmis-
sion is exceptionally rare. Indeed, circumstantial
evidence shows that humans are moderately resistant to

anthrax as compared with obligate herbivores; infectious

doses in the human inhalational and intestinal forms are
generally very high (LDso2 500 to 55 000 spores). Natu-
rally acquired human anthrax may result from close

contact with infected animals or their carcasses after
death from the disease, or be acquired by those

employed in processing wool, hair, hides, bones, or other

animal products. Most cases (about 99 percent) are cuta-
neous infections, but B. anthracis meningitis and gastro-

intestinal anthrax are occasionally reported. In industrial

settings, inhalation of spore-laden dust used to occur,

but cases of clinical disease were rare; anthrax weapons

are normally intended to cause the inhalational form,
but are likely to cause cutaneous cases as well. There

have been a few reports of laboratory-acquired infec-

tions, none of them recent (Collins 1988), but a major

outbreak of anthrax occurred in April 1979 in the city of

Sverdlovsk (now Yekaterinburg) in the Urals as a result

of the accidental release of spores from a military
production facility; 77 cases were recorded and 66
patients died (Meselson et al. 1994).

CUTANEOUS INFECTION

The organism is not invasive, and cutaneous infections
occur through breaks in the skin, so the lesions generally

occur on exposed regions of the body. Before the avail-

ability of antibiotics and vaccines, 10-20 percent of

untreated cases were fatal. and the rare fatalities seen

today are due to obstruction of the airways by the

edema that accompanies lesions on the face or neck, and

sequelae of secondary cellulitis or meningitis.

INHALATIONAL INFECTION

Inhalational (formerly called pulmonary) anthrax cases
are more often fatal, because they go unrecognized until

too late for effective therapy, but undiagnosed, low-
grade infections with recovery may occur. The number

of recorded cases of inhalational anthrax is lower than

might be expected from the high proflle given to this

condition. In the 20th century there were just 18

reported cases (two of them laboratory-acquired) in the

USA, 16 (88.9 percent) fatal (Brachman and Kaufmann

1998); figures in the UK showed a similar picture. In L1

confirmed cases of inhalational anthrax that followed a

bioterrorist attack in the USA, in which spores were

delivered in mailed letters and packages, early recogni-

tion and treatment helped a survival level of 55 percent

to be achieved (Jernigan et al. 2001; Bell et at.2002).

GASTROINTESTINAL INFECTION

Oropharyngeal and gastrointestinal anthrax are not

uncommon in endemic resions of the world where

socio-economic conditions are poor, and people eat the

meat of animals that have died suddenly; such cases are

greatly underreported. Gastrointestinal infections are

mainly characteized by gastroenteritis, and asympto-

matic infections and symptomatic infections with

recovery are not uncommon. The symptoms of orophar-

yngeal infections are fever, toxemia, inflammatory

lesions in the oral cavity and oropharynx, cervical lymph

node enlargement, and edema, and there is a high case-

fatality rate (Sirisanthana and Brown 2002).

MENINGITIS

Meningitis can develop from any of the forms of

anthrax. The emergence of clinical signs is rapidly

followed by unconsciousness, and the prognosis is poor.

Outbreaks of primary anthrax meningoencephalitis have

been reported from India and elsewhere (George et al.

1994).

Pathogenesis

The spore is the primary infectious form of the organism

(Hanna and Ireland 1999), and it enters the body from

the environment. Spores are rapidly phagocytosed by

macrophages, some of which undergo lysis, and in cases

of inhalational anthrax the surviving macrophages are

carried towards the mediastinal lymph nodes by the

lymphatics. Phagocytosed spores may not germinate for

up to 60 days, and so incubation of the inhalational form

of the disease may take between 2 days and 6-8 weeks;

this latency does not appear to occur in the cutaneous

form of the disease. By analogy with other Bacillus

species, germination is presumed to be triggered by a

specific chemical germinant, but this remains unidenti-

fied. In several Bacillus species L-alanine is a germinant,

and its binding to a receptor causes loss of spore reftac-

tility and resistance, the cortex swells, and metabolic

activity commences; triggering of the germinant receptor

is believed to activate endogenous proteolytic activity

which converts the proenzyme of a germination-specific

cortex-lytic enzyme to its active form which allows

hydrolysis of the cortex, uptake of water, and all the

other events associated with germination. The elevated

COz level and body temperature of the host cause the

organism to transcriptionally activate the capsule and

toxin genes. These genes are carried on two plasmids:

plasmid pX01 encodes the toxin genes, and plasmid

pX02 encodes the capsule genes; loss of either plasmid

effectively renders the organism avirulent. Spores germi-

nating in the presence of serum and elevated levels of

CO2 release blebs of capsular material through openings

in the spore surface; the capsule of poly-y-l-glutamic

acid is purported to resist phagocytosis by virtue of its

negative charge (Ezzell and Welkos 1999). The anthrax

toxin complex comprises three components: edema

factor (EF), protective antigen (PA), and lethal factor
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(LF), none of which is toxic alone; EF and LF are active
in binary combinations with PA and have different
activities. PA molecules bind to molecules of a parti-
cular host cell membrane protein (anthrax toxin
receptor (ATR)); Bradley et al. 2001) and form ring-
shaped prepores of heptameric oligomers (aggregates of
seven); PA is then cleaved and so activated by a furin-
like protease on the surface of the cell under attack. An
active PA heptamer can then bind one or more mole-
cules of EF, LF or both. The complex passes into the
cell by receptor-mediated endocytosis and into an acid-
ified endosome; following conformational change of the
heptamer in the low-pH environment, the complex
escapes directly to the cytosol by insertion of the
heptamer into the endosomal membrane. The PA-EF
binary toxin interacts with the abundant host protein
calmodulin (CaM; the major intracellular calcium
receptor) and becomes an active adenylyl cyclase in
most cell types; this elevates levels of the secretogogue
cAMP and leads to hypovolemic shock. The crystal
structure of EF in complex with CaM has been eluci-
dated (Drum et al. 2002). The PA-LF binary toxin is a
zinc metalloprotease which cleaves members of the
mitogen-activated protein kinase kinase family, so
affecting certain signaling pathways, and levels of shock-
inducing cytokines. This toxin primarily affects macro-
phages, so that removal of macrophages from mice using
silica renders them insensitive to the toxin (Hanna

1999); however, the process which leads to macrophage
lysis is unclear (Pannifer et al. 2001). The importance of
any interaction between EF and LF awaits clarification.

Depending on the host, there is a rapid build up of
the bacteria in the blood over the last few hours to term-
inal levels of 107-1Oe/ml in the most susceptible species.

Clinical presentation

The incubation period in cutaneous anthrax is generally
2-3 days (with extremes of approximately 12 h to 2
weeks). A small pimple or papule appears, and over the
next 24 h a ring of vesicles develops around it, and it
ulcerates, dries, and blackens into the characteristic
eschar. Differential diagnoses include other cutaneous
and subcutaneous infections (Hart and Beeching 2002).
The eschar enlarges, becoming thick and adherent to
underlying tissues over the ensuing week, and it is
surrounded by edema, which may be very extensive. Pus
and pain are normally absent; their presence, or the
presence of marked lymphangitis and fever, probably
indicates secondary bacterial infection. Oropharyngeal
and gastrointestinal anthrax are essentially cutaneous
anthrax occurring on the oropharyngeal and gastro-
intestinal mucosas. Symptoms of gastroenteritis may
occur prior to onset of systemic symptoms.

In inhalational anthrax the inhaled spores are carried
by macrophages from the lungs, where there is no overt

infection (thus 'pulmonary' anthrax is a misnomer), to

the lymphatic system where the infection progresses.

Germination and initial multiplication begin within the
macrophages while in transit to the lymph nodes (Hanna

and Ireland 1999). The vegetative cells kill the macro-
phage and are released into the bloodstream where they

continue to multiply and give rise to fatal septicemia.

Analysis of ten of the cases associated with the bioter-
rorist events of 2001 (Jernigan et al. 2001) revealed a
median incubation period of 4 days (range 4-6 days) and

a variety of symptoms at initial presentation including

fever or chills, sweats, fatigue or malaise, minimal or

nonproductive cough, dyspnea, and nausea or vomiting.

All patients had abnormal chest X-rays with infiltrates,
pleural effusion, and mediastinal widening. Mediastinal

lymphadenopathy was present in seven cases.

In fatal cases of any of the forms, the generalized

symptoms may be mild (fatigue, malaise, fever and/or
gastrointestinal symptoms) and are followed by sudden

onset of acute illness with dyspnea, cyanosis, severe
pyrexia, and disorientation followed by circulatory

failure, shock, coma, and death, all within a few hours.

Specimens and safety

SPECIMENS FROM HUMANS

In all cases, specimens from possible sources of the

infection (carcass, hides, hair, bones, etc.) should be

sought in addition to specimens from the patients them-

selves. Swabs are appropriate for collecting vesicular

fluid from cutaneous anthrax. Adequate material should
be submitted for both culture and a smear for visualizing
the capsule. In the case of inhalational infection, anthrax

will only be suspected if the patient's history suggests
the possibility. If the patient is not severely ill,

immediate specimen collection is likely to be unfruitful
and the person should be treated and simply observed.

Paired sera (when first seen and >10 days later) may be
useful for confirmation of diagnosis. In the severely ill
patient, blood smear and culture should be carried out.
Again, results will depend somewhat on previous treat-

ment. Postmortem blood collected by venipuncture (a

characteristic of anthrax is nonclotting blood at death)
should be examined by smear (for capsule) and culture.

Any hemorrhagic fluid from nose, mouth or anus should
be cultured. If these are positive, no further specimens

are needed. If negative, specimens of peritoneal fluid,

spleen andior mesenteric lymph nodes, aspirated by
techniques avoiding spillage of fluids, may be collected
for smear and culture. Histology is only of academic
interest. As with inhalational infection, esophageal and
gastrointestinal anthrax will only be suspected if an

adequate history of the patient is known. If the patient is
not severely ill, a fecal specimen may be collected.

However, isolation of B. anthracis may not be successful.
If the patient is severely ill, their blood should also be
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cultured, and although isolation may not be possible

after antimicrobial treatment, treatment should not
await laboratory results. A blood smear may reveal the
capsulated rods or, if treatment has started, capsule
'ghosts'.

SPECIMENS FROM ANIMALS

Anthrax should be considered as the possible cause of
death in herbivorous animals which have died suddenly
and unexpectedly, particularly if hemorrhage from the
nose. mouth or anus have occurred and if death has
taken place at a site with a history of anthrax (perhaps

several decades previously). With carcasses 1-2 days old,
owing to the nonclotting nature of the blood of anthrax
victims, it is usually possible to aspirate a few drops of
blood from a vein for (1) M'Fadyean-stained smear, and
(2) direct plate culture on blood agar. Pigs frequently do
not develop the enormous terminal bacteremia seen in
herbivores and the capsulated rods may not be visible in
blood smears. When cervical edema is present, smears
and cultures should be made of fluid aspirated from the
enlarged mandibular and suprapharyngeal lymph nodes.
In porcine intestinal anthrax, possibly only obvious at
necropsy, the rods are usually visible in stained smears
made from mesenteric lymph nodes. B. anthracis
competes poorly with putrefactive organisms, and so
after 2-3 days in putrefying carcasses it may not be seen
in smears, and culture becomes necessary for diagnostic
confirmation. Sections of tissue, or any blood-stained
material. should be collected. If the animal has been
opened, spleen or lymph node specimens should be
taken. With putrefied and very old carcasses, swabs of
the nostrils and eye sockets are likely to yield B.
anthracis, but the best specimens may be samples of
contaminated soil from beneath the nose and anus.

OTHER SOURCES

Tests for the presence of B. anthracls may be requested
for a variety of specimens such as animal products (e.g.

wool, hides, hair, bonemeal) from endemic regions, soil
or other materials from old burial sites or from sites of
tanneries or laboratories due for redevelopment, or
other environmental materials associated with outbreaks
(e.g. sewage sludge). At present, culture by the selective
agar techniques described below is the only available
approach. Suitably equipped laboratories are beginning
to use polymerase chain reaction (PCR) techniques for
rapid detection of B. anthracis in such samples, but it
remains prudent to confirm positives with conventional
methods.

SAFETY

Anthrax is not highly contagious. Cutaneous anthrax is
readily treated and is only life-threatening in exceptional
cases. The infectious doses in the human inhalational
and intestinal forms (also treatable if recognized early)

are generally very high, and, generally speaking, precau-

tions need to be sensible, not extreme. However,

nonclinical materials associated with an attempt at delib-

erate release of B. anthracls spores may be very

hazardous and no attempt to process them should be

made without the appropriate instructions from the

correct authorities. The laboratory examination of clin-

ical specimens from suspected or potential victims of

such an attack will be as described for cases of naturally

acquired anthrax. When collecting environmental speci-

mens related to suspected natural anthrax, disposable

gloves, disposable apron or overalls, and boots which

can be disinfected after use should be worn. For dusty

samples that might contain many spores, the use of

head-gear and dust masks should be considered.

Discard disposable items into suitable containers for

autoclaving followed by incineration. Nonautoclavable

items should be immersed overnight in 10 percent

formalin (5 percent formaldehyde solution). Glutar-

aldehyde (5 percent) is also effective. Items that cannot

be immersed should be bagged and sent for formalde-

hyde fumigation. Ethylene oxide and hydrogen

peroxide vapor are also effective fumigants, but the

Iatter is inappropriate if organic matter is being treated.

The best disinfectant for specimen spillages is again

formalin. Where this is considered impractical, 10

percent hypochlorite solution can be used although its

limitations should be appreciated; it is rapidly neutra-

lized by organic matter, and it corrodes metals. Other

strong oxidizing agents, such as hydrogen peroxide (5

percent) and peracetic acid (1 percent) are also effec-

tive but with the same limitations in the presence of

orgaruc matter.

For further information, see Turnbull et al. (1998) and

visit www.bt.cdc.gov and www.hopkins-biodefense.org.

lsolation

Isolation and presumptive identification of B. anthracis

can be performed safely in the routine clinical mtcro-

biology laboratory, provided that normal good labora-

tory practice is observed, and vaccination is not required

for minimal handling of the organism (Jackson et al.

1998). If aerosols are likely to be generated, the work

should be performed in a safety cabinet.

In specimens submitted for isolation of B. anthracis

from old carcasses, animal products or environmental

specimens, the organisms will mostly be present as

spores. Heating at 62.5'C for 15 min will both heat-

shock the spores and effectively destroy nonspore-

forming contaminants (solid samples should first be

emulsified in sterile, deionized water, l:2 [w/v]). Direct

plate cultures are made on blood, nutrient, or selective

agars, as appropriate, by spreading up to 250 pl volumes

from undiluted. and 10- and 100-fold dilutions of the

treated sample.
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There is no effective enrichment method for B.
anthracis in old animal specimens or environmental
samples; isolation from these is best done with
polymyxin-lysozyme EDTA-thallous acetate (PLET)

agar (Knisely, 1966; see Appendix). Aliquots (250 pl)
of the undiluted and 1:10 and 1:100 di lut ions of heat-
treated suspension of the specimen are spread across
PLET plates which are read after incubation for 3640
h at 37'C. Roughly circular, creamy-white colonies,
1-3 mm diameter, with a ground-glass texture are
subcultured on (1), blood agar plates to test for
gamma phage and penicillin susceptibility, and for
hemolysis, and (2) directly or subsequently in blood to
look for capsule production using M'Fadyean's stain
(see Appendix). PCR-based methods are increasingly
being used for confirming the identity of isolates (see

Diagnosis below).

Diagnosis

Although Gram staining is considered to be of limited
value in anthrax diagnosis because it does not reveal the
capsule (Figure 36.2), the first examinations of smears
and cultures will probably be with the Gram stain
nontheless, and, as with the American bioterrorism
victims in 2001, in a well-developed country it is unlikely
that large numbers of gram-positive bacteria in the

Figure 36.2 Capsulated Bacillus anthracis cells around two blood
mononuclear cells Polychrome methylene blue stained blood
smear from a guinea pig that died of anthrax (M'Fadyean stain)
The cells, occasionally single but usually in short chains of two to
a few cells and frequently square-ended ('boxcar' shapeol, are
blue-black, the surrounding capsule is pink Oil immersion (x 1 00)
objective Note that smears of artificially grown B anthracis
would show the cells in endless strings and, unless cultured under
special conditions, lacking any capsule

blood at death are going to be anything bfi B. a.nthracis,
particularly when this is supported by the recent history

of events. In other circumstances. and in animals in

particular, the blood or other specimen may not be

collected soon after death and before the rapid appear-

ance of putrefactive organisms, and B. anthracls may be

indistinguishable without the use of the proper capsule

stain.

Colonies of B. anthracis, B. cereus, ar'd relatives

(Figure 36.1a-c) are very variable, but readily recog-

nized: they are characteristically large (2-7 mm in

diameter) and vary in shape from circular to irregular,

with entire to undulate, crenate or fimbriate edges; they

have matt or granular textures. Smooth and moist colo-

nies are not uncommon, however. The optimum growth

temperature is approximately 37"C with minima and

maxima of 15-20'C and 40-45'C, respectively. Although

colonies of B. anthracis and B. cereus carr be similar in

appearance, those of the former are generally smaller,

non-hemolytic, may show more spiking or tailing along

the lines of inoculation streaks, and are very tenacious

as compared with the usually more butyrous consistency

of Bacillus cereus and B. thuringiensls colonies, so that

they may be pulled into standing peaks with a loop.

It is generally easy to distinguish virulent B. anthracis

from other members of the B cereus gtolup. An isolate
with the correct colonial morphology, white or gray in

color, nonhemolytic or only weakly hemolytic, nonmo-

tile, susceptible to the diagnostic 'gamma phage'r and
penicillin, and able to produce the characteristic capsule
(as shown by M'Fadyean staining) rs B. anthracis.

Routine characters for distinguishing between B.

anthracis and other aerobic endosoore-formers are

shown in Table 36.1.

An isolate with the characteristic phenotype but

unable to produce capsules may be an avirulent form

lacking either or both its capsule or toxin genes (Turn-

bull et al. 1992b) and should be referred to a specialist

laboratory; such isolates are generally found in environ-

mental samples and are frequently identified in routine

laboratories as B. cereus and discarded. Primer

sequences are now available for confirming the presence

of the toxin and capsule genes (Jackson et al. 1998), and

hence the virulence of an isolate. Molecular studies are

giving valuable insights into genetic prof,les among the

B. cereus group (Keim et al. 2000; Turnbull et al.2O02),

and the genomes of B. anthracis and B. cereus have been

sequenced (Read et al.2003; Ivanova et aI.2003).

The capsule of virulent B. anthracis can be demon-

strated on nutrient agar containing 0.7 percent sodium

bicarbonate incubated overnight under 5-7 percent CO2

(candle jars perform well). Colonies of the capsulated

B. anthracis appear mucoid, and the capsule can be visua-

lized by staining smears with M'Fadyean's polychrome

methylene blue or India ink (Turnbull et al. 1998) or by

indirect fluorescent antibody staining.l More simply,

2.5 ml of blood (defibrinated horse blood seems best;
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horse or fetal calf serum are quite good) can be inocu-

lated with a pinhead quantity of growth from the suspect

colony, incubated statically for 6-18 h at 37"C, and

M'Fadyean stained. The M'Fadyean stain is preferable

to other capsule staining methods, as it is more specific

for B. anthracls capsules; it dates from 1903 and has
proved a remarkably successful rapid diagnostic test

over the decades. However, reliable stain and adequate
quality control of its performance are becoming hard to
guarantee. A rapid immunochromatographic on-site test

has been developed (Burans et al. 1996) but is not

commercially available.

Real-time PCR assays, which use primer and fluores-

cently-labelled probe systems to allow the rapid and

sensitive detection of genes specific for B. anthracis,

have been developed in several laboratories. Makino

and Cheun (2003) described an assay that targeted genes

for capsule and PA and allowed a single spore to be

detected in 100 I of air in t h. Drago et al. (2002)

outlined an assay targeting fragments of a chromosomal
gene (rpo) for detecting the organism in clinical samples.

Hoffmaster et al. (2002\ evaluated and validated a three-

target assay, with primers for capsule, PA, and rpo, in

order to test suspect isolates and to screen environ-

mental samples during the outbreak that followed the

200L bioterrorist attack in the USA.

Monoclonal antibody tests based on specific spore

cortex or cell wall epitopes, for reliable differentiation of

B. anthracis from close relatives, are not yet available.

Breakthroughs have recently been made in the long-

standing problem of differentiating strains of B.

anthracis for epidemiological and strategic purposes

using amplified fragment length polymorphism (AFLP)

analysis (Jackson et al. 1998; Keim et al. 2000).

The three protein components of anthrax toxin (PA,

LF, and EF) and antibodies to them can be used in

erzyme immunoassay systems. For routine confirmation

of anthrax infection, or for monitoring response to

anthrax vaccines, antibodies against protective antigen

alone appear to be satisfactory; they have proved useful

for epidemiological investigations in humans and

animals. In human anthrax, however, early treatment

sometimes prevents antibody development (Turnbull

et al. 1992a). PA is available commercially from List

Biological Laboratories, Inc (www.listlabs.com).

In countries of the former USSR, a skin test utilizing

Anthraxin, a heat-stable extract from a noncapsulate

strain of B. anthracis. which has been licensed for

human and animal use since 1962, is widely acclaimed

for the retrospective diagnosis of anthrax (Shlyakhov

and Rubinstein 1994). The delayed-type hypersensitivity

is interpreted as indicating cell-mediated immunity to

anthrax and can be used not only to diagnose anthrax

retrospectively, but also to evaluate the vaccine-induced

immune status after periods of several years. Anthraxin

does not contain highly speciflc anthrax antigens and

depends on the nature of anthrax rather than the

specificity of the antigens involved. This is also true of
the Ascoli test which, dating from 1911, must be one of
the oldest antigen detection tests in microbiology. It is a
precipitin test using hyperimmune serum raised to B.
anthracis whole cell antigen to provide rapid retro-

spective evidence of anthrax infection in an animal from
which the material being tested was derived. The test is

still in use in eastern Europe and central Asia.

Treatment and prophylaxis

Most strains of B. anthracls are susceptible to penicillin,

and until recently there were few authenticated reports

of resistant isolates (Lalitha and Thomas 1997); conse-

quently this antibiotic was the mainstay of treatment and

there were few studies on the organism's sensitivity to

other antibiotics. Mild and uncomplicated cutaneous

infections may be treated with oral penicillin V, but the

treatment usually recommended is intramuscular

procaine penicillin or benzyl penicillin (penicillin G). In

severe cases, and gastrointestinal and inhalational infec-

tions, the recommended therapy has been penicillin G

by slow intravenous injection or infusion until the fever

subsides, followed by intramuscular procaine penicillin;

the organism is normally susceptible to streptomycin'

which may act synergistically with penicillin (Turnbull

et al. 1998). The use of an adequate dose of penicillin is

important, as Lightfoot et al. (1990) found that strains

grown in the presence of subinhibitory concentrations of

flucloxacillin in vitro became resistant to penicillin and

amoxicillin. The study of Lightfoot et al. (1990) on 70

strains, and that of Doganay and Aydin (199I) on 22

isolates, found that most strains were sensitive to peni-

cillins, with minimal inhibitory concentrations of

0.03 mg/l or less; however, the former authors found that

two resistant isolates from a fatal case of inhalational

infection had a minimum inhibitory concentration

(MIC) in excess of 0.25 mgll. B. anthracis is resistant to

many cephalosporins. Coker et al. (2002) found that of

25 genetically diverse mainly animal and human isolates

from around the world. five strains were resistant to the
'second generation' cephalosporin cefuroxime, and 19

strains showed intermediate susceptibility to this agent;

all strains were sensitive to the'first generation' cepha-

losporins cephalexin, and cefaclor, and three were resis-

tant to penicillin but were negative for B-lactamase
production. Mohammed et al. (2002) studied 50 histor-

ical isolates from humans and animals and L5 clinical

isolates from the 2001 bioterrorist attack in the USA;

the majority of their strains could be regarded as

nonsusceptible to the 'third generation' cephalosporin

ceftriaxone, and three strains were resistant to penicillin.

Genomic sequence data indicate that B. anthracis

possesses two p-lactamases: a potential penicillinase

(class A), and a cephalosporinase (class B) which is

expressed (Bell et al. 20OZ). Tetracyclines, chlor-

amphenicol, and gentamicin are suitable for the
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treatment of patients allergic to penicillin; tests in
primates showed doxycycline to be effective, a finding
confirmed by Coker et al. (2002), and indicated the suit-
ability of ciprofloxacin (Turnbull et al. 1998).
Mohammed et aL. (2002) found that most of their strains
showed only intermediate susceptibility to erythromycin.
Esel et al. (2003) found that ciprofloxacin and the newer
quinolone gatifloxacin had a good in vitro activity
against 40 human isolates collected in Turkey, but that
for another new quinolone, levofloxacin, high MICs
were needed for 10 strains.

Because human cases tend to be sporadic, clinical
experience of alternative treatment strategies was sparse
until the bioterrorist attack occurred in the US in late
2001. The potential and actual use of B. anthracs as a
bioweapon has also emphasized the need for post-
exposure prophylaxis; recommendations include cipro-
floxacin or doxycycline, with amoxycillin as an option for
the treatment of children and pregnant or lactating
women, given the potential toxicity of quinolones and
tetracyclines; however, B-lactams do not penetrate
macrophages well, and these are the sites of spore germi-
nation (Bell et aI. 2002). Combination therapy, begun
early, with a fluoroquinolone such as ciprofloxacin and at
least one other antibiotic to which the organism is sensi-
tive, appears to improve survival (Jernigan et al. 2001).
Following the 2001 outbreak in the US, the recommenda-
tion for initial treatment of inhalational anthrax is cipro-
floxacin or doxycycline along with one or more agents to
which the organism is normally sensitive; given suppor-
tive sensitivity testing, a penicillin may be used to
complete treatment. The same approach is recommended
for cutaneous infections (Bell et al. 2002). Doxycycline
does not penetrate the central nervous system well, and
so is not appropriate for the treatment of meningitis.

The Sterne attenuated live spore vaccine, based on a
toxigenic but noncapsulate strain, was introduced for
animal vaccination in the late 1930s and spores of this
strain remain in use as the basis of livestock vaccines in
most parts of the world today. As this vaccine can show
some slight virulence for certain animals, it is not
considered suitable for human protection in the West,
but live spore preparations are used in China and
Russia. The former USSR vaccine was developed in the
1930s and 1940s, and licensed for administration by
injection in f959. The UK vaccine is an alum-
precipitated culture filtrate of the Sterne strain; it was
first formulated in 1954, introduced for workers at risk
in 1965, and licensed for human use in 1979. The current
human vaccine in the USA is an aluminium hydroxide-
adsorbed vaccine strain culture filtrate containing a rela-
tively high proportion of PA and relatively low amounts
of LF and EF; it was licensed in 1972 (Turnbull 2000).
Concerns about the lack of efflcacy and safety data on
the long-established UK and US vaccines, especially
following the Sverdlovsk incident, and allegations that
anthrax vaccination contributed to Gulf War syndrome

in military personnel, have led to demands for new
vaccines that would necessarily undergo stricter testing
than was customary in the past. Favoured active ingre-
dients of these next-generation vaccines are whole-
length recombinant PA or a mutant (nontoxic) portion

of this molecule (Turnbull 2000).

OPPORTUNISTIC PATHOGENS

Apart from B. anthracis, the majority of Bacillus species
are common environmental contaminants, and isolation
from a single clinical specimen is generally not sufficient
basis for incriminating one of these organisms as the
etiological agent. Moderate or heavy growth of aerobic

endospore-formers from wounds is usually signif,cant,
however, and B. cereus infections of the eye are emer-
gencies which should always be taken seriously and
reported to the physician immediately.

In the clinical laboratory, the most important ques-

tions to ask about an aerobic sporeforming isolate are:
Was it isolated in pure culture or at least apparently
dominating the flora? Was it isolated in large numbers?
Was it isolated more than once? A repeatedly isolated

aerobic endospore-former, found in large numbers in
pure culture, particularly from blood cultures, is unlikely

to be a mere contaminant. Histopathology and tests on
the toxigenicity of the isolate may also help decide the
relevance of the isolate.

Low-level contamination of foodstuffs by aerobic
endospore-formers is common, as is asymptomatic tran-
sient fecal carriage by human and animal populations.

Therefore, in foodborne illness investigations, qualitative

isolation tests are insufflcient. The ideal criteria for
establishing that an aerobic endospore-former is the
etiological agent are the isolation of significant numbers
(>10s cfu/g) of the organism from the epidemiologically
incriminated food (and, in the case of suspected B.
cereus food poisoning, detection of emetic toxin and/or
enterotoxin) together with recovery of the same strain
(biovar, serovar, phage type, plasmid type, etc.) in signif-
icant numbers from acute phase specimens (feces or
vomitus) from the patients. In practice, it is rare that
these ideal criteria can be met. A complete set of the
appropriate food and clinical specimens is seldom avail-
able and the epidemiological aspects of the outbreak,
such as incubation times, clinical symptoms, the types of
food implicated, the time lapse between the episode and
specimen collection, and the manner in which the food
was stored during this period, must all be considered

along with the laboratory findings in forming conclusions
as to the etiology.

Specimens and isolation

Clinical specimens for isolation of species other than ,8.
anthracis can be handled without special precautions,
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and they will normally survive transport in freshly

collected specimens or in a standard transport medium.

All these species of aerobic endospore-forming bacteria

that may be isolated from clinical specimens can be

handled safely on the open bench.

All the clinically significant isolates reported to date

are of species that grow, and often sporulate, on routine

laboratory media, at 37'C. It seems unlikely that many

clinically important, but more fastidious, strains are

being missed for the want of special media or growth

conditions. Maintenance is simple if spores can be

obtained, but it is a mistake to assume that a primary

culture or subculture on blood agar will automatically

yield spores if stored on the bench or in the incubator.

It is best to grow the organism on nutrient agar

containing 5 mg/l manganese sulfate for a few days, and

refrigerate when microscopy shows that most cells have

sporulated. For most species, sporulated cultures on

slants of this medium, sealed after incubation, can

survive in a refrigerator for years. Alternatively,

cultures (preferrably sporulated) can be frozen or

lyophilized.

In specimens submitted for B. cereus food-poisoning

investigations, the organisms will mostly be present as

spores. Heating at 62.5"C for 15 min will both heat-

shock the spores and effectively destroy nonspor-

eforming contaminants (solid samples should first be

emulsifled in sterile, deionized water, l:2 [w/v]). Direct

plate cultures are made on blood, nutrient, or selective

agars, as appropriate, by spreading up to 250 pl volumes

from undiluted, and 10- and 100-fold dilutions of the

treated sample.

Enrichment procedures are generally inappropriate

for isolations from clinical specimens, but when

searching for B. cereus in stools )3 days after a food-

poisoning episode, nutrient or tryptic soy broth with

polymyxin (100 000 U/l) may be added to the heat-

treated specimen. Several media have been designed for

isolation, identification. and enumeration of B. cereus.

They exploit the organism's egg-yolk reaction positivity

and acid-from-mannitol negativity; pyruvate and poly-

myxin may be included for selectivity. Three satisfactory

formulations (see Appendix) are MEYP (mannitol, egg

yolk, polymyxin B agar), PEMBA (polymyxin B, 
"gg

yolk, mannitol, bromthymol blue agar) and BCM

(Bacillus cereus medil.tm) (van Netten and Kramer

1,992).There are no selective media for other bacilli, but

spores can be selected for by heat treating part of the

specimen, as described above; the vegetative cells of

both sporeformers and nonsporeformers will be killed,

but the heat-resistant spores will not only survive but

may be heat-shocked into subsequent germination. The

other part of the specimen is cultivated without heat

treatment in case spores are very heat-sensitive, or

absent. Heat treatment is not appropriate for fresh clin-

ical specimens, where spores are usually sparse or

absent.

Bacillus cereus

Bacillus cereus ts next in importance to B. anthracis as a

pathogen of humans (and other animals), causing food-

borne illness and opportunistic infections, and its

ubiquity ensures that cases are not uncommon.

Food-borne il lness

B. cereus is the etiological agent of two distinct food

poisoning syndromes (Kramer and Gilbert 1992):

1 the diarrheal-type, characterized by abdominal pain

with diarrhea 8-16 h after ingestion of the contami-

nated food and associated with a diversity of foods

ranging from meats and vegetable dishes to pastas,

desserts, cakes, sauces, and milk; and

2 the emetic-type characterized by nausea and vomiting

L-5 h after eating the offending food, predominantly

oriental rice dishes, although occasionally other foods

such as pasteurized cream, milk pudding, pastas,

and reconstituted infant-feed formulas have been

implicated.

One outbreak followed the mere handling of contami-

nated rice in a children's craft activity (Briley et al'

2001), and fulminant liver failure associated with the

emetic toxin has been reported (Mahler et aI. 1997).

Both syndromes arise as a direct result of the fact that

B. cereus spores can survive normal cooking procedures'

Under improper storage conditions after cooking, the

spores germinate and the vegetative cells multiply. In

diarrheal illness, the toxin(s) responsible are produced

by organisms in the small intestine (infective doses 104-

10e cells per gram of food), while the emetic toxin is

preformed and ingested in food (about 105-108 cells per

gram in order to produce sufficient toxin). Variations in

infective dose of the diarrheal illness will reflect the

proportion of ingested cells that are sporulated, and so

can survive the acid barrier of the stomach. The capacity

of the strain concerned to produce toxin(s) will, of

course. influence the infective or intoxicating dose in

both types of illness. It is likely that cases showing both

diarrheal and emetic symptoms are caused by organisms

producing both diarrheal and emetic toxins.

The toxigenic basis of B. cereus food poisoning and

other B cereus infections has begun to be elucidated,

and a complex picture is emerging (Beecher 2001;

Granum 2002). B. cereus is known to produce six

toxins: flve enterotoxins, and the emetic toxin. The

enterotoxins are: (1) Hemolysin BL (Hbl), a 3-compo-

nent proteinaceous toxin which also has dermonecrotic

and vascular permeability activities, and causes fluid

accumulation in ligated rabbit ileal loops; Hbl is

produced by approximately 60 percent of strains tested

(Granum 2002), and it has been suggested that is a

primary virulence factor in B. cereus diarrhea, but the
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mechanism of its enterotoxic activity is unclear
(Granum 2002); (2) Non-hemolytic enteroroxin (Nhe)
is another 3-component proteinaceous toxin which is
produced by most strains tested (Granum 2002), and
whose components show some similarities to Hbl; (3)
and (4) Enterotoxin T (BceT) and Enrerotoxin FM
(EntFM) are single-component proteinaceous toxins
whose roles and characteristics are not known; (5)
Enterotoxin K (EntK) is similar to the B-toxin of Clos-
tridium perfringens and was associated with a French
outbreak of necrotic enteritis in which three people
died (Lund et al. 2000). The genetics of toxin produc-
tion are summarized by Granum (2002).

The emetic toxin, cereulide, is a dodecadepsipeptide
comprising of a ring of four amino- and/or oxy-acids: [D-
O-Leu-D-Ala-L-O-Val-L-Val] thrice repeated; chemi-
cally speaking, it is closely related to the potassium
ionophore valinomycin (Agata et al. 1994). It is resistant
to heat, pH and proteolysis, but it is not antigenic
(Kramer and Gilbert 1989). Cereulide is probably an
enzymatically synthesized peptide rather than a direct
genetic product; it is produced in larger amounts at
lower incubation temperatures, its production does not
appear to be connected with sporulation (Finlay et al.
2000), and it is not produced in anaerobic conditions
(Finlay et al. 2002).Its mechanism of action is unknown,
but it has been shown to stimulate the vagus afferent
through binding to the 5-HT3 receptor (Agata et al.
1995). The earliest detection system for emetic toxin
involved monkey-feeding tests (Logan et al. 1979), but a
semi-automated metabolic staining assay has now been
developed (Finlay et al. 1999).

otr"I illelti9n:
Bacillus cereus is also a destructive ocular pathogen.
In the case of posttraumatic endophthalmitis, Bacillus
species, particularly B. cereus, may be the second
most commonly isolated organisms after Staphylo-
coccus epidermidis (Davey and Tauber 1987). For
relevant reviews, see Logan (1988) and Berkeley and
Logan (1,997). Endophthalmitis may follow pene-
trating trauma of the eye or hematogenous spread
and evolve very rapidly. Loss both of vision and the
eye is likely if appropriate treatment is not instituted
very early (Davey and Tauber 1987; Das et al.  2001).
B. cereus keratitis associated with contact lens wear
has also been reported (Pinna et al. 2001). Other B.
cereus infections occur mainly, though not exclusively,
in persons predisposed by neoplastic disease, immuno-
suppression, alcoholism, and other drug abuse, or
some other underlying condition, and fatalities occa-
sionally result. Reported conditions include bacter-
emia, septicemia, fulminant sepsis with hemolysis,
meningitis, brain hemorrhage, ventricular shunt infec-
tions, endocarditis, pneumonia, empyema, pleurisy,

lung abscess, brain abscess, osteomyelitis, salpingitis,
urinary tract infection, and primary cutaneous infec-
tions. Wound infections, mostly in otherwise healthy
persons, have been reported following surgery, road
trafflc, and other accidents, scalds, burns, plaster flxa-
tion, drug injection (including a case associated with
contaminated heroin; Dancer et al. 2002), and close-
range gunshot and nail bomb injuries; some became
necrotic and gangrenous. A fatal inflammation was
caused by a blank firearm injury; blank cartridge
propellants are commonly contaminated with the
organism (Rothschild and Leisenfeld 1996). Neonates
also appear to be particularly susceptible to B. cereus,
especially with umbilical stump infections, and
respiratory tract infections associated with contami-
nated ventilation systems have also occurred (Van der
Zwet et al. 2000).

Bacillus cereus also causes infections in domestic
animals. It is a well-recognized agent of mastitis and
abortion in cattle, and can cause these conditions in
other livestock (Blowey and Edmondson 1995).

Baci I I us th u ri ng iensi s

This species is closely related to B. cereus, and is distin-
guished principally by the ability of its members to
produce crystalline, proteinaceous, parasporal bodies
within the sporangia; the insecticidal activities of many
of these b-endotoxins have made the organism (often
referred to as Bt) one of the most widely produced and
studied bacteria in biotechnology. The applications and
development of Bt pesticides have been reviewed by
Bishop (2002), while Van Rie (2002) has reviewed the
development of transgenic crop plants. Strains of B.
thuringiensis may in addition produce lhe B cereus diar-
rheal toxin, and B. thuringiensis has indeed been impli-
cated in cases of gastroenteritis (Damgaard et al. 1997).
There have also been reports of wound, burn, and ocular
infections with B. thuringiensis (Damgaard et al. 1997).
Cases of illness caused by B. thuringiensis may have
been diagnosed as caused by B. cereus, as the former
may not produce its characteristic insecticidal toxin crys-
tals when incubated at 37'C, owing to the loss of the
plasmids carrying the toxin genes. The safety of using B.
thuringiensis as a biopesticide on crop plants has been
reviewed by Bishop (2002); Bishop et al. (1999) found
that the main pesticide strains that they assayed
produced low titers of enterotoxin, and there is as yet no
evidence of infections associated with the use of this
organism as an insecticide.

Diagnosis

Colonies of B. cereus and its relatives are very variable,
but readily recognized (Figure 36.1, and see Diagnosis
of B. anthracls, above). The key characteristics for
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recognizing and distinguishing the B. cereus group are:
colonial morphology; large cells with rounded or

squared ends, often in chains, producing ellipsoidal

spores not swelling the sporangia (Figure 36.3a, b),

usually within 48 h and often apparent after 24 h; facul-

tative anaerobes; egg yolk reaction (i.e. lecithinase) posi-

tive. Negative or very weak hemolysis and lack of moti-

lity distinguish B. anthracls and B. mycoides from B.

cereus and B. thuringiensis. Bacillus cereus, B. mycoides,
B. thuringiensis and, to a lesser extent, B. anthracis,
synthesize lecithinases, forming opaque zones of precipi-

tation around colonies on egg yolk agar as the colonies
grow (i.e. usually after overnight or perhaps 24 h incuba-

tion). Recognition of B thuringiensls is largely depen-

dent on observation of its cuboid or diamond-shaped
parasporal bodies in sporulated cultures (after 2-5 days)
by phase-contrast microscopy (Figure 36.3b), or by

staining with malachite green counterstained with carbol
fuchsin or safranin. Bacillus mycoides produces char-
acteristic rhizoid or hairyJooking, adherent colonies
which readily cover the whole agar surface.

A strain differentiation system for B. cereus based on

flagellar (H) antigens is available at the Food Hygiene

Laboratory, Central Public Health Laboratory (Colin-

dale, London, UK), for investigations of food-poisoning

outbreaks or other B. cerezs-associated clinical

problems (see Antigens, above). B. thuringiensis strains

are also classified on the basis of their flagellar anti-

gens; 82 serovars have been recognized (see Antigens,

above). This is carried out at the Pasteur Institute,

Paris, France, and at Abbott Laboratories, North

Chicago, Illinois.

The enterotoxin complex responsible for the diarrheal

type of B. ceretu food-poisoning has been increasingly well

characterized (Granum 2002). Two commercial kits are

available for its detection in foods and feces, the Oxoid

BCET-RPLA (Oxoid Ltd, Basingstoke, UK, Product Code

TD950) and the TECRA VIA (TECRA Diagnostics,

Roseville, NSW, Australia, Product Code BDEVIA48).

However, these kits detect different antigens, and there is

some controversy about their reliabilities. Other assays,

based on tissue culture, have also been developed (Fletcher

Figure 35.3 Photomicrographs of endospore-forming bacteria viewed by phase contrast microscopy Bar markers represent 2 lm
(a) B cereut broad cells with ellipsoidal, paracentral and subterminal spores, not swelling the sporangia and showing some poly-B-
hydroxybutyrate inclusions, which are smaller and less phase-bright than the spores (b) B thuringiensil broad cells with ellipsoidal,
subterminal spores, not swelling the sporangia, and showing parasporal crystals of insecticidal toxin, which are less phase-bright than
thespores,(c)B megaterium,broadcellswithellipsoidal tospherical,subterminal andterminal spores,notswellingthesporangia,and
showing poly-p-hydroxybutyrate inclusions, which are smaller and mostly less phase-brightthan the spores; (d) B subtilis, ellipsoidal,
central and subterminal spores, not swelling the sporangia (Continued over)
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and Lcrgarr 1999). ' fhe cmetic toxin o[ B L'araus has been
iclcntified, and it rnay be ass:rvccl in food extrilcts or culture
f i l trates using HEp-2 cel ls (Finlav ct al 1999)

Routine characler s lor disl inguishing bctween
members of thc B. ccrcu.r group are given in' fablc 36.1.

Treatment

Desp i te  thc  we l l -es tab l i shec l  impor tancc  o f  Buc i l lus
( 'crcl.r  as an opportunist ic pathogcn. there hi ive bccn
rathcr feu' studies ol '  i ts antibiot ic sensit ivi tv. and most
information has to bc gleaned front thc rcports oi indivi-
dual cases or outbreaks. But ' i l l ts teretts t tnt l  B thttr-
ingiettsis produce a broad spectrum p-lactamase ancl are
thus  res is tan t  to  pen ic i l l i n .  ampic i l l i n .  and cepha los-
porins: thev are also rcsistant to tr in'rethoprint (however.

i tn Antarct ic R thttr ingiertslr isolate wi,rs penici l l in scnsi-
t ivc; l ;orsvth and Logan 2000) An in vitro study o[ 5' l
isolates lrom blood culturcs by disk cl i f fusion assay found
that al l  strains werc susceplible to imipcnem and vanco-
nrycin and that most werc sensit ive to chloramphenicol,
ciplof loxacin, crythroml'crn, and genlamicin (with 2. 2. 6.

and 7 percent strains, respectivelv. showing moclcrate or
inlernrediaLe sensit ivi t ies). while 22 and 37 percent of
strains showed only moderate or intermediate suscept-

ibit i t ies to cl indamycin and tetr:rclycl ine, respcctively

(Weber e1 al.  19tt8); in the same study, microdi lut ion tcsts

showed susceptibi l i ty to imipenem. vancomycin. chlor-

amphenicol.  gentamicin. and ciprof loxacin with MICs of
0.2.5 ,1. (J25 2.2.011 0, 0.25-2, and 0.2-5-1.0 mg/l respec-

t ivcly A plasmid carrying resistance to tetracycl ine in

B t'cratts has bccn transfcrrcd to a strain of B subtilis

and stably maintzrined (Bernhard et al 1978)

Although strains are almost always susceptiblc to cl in-
darnycin. crythromycin. chloramphenicol.  vancomvcir-r.

and the aminoglvcosides and are usually sensit ive tcr

tetr i lcvcl ine and sulphonamicles. there h:rve bccn several

reports o[ treatment fai lures with some o[ these clrugs: a

fulminant meningit is which cl id not respond to chlor-

ar.nphenicol (Marshman et al.  2000): a fulminant infec-

t ion in a neonil tc which was rcfractory to trcatmcnl that

includecl vancomycin, gcntamicin. imipcncm. cl in-
damycin. and ciprof loxacin (Tuladhar et al 2000); fai lure

o[ vancomycin to el iminate the organism lrom cere-

bltrspinal f luid in associat ion wilh a f luid shunt infect- ion

I

7

I
Figure 36.3 Phoromicrooraoh> of  endosporc totmtng [6rrsr j2 \ tc t t rd b)  phase contrast  mtcroscopy 'Cont inuedt Bar mai l ,ets represenf
2 tm (e) B chen form s, some chatntng of cells evtdent, ellrpsotdal, central and subtermrnal spores, not swelltng the sporangia, (f) B
pumilus, slender cells with cyltndncal subtermtnal spores, nat swelling the sporangta, (g) B circu ans, ellipsoidal, subtermrnal spores,
swelling the sporangra, (h) B sphaericus, spherical, termtnal spores, swellrng the sporangia (Contrnued over)
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Figure 36.3 Photomicrographs of endospore-forming bacteria viewed by phase contrast microscopy (Conttnued) Bar markers represent

2 tm (i) Brevibacillus brevis, ellipsoidal, subterminal spores, swelling the sporangia; (j) Brevibacillus laterosporus, ellipsoidal,

subterminal spores with thickened rims on one side, swelling the sporangia, (k) Paenibacillus polymyxa, ellipsoidal, subterminal spores,

swelling the sporangia, (l) Paenibacillus alvei, ce//s with tapered ends, ellipsoidal to cylindrical subterminal spores, swelhng the

sporang i u m on ly sl ig htly

(Berner et al 1997); persistent bacteremias with strains

showing resistance to vancomycin in two hemodialysis

patients (A. von Gottberg and W. van Nicrop. personal

communication). Oral ciprof loxacin has been used

successfully in the treatment of B. cereus wound infec-

t ions Clindamycin with gentamicin, given early, appears

to be the best treatment for ophthalmic infections

caused by B. ceretu, and experiments with rabbits

suggest that intravitreal corticosteroids and antibiotics

may be effective in such cases (Liu et al. 2000).

Reports of infections with non-B. cereus group spectcs

art: comparatively rare, but very diverse (Logan 19813;

Berkeley and Logan 1997), and there have been several

hospital pseudocpidemics associated with conlaminated

blood culture svstems.

B aci I I u s I i chen ifo rm i s

This species has been reported from ventriculitis

following the removal of a meningioma. cerebral abscess

after penetrating orbital injury, septicemia following

arteriography, bacteremia associated with indwelling

g

central venous catheters (Blue et al.  1995), bacteremla

during pregnancy wilh eclampsia and acute fibrinolysis,

pcritonitis in a continuous ambulatory peritoneal dialysis

(CAPD) patient and in a patient with volvulus and

small-bowel perforation. ophthalmitis, and corneal ulcer

after trauma. There have also been reports of l-form

organisms. phenotypically similar to B. licheniformis,

occurring in blood and other body fluids of palients with

arthritis, patients with neoplasms, clinically normal

persons. and in association with infectious synovitis in

birds (see Life cycle, above) Although some authors

have claimed a relationship between these organtsms

and diseases with postulated immunological elements,

and higher isolations from the synovial fluids and

membranes of arthritic patients have been reported,

Bart lett  and Bisset (1981) were unable to conl irm the

lattcr association. B. licheniformis can cause food-borne

diarrheal illness. and has been associated with an infant

fatality (Mikkola et al. 2000). A toxin possibly asso-

ciated with B. lichenifbrml.s food poisoning has been

identified (Mikkola et al. 2000) but, in general, toxtns or

virulence factors widely accepted as responsible for

symptoms periodically associated with Bacillus species
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other than those in the B. cereus group have not been
identified. B. licheniformls is frequently associated with
bovine abortion and has been reproduced by expen-
mental infection of cows, which demonstrated the
tropism of the organism for the bovine placenta (Ager-
holm et al. 1997); this species has also been associated
with abortion in water buffalo (Galiero and De Carlo
1998), and is occasionally associated with bovine mastitis
(Blowey and Edmondson 1995). Many of these rypes of
B. licheniformis and B. cereus infections are associated
with wet and dirty conditions during winter housing,
particularly when the animals lie in spilled silage
(Blowey and Edmondson 1995); in one outbreak, a
water tank contaminated with B. licheniformis was
implicated (Parvanta 2000).

Bacillus subtilis

The name B. subtilis was often used to mean any
aerobic, endospore-forming organism, but since 1970
there have been reports of infection in which identifica-
tion of this species appears to have been made accu-
rately. Cases associated with neoplastic disease include:
fatal pneumonia and bacteremia, a septicemia, and an
infection of a necrotic axillary tumor in breast cancer
patients. Breast prosthesis and ventriculo-atrial shunt
infections, endocarditis in a drug abuser, meningitis
following a head injury, cholangitis associated with
kidney and liver disease, and isolations from surgical
wound-drainage sites have also been reported. A
probiotic preparation of this species led to a fatal septi-
cemia in an immunocompromised patient (Oggioni et al.
1998). B. subtilis has also been implicated in food-borne
illness, and cases of bovine mastitis and of ovine abor-
tion (Logan 1988; Berkeley and Logan 1997).

Other species

of waterborne illness in Sweden (Logan et al. 2002),
and other Brevibacillus species have been found in
human blood and bronchio-alveolar lavage specimens.
Br. laterosporus has been reported in association with a
severe case of endophthalmitis (Logan 1988; Berkeley
and Logan 1997).

Paenibacillus alvei has been isolated from cases of
meningitis, a prosthetic hip infection in a patient with
sickle cell anemia, a wound infection, and, in association
with Clostridium perfringe,?s, a case of gas gangrene.
P. macerans has been isolated from a wound infection
following removal of a malignant melanoma, and from
bovine abortion, and P. polymyxa from ovine abortion
(Logan 1988).

Fish

There have been several reports of Bacillus infections
among farmed fish. Bacillus mycoides was isolated from
necrotic muscular lesions in channel catfish (Ictalurus
punctatus) during an epizootic in a commercial pond in
Alabama, USA, and similar lesions could be repro-
duced by subcutaneous injection of the isolate
(Goodwin et al. 1994). An unidentified aerobic endo-
spore-former was associated with a septicemic condition
affecting a variety of widely cultivated freshwater fish
in Nigeria, and its etiological role was confirmed by
reinfection trials (Oladosu et al. 1994). Ferguson et al.
(2001) isolated an unidentified Bacillus from a severe
multi-focal, necrotizing and granulomatous infection of
the intensively reared catfish Pangasius hypophthalmus
in the Mekong delta; the condition was reproduced
experimentally, but subsequently the pathogenicity of
this organism was not demonstrable (Crumlish, M.,
personal communication).

ldentif ication

Organisms identified as B. circulans have been isolated
from cases of meningitis, a cerebrospinal fluid shunt
infection, endocarditis, endophthalmitis (Tandon et al.
2001), a wound infection in a cancer patient, and a bite
wound (but see comments on this species in Identifica-
tion, below), and B. coagulans has been isolated from
corneal infection, bacteremia and bovine abortion. ,8.
pumilus has been found in cases of pustule and rectal
fistula infection, and in association with bovine mastitis.
B. sphaericus has been implicated in a fatal lung pseudo-
tumor, and meningitis (Logan 1988; Berkeley and Logan
1997).

Bacillus brevis has been isolated from corneal infec-
tion and has been implicated in several incidents of food
poisoning; since these reports, the species was split (see
Taxonomy, above) and transferred to the new genus
Brevibacillus. Strains of the new species, Brevibacillus
agri, have been isolated in association with an outbreak

Remember that these organisms do not always stain
gram-positive. Before attempting to identify to species
level it is important to establish that the isolate really is
an aerobic endosporeformer, and that other inclusions
are not being mistaken for spores. A Gram-stained
smear showing cells with unstained areas suggestive of
spores can be stripped of oil with acetone/alcohol,
washed, and then stained for spores (see Appendix).
Phase contrast (at 1000x magnification) should be used
if available, as it is superior to spore-staining and more
convenient. Spores are larger, more phase-bright, and
more regular in shape, size, and position than other
kinds of inclusion such as polyhydroxybutyrate (PHB)
granules, and sporangial appearance is valuable in
identification.

Members of the B. cereus grotrp (see above) and B.
megaterium (Figure 36.3a, c) will produce large amounts
of storage material when grown on carbohydrate media,
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but on routine media this vacuolate or foamy appear-

ance is rarely sufficiently pronounced to cause confusion.

Isolates of other organisms have often been submitted to

reference laboratories as Bacillus species because they

were large, aerobic gram-positive rods, even though

sporulation had not been observed, or because PHB

granules or other storage inclusions had been mistaken

for spores.

Bacillus contains facultative anaerobes as well as strict

aerobes, which can be a valuable characteristic in identi-

fication. For example, B. licheniformis and B. subtilis,

which have very similar colonial (Figure 36.1j) and

microscopic (Figure 36.3d, e) morphologies, are faculta-

tively anaerobic and strictly aerobic, respectively; like-

wise, the two large-celled species B. cereus and B. mega-

terium are facultatively anaerobic and strictly aerobic,

respectively.

The most widely used diagnostic schemes use tradi-

tional phenotypic tests (Gordon et al. 1973), or miniatur-

ized tests in the API 20F and 50CHB Systems
(bioM6rieux, Marcy l'Etoile, France) (Logan, 2002;

Logan and Berkeley, 1984). The API 20E/50CHB kits

can be used for the presumptive distinction of B.

anthracis from other members of the B. cereus group

within 48 h. bioM6rieux also offers a Bacillus card for

the Vitek automated identification system. As many new

species have been proposed since these schemes were

established, updated API and Vitek databases are being

prepared. Biolog (Biolog Inc., Hayward, California,

USA) also offers a Bacillus database. The effectiveness

of such kits can vary with the genera and species of

aerobic endospore formers concerned, but they are

improving with continuing development and increased

databases (Logan 20OZ). It is stressed that their use

should always be preceded by the basic characterization

tests described below.

Other approaches include chemotaxonomic flnger-

printing by fatty acid methyl ester (FAME) profiling,

polyacrylamide gel electrophoresis (PAGE) analysis,

pyrolysis mass spectrometry, and Fourier-transform

infra-red spectroscopy. All these approaches have been

successfully applied either across the genera or to small

groups. As with genotypic profiling methods, large data-

bases of authentic strains are necessary; some of these

are commercially available, such as the Microbial Identi-

f,cation System software (Microbial ID. Inc., Newark,

Del., USA) database for FAME analysis.

For diagnostic purposes, the aerobic endospore

formers comprise two groups, the reactive ones that will

give positive results in various routine biochemical tests,

and which are therefore easier to identify, and the

nonreactive ones which give few if any positive results in

such tests. Nonreactive isolates, which are often

members of the genus Brevibacillus, tend to dominate

the identification requests sent to reference laboratories.

When faced with aerobic endosporeformer contamina-

tion problems, bacteriologists in biotechnological indus-

tries frequently ask: 'Is it Bacillus cereus or B. anthracis,

or is it another (and by implication, nonpathogenic)

species?' It is probably fair to say that most routine

laboratories that have the confldence to attempt the

identification of an aerobic endosporeformer are well

able to recognize members of the B. subtilis group and

the B. cereus group. Once faced with a strain of Breviba-

cillus or Paenibacillus, however, it is a more difflcult

matter. Species of the former are usually inactive in

routine biochemical tests - be they carbohydrate utiliza-

tions, or assimilations of carbohydrates, amino acids or

organic acids as sole carbon sources - so that there are

too few characters available to distinguish between the

L1 species, most of which are very closely related. With

Paenibacillus, the opposite problem arises; many of the

species are highly active in the routine tests so that

distinctions between them are confined to rather few

variable characters. Table 36.1 shows reactions for some

species belonging to both of these groups, and the

phenotypic test schemes (Gordon et al. 1973; Logan and

Berkeley L984) outlined above may be used in conjunc-

tion with them. Characters for identifying other

species may be found in Claus and Berkeley (1986),

Heyndrickx et al. (1996, L997, 7998) and Logan and

Berkeley (1984).

The colonies of aerobic endosporeforming species

outside the B. cereus group vary from moist and glossy

(Figure 36.1d, f-i) through granular (Figure 36.1d) to

wrinkled (Figure 36.1e, j); shapes vary from round to

irregular, sometimes spreading (Figure 36.1k, l), with

entire through undulate or crenate to fimbriate edges

(Figure 36.1d-D. After 2448 h incubation, colonial sizes

of mesophilic strains typically range from 1-5 mm; color

commonly ranges from buff or creamy-gray to off-white,

but occasional strains may produce black, brown,

orange, pink or yellow pigments; such pigmentation

tends to be characteristic of species or subspecies. Eleva-

tions range from effuse through raised to convex.

Consistency is usually butyrous, but mucoid and dry,

adherent colonies are not uncommon. Hemolysis may be

absent, slight (Figure 36.1h, i) or marked, partial or

complete. Bacillus subtilis and B. licheniformis produce

similar colonies which are exceptionally variable in

appearance and often appear to be mixed cultures - the

colonies are irregular in shape and of moderate (2-

4 mm) diameter, and range in consistency from moist

and butyrous or mucoid (with margins varying from

undulate to fimbriate), through membranous with an

underlying mucoid matrix (with or without mucoid

beading at the surface), to a rough and crusty appear-

ance as they dry (Figure 36.1j). The 'licheniform' colo-

nies of B. licheniformls tend to be quite adherent.

Rotating and migrating microcolonies (Figure 36.1k),

which may show spreading growth, were observed

macroscopically in approximately 13 percent of strains

received as B. circulans (Logan et al. 1985) but this very

heterogeneous species continues to undergo radical
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taxonomic revision, with all spreading strains having
been assigned to species within Paenibacillus. Motile,
spreading microcolonies, which commonly have an
unpleasant smell, are more typical of Paenibacillus alvei
(Figure 36.11).

The cells of aerobic endospore-formers may occur
singly and in pairs, in chains (which may be of great
length), and as filaments. Their rod-shaped cells are
usually round-ended (the cells of members of the ,8.
cereus gro.up have often been described as squared), and
P. alvei can produce frankly tapered ends (Figure 36.31).
Cell diameters range from 0.4 to 1.8 pm and lengths
from 0.9 to 10.0 pm, but the cells of a particular strain
are usually quite regular in size, and individual species
normally have dimensions within fairly narrow limits.
For example, cells of B. pumilus are typically 0.G0.7 by
2.0-3.0 irm (Figure 36.3f), while those of B. megaterium
are usually I.2-7.5 by 2.0-5.0 pm (Figure 36.3c). Pleo-
morphism, showing as cells and filaments with swollen
regions, and entirely swollen cells, may be observed in
cultures grown in suboptimal conditions, and such
stressed cultures sporulate poorly. Cytoplasm may stain
uniformly or be vacuolate; vacuolation (the presence of
inclusions is visible by phase-contrast microscopy as
areas less refractive than spores, and in Gram stained
preparations by unstained globules) is enhanced ln some
species (8. cereus and B megaterium, for example;
Figure 36.3a, c) by cultivation on an agar medium
containing fermentable carbohydrate such as glucose, so
that copious storage material is produced.

Sporangial morphologies (Figure 36.3) are character-
istic of species, and so often valuable in identification,
but an individual strain may show some variation and
produce, for example, both oval and spherical spores
(Figure 36.3c). The commonest spore shape is ellipsoidal
or oval (Figure 36.3a, b, d, e, g, i, j, k), but shapes range
from frankly cylindrical (Figure 36.3f, l) through ellip-
soidal to spherical, and irregular forms such as kidney-
or banana-shaped spores may be seen in some species.
The position of the spore is also characteristic; the most
frequently observed is a subterminal placement, and
position can range from central through paracentral and
subterrninal to terminal. An individual strain may
exhibit a range of spore positions. In small sporangia it
is sometimes difficult to categorize spore positions with
confidence. In just under half of the validly described
Bacillus species the spores swell the sporangia slightly or
appreciably, while in the remainder, sporangial swelling
has not been observed, but both swollen and unswollen
sporangia may be observed within a single strain. As
already stated, sporangia of B. thuringiensrs are char-
acterized by their parasporal inclusions of crystalline
protein (Figure 36.3b) known as 6-endotoxins, which are
often toxic to insects and other invertebrates. Insecti-
cidal strains of B. sphaericz.rs also produce crystalline
parasporal inclusions; these are less prominent than
those of B. thuringiensls, but are generally visible with

the aid of a good phase-contrast microscope (Priest

2002). Brevibacillus laterosporus, produces very distinc-
tive ellipsoidal spores which have thickened rims on one
side, so that they appear to be laterally displaced in the
sporangia (Figure 36.3j).

Routine characters for distinguishing some of the
aerobic endosporeformers most frequently encountered
in clinical laboratories are siven in Table 36.1.

Treatment

Information is sparse on treatment of infections with
species outside the B. cereus group. Gentamicrn was
effective in treating a case of B. licheniformls ophthal-
mitis and cephalosporin was effective against B. licheni-

formis bacteremia/septicemia. Resistance to macrolides
appears to occur naturally in B. lichenifornrs (Docherty

et al. 1981). B. subtilis endocarditis in a drug abuser was
successfully treated with cephalosporin, and gentamicin

was successful against a B. subtilis septicemia. Penicillin,
or its derivatives, or cephalosporins, probably form the
best first choices for treatment of infections attributed to
other Bacillus species. In the study by Weber et al.
(1988), isolates of B. megaterium (13 strains), B. pumilus
(4), B. subtilis (4), B. circulans (3), B. amyloliquefaciens
(2) and B. licheniformls (1), along with f,ve strains of B.
polymyxa (now Paenibacillus) and three unidentified
strains from blood cultures, over 95 percent of isolates
were susceptible to imipenem, ciprofloxacin, and vanco-
mycin; while between 75 and 90 percent were suscep-
tible to penicillins, cephalosporins, and chloramphenicol.
Isolates of B. polymyxa and B. circulans were more
Iikely to be resistant to the penicillins and cephalos-
porins than strains of the other species - it is possible
that some or all of the strains identified as B. circulans
might now be accommodated in Paenibacillus, along
with B. polymyxa. An infection of a human bite wound
with an organism identified as B. circulans did not
respond to treatment with amoxicillin and flucloxacillin,
but was resolved with clindamycin (Goudswaard et al.
1995). A recurrent septicemia with B. subtilis in an
immunocompromised patient yielded two isolates, both
of which could be recovered from the probiotic prepara-

tion that the patient had been taking; one isolate was
resistant to penicillin, erythromycin, rifampin, and novo-
biocin, while the other was sensitive to rifampin and
novobiocin but resistant to chloramphenicol (Oggioni

et al. 1998). The strains were later identified as B. clausii
(Spinosa et al. 2000).

A strain of B. circulans showing vancomycin resis-
tance has been isolated from an Italian clinical specimen
(Ligozzi et al. 1998). Vancomycin resistance was
reported for a strain of B. popilliae (now Paenibacillus)
in 1965, and isolates of this species dating back to 1945
have been shown to carry a vanA- ar'd vanB-like gene,

that is to say a gene resembling those responsible for
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high-level vancomycin resistance in enterococci. Vanco-
mycin resistant enterococci (VRE) were first reported in

1986, and so it has been suggested that the resistance
genes in B. popilliae and VRE may share a common
ancestor, or even that the gene in B. popilliae itself may
have been the precursor of those in VRE; B. popilliae

has been used for over 50 years as a biopesticide, and no

other potential source of vanA and vanB has been iden-

tified (Rippere et al. 1998). Of two South African vanco-
mycin-resistant clinical isolates, one was identifled as
P. thiaminolyticus and the other was unidentified but

considered to be related to .8. Ientus (Forsyth and

Logan, unpublished); the latter was isolated from a case

of neonatal sepsis, and has been shown to have inducible

resistance to vancomycin and teicoplanin; this is in

contrast to the B. circulans and P thiaminolyticus

isolates mentioned above, in which expression of resis-
tance was found to be constitutive (A. von Gottberg and

W. van Nierop, personal communication).

APPENDIX: STAINS

The positive control can be prepared by culturing a

virulent strain in deflbrinated horse blood as described

in the text.

India ink negative stain for capsules

Place a large loopful of undiluted India ink on a clean

slide, and mix in a small portion of the bacterial colony

or a small loopful of the deposit from a centrifuged

liquid culture. Drop a clean cover glass on, avoiding air

bubbles, and press firmly between two sheets of blotting

paper. When examined at 1000x under oil, the capsules

appear as haloes around the highly refractive outlines of

the bacterial cells. When capsules are absent, the ink

particles directly abut the cell wall, and the cells are not

easily seen. Phase-contrast is superior to bright-fleld

microscopy, as the bacterial cells can be seen clearly in

all cases.

APPENDIX: MEDIA

Spore stain

Prepare a heat-fixed smear as for Gram staining, and

flood the slide with 10 percent aqueous malachite green.

Leave for 40-45 min without heating, then rinse with

tapwater and counterstain with 0.5 percent aqueous
safranin for 30 s. View at 1000x magnification; spores
are stained green, and cells and cellular debris
pink-red.

M'Fadyean stain

As Bacillus anthracis is suspected, safety precautions

must be taken throughout this procedure; all materials

coming into contact with the specimen, including spent

reagents and rinsings, must either be discarded into a

disinfectant effective against endospores or autoclaved.
Make a thin smear from the specimen, and also from

a positive control, on a clean slide and allow to dry. Fix
by immersion in 95 percent or absolute alcohol for 30-

60 s. Put a large drop (approximately 50 pl) of poly-

chrome methylene blue (M'Fadyean stain) on the smear

and ensure all the smear is covered by spreading the

stain with an inoculating loop ('flooding' the slide is

wasteful, unnecessary and environmentally undesirable).
Leave for L min and wash the stain off with water (into

L0 percent hypochlorite solution). Blot the slide and

allow to dry. At 100-400x magnification, the organisms

can be seen as fine short threads; at 1000x magnification
(oil immersion), if virulent B anthracis is present, the
capsule should be seen as a clearly demarcated zone

around the blue-black, often square-ended rods which

lie in short chains of two to a few cells in number.

Bacillus cereus media (van Netten and
Kramer 1992)

Bacillus cereus Meditm (BCM), g/l: o-mannitol, 10.0;
(NH4)2PO4, 1.0; yeast extract, 0.2; KCl, 0.2;
MgSOa.7H2O, 0.2; bromcresol purple, 0.04; agar, 20.0;
adjust to pH 7.0 before autoclaving. Mix ingredients
and heat to dissolve, then autoclave at IzlC for
L5 min. Cool to 50"C and add 100 ml of 20 percent

egg yolk emulsion. Mix gently then pour into Petri
dishes.
Mannitol-yolk-polymyxin agar (MYP) gll: D-
mannitol, 10.0; peptone, 10.0; NaCl, 10.0; meat
extract, 1.0; phenol red, 0.025; agar, 15.0; adjust to pH

7.1 before autoclaving. Mix ingredients and heat to
dissolve. then autoclave at l2I"C for 15 min. Cool to
50'C and add 10 mg/l polymyxin B sulphate (as filter
sterilized solution) and 100 ml of 20 percent egg yolk
emulsion per liter of base medium. Mix gently then
pour into Petri dishes. This medium is commercially
available from Difco.
Polymyxin-egg yolk-mannitol-bromthymol blue agar
(PEMBA) g/l: n-mannitol, 10.0; peptone, 1.0; sodium
pyruvate, 10.0; Na2HPO4, 2.5; NaCl, 2.0; KH2PO4,
0.25; MgSOa.7H20, 01; bromthymol blue, 0.1; agar,
L8.0; adjust to pH 7.4 before autoclaving. Mix ingre-
dients and heat to dissolve, then autoclave at l2IC
for 15 min. Cool to 50'C and add 100 000 U poly-

myxin B sulphate (as filter sterilized solution) and
100 ml of 20 percent egg yolk emulsion per litre of
base medium. Mix gently then pour into Petri dishes.
The base medium, egg yolk emulsion, and polymyxin
supplement are commercially available from Oxoid.
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Polymyxi n-lysozyme-E DTA-thal lous
acetate (PLET) agar, for isolation of
Bacil lus anthracis from environmental

fpecimens (Knisely 19661
Difco heart infusion agar (or Difco heart infusion broth
with other agar base) is made up according to the manu-
facturer's instructions. EDTA (0.3 g/l) and thallous
acetate (0.04 g/l) are added before autoclaving. (Note:
thallous acetate is poisonous; avoid skin contact and
inhalation by wearing gloves and weighing out the
powder in a fume cupboard).

After autoclaving at 121'C for 15 min, the agar is
cooled to 50'C and polymyxin (30 000 units/l) and lyso-
zyme (300 000 units/l) are added in filter-sterilized solu-
tion. It is important that the agar is left at 50'C for long
enough to ensure that this temperature has been
reached throughout the medium before the polymyxin
and lysozyme are added. After swirling to ensure even
suspension of the ingredients, the agar is poured into
Petri dishes.

Spread plates are prepared and incubated at 37'C for
36-48 h. Colonies of B. anthracis are smaller and
smoother than on plain heart infusion agar, and B.
cereus is generally inhibited by the medium.
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NOTES
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capsule staining should be addressed to the Diagnostics Systems
Divis ion,  USAMRIID, Fort  Detr ick,  Freder ick,  MD 21702-501 1.  USA
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GENUS/SPECI ES DEFINITION

Listeria are coccobacillary- to bacillus-shaped gram-posi-

tive organisms. They are nonsporing and motile by peri-
trichate flagella. They are aerobic and microaerophilic
organisms that grow between <0 and 45'C. The organ-
isms exhibit fermentative activities on carbohydrates,
producing predominantly lactate and no gas from
glucose. Listeria spp. are catalase-positive and oxidase-
negative. The genus Listeria consists of six species:
monocytogenes, grayi, innocua, ivanovii, seeligeri, atd
welshimeri. L. monocytogenes is the major pathogen for
a wide variety of animals, including man, causing septic
lesions in various organs. The G + C content of DNA is
3642 mol"/" and the type species ts L. monocytogenes.
Sequences of the complete genomes of L. mono-
cytogenes and L. innocua are available.

INTRODUCTION AND HISTORICAL
PERSPECTIVE

In England in 1926, Murray, Webb, and Swann
described a disease of rabbits and guinea pigs character-
ized by a marked mononuclear leukocytosis caused by a
gram-positive bacillus, which they termed Bacterium
monocytogenes (Murray et al. 1926). Pirie (192'7)

isolated the same bacterium from infected wild gerbils in
South Africa and proposed the generic name Listerella
in honor of the surgeon Lord Lister; later this was

changed, for reasons of accurate nomenclature, to

Listeria (Pirie 1940a, b).

In Denmark, Nyfeldt (1929) isolated L. mono-

cytogenes from the blood cultures of patients with a

mononucleosis-like infection (a rare manifestation of the

disease); Burn (1936), in the USA, established listeriosis

as a cause of both sepsis during the perinatal period and

of meningitis in adults. Prior to 1926 there were

published descriptions of disease likely to have been

listeriosis; indeed, a'diphtheroid' isolated from the cere-

brospinal fluid of a soldier in Paris in 1919 was later

identifled as L. monocytogenes (Cotoni 1942). Listeriosis

remained a relatively obscure disease, attracting limited

attention until the 1980s. when a rise in the total

numbers of human and animal cases in Europe and

North America and a series of human food-borne

outbreaks led to much renewed interest in the disease

and the causative organism (Farber and Peterkin 1991).

The number of reported human listeriosis cases has

subsequently declined in Europe and North America

(Tappero et al. 1995; Mclauchlin I996a, b; Smerdon

et al. 2001; Goulet et al. 2001), although large food-

borne outbreaks continue to occur (Anon 1999, 2000,

2001:  Aure l i  e t  a l .  2000;  Ma i ja la  e t  a l .  2001) .

Listeriosis occurs in various animals, including

humans, and most often affects the uterus at pregnancy,

the central nervous system, or the bloodstream. During

pregnancy, infection spreads to the fetus, which will

either be born severely ill or die in utero. Listeriosis
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usually presents as meningitis, encephalitis, or septi-
cemia in non-pregnant individuals. In humans, infection

occurs most often in the immunocompromised and
elderly patients, pregnant women, and unborn or newly

delivered babies. Infection can be treated successfully
with antibiotics, but human infection has a mortality of
20-40 percent (Farber and Peterkin 1991). In domestic
animals (especially in sheep and goats), listeriosis
usually presents as encephalitis, abortion, or septicemia
and is a cause of considerable economic loss (Low and
Donachie 1997; McLutchlin and van der Mee-Marquet
1998). Consumption of contaminated food or feed is
believed to be the principal route of infection (Farber

and Peterkin 1991; Ryser and Marth 1998). However, in
humans, infection can be transmitted, albeit rarely, by
direct contact with the environment or infected animals
(Mclauchlin and Low 1994; O'Driscoll et al. 1999) or by
cross-infection during the neonatal period (Schlech

1ee1).
L. monocytogenes is the major pathogenic species in

both animals and humans (Mclauchlin 1997a).
However. in humans. occasional infections due to L.
ivanovii (Cummins et al. 1994) and L. seeligerl (Rocourt

et al. 1987a) have been reported. L. ivanovii infections
may account for a significant proportion of cases of
Iisteriosis in domestic animals, especially in sheep (Low

and Donachie 1997). Rare infections due to L. mnocua

in domestic animals have occurred (Walker et al. 1994).

L welshimeri and L. grayi have not been shown to cause
disease.

A more exhaustive account of the genus and the
disease may be found in reviews by Gray and Killinger
(1966), Seeliger and Jones (1986), Farber and Peterkin
(1991), Bortolussi and Schlech (1995), Mclauchlin
(1996a, b), Low and Donachie (1997), Ryser and Marth
(1998), Hof (2001), Vazquez-Boland et al. (2001), and
Kathariou (2002).

HABITAT

Listeria are found ubiquitously in the environment and
are distributed worldwide. Species of Listeria have been
isolated from fresh water, wastewater, mud, and soil,
especially when decaying vegetable material is present.

Pirie (1927) first suggested that listeriosis may be trans-
mitted through food, and since this route is now gener-

ally believed to be the principal route of infections for
both humans and other animals (Farber and Peterkin
1991; Low and Donachie 1997), the distribution of
Listeria in the environment is of importance in the trans-
mission of the disease.

An extremely wide range of animals (mammals, birds,
fish, and invertebrates) has been reported to carry
Listeria spp. without apparent disease. In humans,
carrrage rates in feces of <3 percent ior Listeria spp. and
<1 percent for L. monocytogenes are most commonly
reported (MacGowan et al. 1994; Oakley et al. 1992;

Jensen 1,993). Carriage in the gut is probably transitory

(Cobb et al. 1996). Carriage of L. monocytogenes in the

genital tract in the absence of disease is very rare

(Oakley et al. 1992). Listeria spp. have been isolated

from the upper respiratory tract and from seminal fluid

of healthy animals (Gray and Killinger 1966). Because

of the occurrence of listeria in the gut of animals and its

survival in the environment, it is not surprising that

Listeria spp. have been isolated from sites contaminated

with human sewage, sewage sludge, or animal slurry.

The association of consumption of contaminated food

with both outbreaks and sporadic human cases (Farber

and Peterkin 1991) has resulted in much interest in

food-borne listeriosis. L. monocytogenes has been

isolated from a very wide range of foods for human

consumption, including raw and processed meat, dairy

products, vegetables, and seafood products (Farber and

Peterkin 1991), and from food-production and storage

environments (Cox et al. 1989). The ability to grow at

refrigeration temperatures and tolerate preserving

agents makes listeria of particular concern if present in

refrigerated foods that are consumed without further

cooking. Listeria in end-product foods results either

from incomplete eradication during processing, or from

contamination from sites within the food production

environment. Contamination of food directly from

infected animals is probably rare; however, L. mono-

cytogenes can cause mastitis in cows, from which large

numbers of the bacteria can then be shed in the milk

(Bourry et al. 1995).

The relationship between the feeding of silage to

domestic animals and the development of listeriosis has

long been realized (Gray 1960). This is of particular

importance when the pH is greater than 5.5 and the

silage is of poor quality or has had prolonged exposure

to aerobic conditions (Low and Donachie 1997). Modern

practices of producing silage in large polythene-covered

bales ('big bale') favors the growth of L. monocytogenes

in comparison with production in the more traditional

clamps and may, in part, explain the recent apparent

increase in the incidence of listeriosis in domestic

animals in Britain (Low and Donachie L997).

Although found as gut commensals, Listeria spp. show

many of the characteristics of bacteria adapted to a

saprophytic existence, i.e. growth at low temperature,

tolerance of sodium chloride and alkaline conditions.

resistance to desiccation, motility at temperatures less

than25'C, presence in soil and decaying vegetable mate-

rial, and, where pathogenic, a failure to produce host-

specific clinical syndromes. However, there are specific

adaptations that allow invasion of, and multiplication in,

eukaryotic cells by L. monocytogenes (see Pathogenicity

and virulence factors); these may have evolved for

survival in unicellular and multicellular soil organisms.

The 'true' habitat for the genx Listeria may be that

of decaying plant material with occasional transitory

residence in the aastrointestinal tract of animals:
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additional properties may allow the utilization of the

intracellular environments of freeJiving eukaryotic soil

organisms by L. monocytogenes.

MORPHOLOGY

Young cultures consist predominantly of coccobacillary

forms 1-3 pm long and 0.5 pm broad. As cultures age,

short chains are generated. The poles of the cells are

blunt. Smooth forms are almost always seen on fresh

isolation; however, in older cultures (3-5 days) and with

isolates subcultured on artificial media over many years,
'rough' forms with filamentous cells (6-20 pm long) may

occur. Cultures are nonmotile at 37'C, but at tempera-

tures <30'C, cells are motile by means of peritrichous

flagella, with up to six flagella on each individual cell
(Peel et al. 1988a, b). In hanging-drop preparations,

characteristic tumbling movements are seen. Motility

may also be demonstrated by the clouding of medium

approximately 12 mm below the surface in soft agar in

an'umbrella-like' formation.

CULTURAL CHARACTERS

Listeria usually grow on most nonselective bacter-

iological culture media, especially when blood, serum, or

a fermentable carbohydrate is added. For nonselective

maintenance media, tryptose, tryptose soy, or brain-

heart infusion agars are preferred. When cultured over-

night on solid media containing blood, round, translu-

cent colonies 1-2 mm in diameter with a 'ground-glass'

crystalline appearance in the center are formed. The

colonies are slightly raised, have an entire margin and a

watery consistency, are easily emulsifiable, and are non-

pigmented. The rough forms have larger, flatter colo-

nies, with an irregular indented edge and are umbonate

with a central crater, friable, and difficult to emulsify.

All cultures have a characteristic sweet. buttermilklike

smell.

When growing on blood-containing agars, colonies of

L. monocytogenes are surrounded by a narrow zone of

B-hemolysis with an indistinct margin. L. seeligeri has a

similar appearance to L. monocytogenes but exhibits a

weaker zone of hemolysis. Colonies of L. ivanovii are

surrounded by a wider and clearer B-hemolytic zone,

which takes on a double appearance after 36-48 h.

Growth in broth is usually poor, but is greatly

improved by the addition of 0.5-1 percent glucose. In

this medium the smooth forms give rise within 24 h to a

fairly dense suspension; after some days the organisms

settle to the bottom in floccules. The organisms multiply

rapidly in milk (Pine et al. 1989).

METABOLISM

A source of carbohydrate is essential for the growth of

listeria and a number of fully chemically defined media

to support growth have been described (Trivett and

Meyer t971.; Phan-Thanh and Gormon 1997). Growth

occurs at temperatures between <0 and 45'C (Walker

et al. 1990); optimal growth occurs between 30 and

35"C. L. monocytogenes is one of the few pathogenic

bacteria that can grow at 4'C, with a maximum doubling

time of abortt l-2 days. Growth does not generally occur

outside the pH range 5.5-9.6.

Under anaerobic conditions the catabolism of glucose

by all Listeria spp. is homofermentative, i.e. lactate is

produced exclusively (Pine et al. 1989). Under aerobic

conditions, cell yields are considerably increased, and all

species produce lactic, acetic, isobutyric, and isovaleric

acids plus acetoin and pyruvate; there are differences

between strains in the relative amounts of the organic

acids produced (Pine et al. 1989). L. monocytogenes

possesses enzymes of the Embden-Meyerhof pathway

(Miller and Silverman 1959) and a split noncyclic citric

acid pathway, which has an oxidative and a reductive

portion (Trivett and Meyer l97I). ft has been suggested

(Jones 1975) that this latter pathway is important in

biosynthesis but not for the net gain of energy, which is

supplied by glycolysis. Listeria spp. are catalase-positive;

however, under some conditions this activity may be

weak (Jones 1975). The catalase enzyme is of the 'heme'

type. Cytochromes t,, a1, o, ar'd d are produced (Seeliger

and Jones 1986). Menaquinones are the sole isoprenoid

quinones, and all species contain menaquinone-7 with

minor amounts of menaquinone-6 and menaquinone-5

(Seeliger and Jones 1986).

GENETIC MECHANISMS

DNA base composition studies (Rocourt et al. 1982;

Hartford and Sneath 1993) and 165 and 23S rRNA

sequence studies (Collins et al. L99l; Thompson et al.

1992; Sallen et al. 1996; Graham et al. 1997) show that

all species of the genus Listeria form a homogeneous

group and, together with the nonpathogenic species

Brochothrix thermospacta and Brochothrix campestris,

justify family status as the Listeriaceae (Collins et al.

1991). 165 rRNA sequence analysis shows relationships

with other gram-positive genera of low G + C ratio,

including members of the genus Bacillus (Collins et aI.

1991). Indeed, the completed genome sequences of Z.

monocytogenes and L. innocua show a close relationship

to that from Bacillus subtilis and suggest a common

origin (Glaser et al. 2001).

Complete genomes are available for one L. mono-

cytogenes and, L. innocua strain (Glaser et aI.2001). The

L. monocytogenes genome contains 2 944 528 base pairs

with 2 853 protein-coding genes, and L innocua with

3 01I 209 base pairs with 2 973 protein-coding genes

(Glaser et al. 2001). The genes involved with pathogen-

esis are almost all clustered at a single locus (see section

on Disease mechanisms for the invasion of mammalian
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cells). Limited sequence information is available at some
loci for the remaining fow Listeria species.

Transposons -tn1545, 
Tn916, and Tn9l7 (and their

derivatives) introduced and expressed in L. mono-
cytogenes have proved to be extremely useful tools in
understanding the basis of virulence in the bacterium
(Vazquez-Boland et al. 2O0l; Kathariou 2002). Transfer
ofTnl545 has been demonstrated between Enterococcus

faecalis and L. monocytogenes in the digestive tract of
gnotobiotic mice (Doucet-Populaire et al. 1991).

Plasmid DNA has been detected in all species of
Listeria, most of which are larger than 20 MDa. Almost
all the larger plasmids in L. monocytogenes encode resis-
tance to cadmium (Lebrun et al. 1994a, b): the propor-
tion of cultures with these large plasmids varies mark-
edly depending upon the serovar oI L. monocytogenes
(Mclauchlin et aL. 1997). Plasmid DNA was detected in
the complete sequence of the L. innocua genome and
was shown to be 54 MDa in size with 79 genes (Glaser
et al. 2001). Smaller plasmids encoding for resistance to
tetracycline alone (3 MDa; Charpentier and Courvalin
1999) and for multiresistance to chloramphenicol,
erythromycin, streptomycin, and tetracycline (25 MDa;
Charpentier and Courvalin 1999) have been detected,
although these are rare. Trimethoprim resistance due to
the dfrD gene has been detected encoded on a 2.5 MDa
plasmid of L. innocua (Charpentier and Courvalin
1999). Two bacteriocins have been detected encoded on
a 1.9 kDa plasmid of L. innocua (Kalmokoff et al. 2001).
Transfer of native listerial plasmids has been demon-
strated in vitro between strains of L. monocytogenes, to
other Listeria species, and to other species of bacteria
including Bacillus subtilis, Enterococcus faecalis, Strepto-
coccus agalactiae, and Staphylococcus aureus (Charpen-
tier and Courvalin 1999) Cloning vectors based on the
plasmid replicons pC194 (from S. aureus; Sullivan et al.
1984) and pE194 (from Enterococcus; Chakraborty et al.
7992) have been used successfully for gene-cloning
experiments in listeria.

Lysogenic phage are commonly carried by listeria
(Audurier et al. 1977; Loessner et al. 1994). They are
generally morphologically similar, with isometric heads
and long noncontractile tails and correspond to the
Myoviridae or Syphoviridae families (Rocourt et al.
1986; Loessner et al. 1994). The complete genome
sequence of one lysogenic phage, A118, has been
reported (Loessner et al. 2000) and phage integration
was shown to occur in a homolog of the bacillus comK
gene, although no known function has yet been
determined for this gene in listeria. To date, no phage
conversion has been reported due to toxin genes asso-
ciated with prophage sequences. A lytic phage (,4.511) of
the Myoviridae family with a double-stranded DNA
genome of approximately 116 kbp has also been
described (Loessner et al. 1994). Information on the
phage genomes indicate that these are composed of
Iinear double-stranded DNA of 35-116 kbp in size

(Rocourt et al. 1986; Loessner et al. 1994) with G + C
base compositions of 37-39 mol"/" (Loessner et al. 1994).
Lytic properties of sets of phages have been used for
subtyping L. monocytogenes (Rocourt et al. 1985).
Bacteriocin (monocin) production is common within the
genus (Curtis and Mitchell 1992; Bannerman et al. 1996;
Kalmokoff et al. 2001).

In addition to transposon mutagenesis. plasmid

complementation experiments, techniques to generate

in-frame point mutations by allelic exchange, and the
introduction of genetic material by electroporation have

been used to study the genetics of L. monocytogenes.

These techniques, together with the expression of L.
monocytogenes genes rn L. innocua and bacteria from

other genera, and the behavior of L. monocytogenes
either in mammalian tissue culture or in experimentally
infected mice, have led to a great increase in the under-
standing of the genes involved with virulence (Yazquez-

Boland et al. 2001). For further information see section

on Disease mechanisms for the invasion of mammalian
cells.

CELL.WALL AND ENVELOPE
COMPOSITION; ANTIGENIC STRUCTURE

The cell wall of listeria has the appearance of a thick
multilayered structure typical of gram-positive bacteria
(Ghosh and Murray 1967). The peptidoglycan of all
species of Listeria is of the A1y type of Schleifer and
Kandler Q972), which contains L-alanine, n-glutamine,

meso-diaminopimelic acid (as the diamino acid) and
D-alanine (Fiedler et al. 1984).

Ribitol teichoic acids and lipoteichoic acid are present

in all species (Fiedler and Ruhland 1987). In L. mono-

cytogenes serovar 4b the teichoic acid consists of chains
of ribitol, phosphate, and N-acetylglucosamine, the N-
acetylglucosamine substituted with glucose and galactose

residues (Uchikawa et al. 1986a). In L. monocytogenes,

the lipoteichoic acid consists of L6-33 glycerol phosphate

units substituted with a glycosyl side chain and attached
to a galactose and glucose containing glycolipid (Uchi-

kawa et al. 1986b).

The plasma membrane of Listeria spp. shows the
typical trilamellar appearance with mesosomes (Ghosh

and Murray 1967). The major phosholipids present in
L. monocytogenes are phosphatidylglycerol, diphos-
phatidylglycerol, galactosylglucosyl diacylglycerol, and
an unidentified phosphoglycolipid (Kosaric and Carroll
1971; Shaw 1974). ln all Listeria spp., l4-methylhexa-

decanoic (17:0a) and 12-methyltetradecanoic acid (15:0a)
predominate, with minor amounts of other saturated
fatty acids (Ninet et al. 1992). Mycolic acids are not
present.

Paterson (1939, 1940a) used bacterial agglutination

and adsorption experiments with hyperimmune antisera
to recognize O (somatic) and H (flagellar) antigens, and
described four serological types. The scheme was
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extended further by Seeliger and Donker-Voet (Seeliger

and Hohne 1979) to include additional O antigen
factors. In the Seeliger-Donker-Voet scheme, L. mono-
cytogenes is subdivided into 13 serovars, and the
remaining five species are similarly subdivided
(Table 37.1). Fiedler et al. (1984) suggested that teichoic
acids represent the immunochemical determinants in the
serotyping scheme because there is a direct correlation
between the ribitol teichoic acid structure and serotypes
and species of Listeria. The flagella protein has been
partially characterized and comprises a 29-kDa moiety
(Peel et al.  1988a, b).

Cell-surface and secreted proteins occur, some of
which are involved with the virulence of L. mono-
cytogenes and L. ivanovii: i.e. the p60 protein (60 kDa)
with murein hydrolase activity that is also secreted into
culture supernates; the ActA protein (90 kDa) that is
preferentially produced on the older pole of the cell; and
the internalin family of proteins, located over all the
cell surface and that is reminiscent of the M protein of
Streptococcus pyogenes. The production of many of the
surface-associated virulence genes is temperature-

Table 37.1 Somatic and flagellar antigens used for serotyping Listeria

dependent and these are expressed above 30"C. Many,

but not all, of the surface-associated virulence genes

characterized to date are under the control of the

central virulence regulator PrfA (Vazquez-Boland et al.

2001). For further information on the role of these in the

pathogenicity of ,L. monocytogene,t, see sectlon on

Disease mechanisms for the invasion of mammalian

cells. L forms have been reported in L. monocytogenes

(Gray and Killinger 1966) and may have a role in

infection.

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

All strains are sensitive to ampicillin, and this, in combi-

nation with an aminoglycoside, remains the treatment of

choice in vivo (MacGowan 1990). Apart from the

reported plasmid-encoded resistance to chlor-

amphenicol, erythromycin, streptomycin, and tetra-

cycline (Charpentier and Courvalin 1999), strarns are

almost universally sensitive to amikacin, amoxycillin,

ampicillin, azlocillin, ciprofloxacin, chloramphenicol,

Serovar

L. monocytogenes

1/2a
'v2b

1l2c
3a

3b
? r

4a

4ab

4b
4c

4d
4e

L. ivanovii

5

L. innocuau
4ab

6a
6b
L. welshimeri

6a

6b
L. seeligeriu

1t2b

4c

4d
6b

L. grayi

Somatic (O factor) antigens

i l | t l
i l | t l

i l | t l

[ i l t  r v
[ ilr rv (xil) (xilr)

[ ilr rv (x[) (xilr)
il (v) v[ rx
I I I  V VI  VI I  IX X
i l v v l
i l t v vtl
ilr (v) vr vill
ilr v vr (vilr) (rx)
ilt xil xill

ilr (v) vr (vilr) x

I I I  V  V I  V I I  IX  X

ilr v (vr) (vil) (rx) xv
ilr (v) (vr) (vil) rx x xl

ilrv (vr) (vil) (rx) xv
ilr (v) (vr) (v[) rx x xl

| | t l
i l t  v vtl
ilr (v) vr vill
il (v) (vr) (v[) rx x xl
il xil xtv

Flagellar (H factor) antigens

AB

ABC
B D

AB
ABC

B D

ABC

ABC

ABC
ABC

ABC
ABC

ABC

ABC

ABC

ABC
ABC

ABC

ABC

ABC

ABC

ABC
ABC
E

a) L see/rglerl and L innocua also contain undesignated combination of O ant gens Factor lll is heat-labile Factors in parentheses denotes that these are
not alwavs oresent
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clindamycin, coumermycin, doxycycline, enoxactn,
erythromycin, gentamicin, imipenem, netilmicin, peni-

cillin, rifampicin, trimethoprim, and vancomycin.
Norfloxacin and ofloxacin have less activity, and Listeria
spp. are resistant to the cephalosporins, phosphomycin,
and polymyxin (MacGowan 1990; Charpentier and
Courvalin 1999).

Tetracycline is less active against L. monocytogenes,
and2-5 percent of strains are highly resistant (Charpen-
tier and Courvalin 1999): this rate of resistance has not
changed over the past 30 years in the UK (Threlfall et al.
1998). Most of these highly resistant cultures contain a
chromosomally encoded tetM gene (together with a
transposon, int-Tn), which also confers resistance to
minocycline. The tetM gene has also been detected in L.
innocua and L. welshimeri. Plasmid-encoded tetracycline
resistance in L. monocytogenes is rarer than that encoded
chromosomally. The latter is encoded by a tetL (minocy-

cline-sensitive; Charpentier and Courvalin 1999), or a tetS
determinant (minocycline resistant). The ret,S gene was
first described in L. monocytogenes, but it has since been
detected tn L. innocua, L. welshimeri, and Enterococcus

faecalis. Plasmid-encoded resistance to chloramphenicol
(cat221), erythromycin (ermAM), streptomycin (aad6),
and tetracycline (terS) has been detected in L. mono-
cytogenes. Another resistance gene to tetracycline (terK)

and a streptomycin-resistance gene (aad6) have been
detected in L. innocua. A resistance gene to erythro-
mycin (ermC) has been detected in L. monocytogenes
and L. innocua (Charpentier and Courvalin 1999).

CLASSIFICATION

The genus was originally described as containing only L
monocytogenes (Pirie 1940a, b), however, six species are
now recognized (Skerman et al. 1980; Moore et al.
1985). The group of bacteria originally named L. mono-
cytogenes (L. monocytogero€s sensu lato) was redefined
on the basis of DNA/DNA hybridization studies
(Rocourt et al. 1982) to comprise L. innocua (Seeliger

1981), L. welshimeri (Rocourt and Grimont 1983), L.
seeligeri (Rocourt and Grimont 1983), L ivanovii
(Seeliger et al. 1984), and l,. monocytogenes sensu
stricto. The genus includes one other species, L. grayi
(Errebo Larsen and Seeliger 1966). This classification
was supported by the results of a second DNA/DNA
homology study (Hartford and Sneath 1993), multilocus
enzyme electrophoresis analysis (Boerlin et al. 1991),
and 16 and 23S rDNA sequence analysis (Collins et al.
1991; Sallen et al. 1996). The DNA/DNA homology
study by Hartford and Sneath (1993) suggested a very
close relationship between L. monocytogenes and L.
innocua, and there may be some overlap between these
two species.

On the basis of both multilocus enzyme electrophor-
esis (Piffaretti et al. 1989; Bibb et al. 1990) and restric-
tion fragment and sequence analysis of specific genes

(Rasmussen et al. 1991; Gutekunst et al. 1992; Vines

et al. 1992', Ericsson et al. 1.995; Comi et al. 1997; Wied-

mann et at. 1997; Vines and Swaminathan 1998), two

major genetic 'sublines' of L. monocytogenes have been

identified. These 'sublines' correspond to the serotypes

with H antigens ABC (serovars ll2b, 3b, and 4b), and

those with H antigens AB or BD (serovars 
-l.l2a, 

1.12c,3a,

and 3c). These two groups may represent subspecies of

L. monocytogenes, although phenotypic characters have

not been found to distinguish the groups. A further

lineage within serogroup four has also been identified

(Rasmussen et al. 1995; Wiedmann et al. 1997).

On the basis of both phenotypic and genotypic char-

acters of listeria, L. grayi shows a more distant relation-

ship (Seeliger and Jones 1986; Boerlin et al. 1991;

Collins et al. 1991; Kiimpfer et al. 1991; Hartford and

Sneath 1993), but there is clear justiflcation for the

retention of L. grayi within the genus (Rocourt et al.

1987b; Collins et al. 1991). There are two subspecies of

L. grayi (Rocourt et al.1992): L. grayi subsp. grayl and

L. grayi slbsp. murrayl (previously named 'L. muruayi')
(Welshimer and Meredith 1971).

The species previously known as'Listeria denitrificans'
(Pr6vot 1961) is not a member of the genus Listeria and

has been reclassified in a new genus as Jonesia deni-

trificans (Rocourt et al. 1987c).

Despite the genomic heterogeneity within the genus

Listeria outlined above, there are surprisingly few
phenotypic characters that distinguish between the

different species (see section on Identification of Listeria

species and subspecies).

Analysis of sequence data from the 165 rRNA

confirms the close relationship within the gentn Listeria

and indicates a close phylogenetic relationship (93

percent sequence similarity) with the gents Brochothrix.

This latter genus comprises two species (Brochothrix

thermosphacta and Brochothrix campestrrs), which have

many phenotypic properties in common with listeria
(Seeliger and Jones 1986; Sneath and Jones 1986; Collins

et al. 1991). Members of the genus Brochothrix have not

been implicated in disease but are of economic impor-

tance as food-spoilage organisms, particularly of meat

products (Sneath and Jones 1986). 165 rRNA sequence

analysis shows relationships with other gram-positive

genera of low G + C mol content, including members of

the genera Bacillus, Enterococcus, Aerococcus, Lactoba-

cillus, Leuconostoc, and Streptococcus (Collins et al.

1991).The completed genome sequences of L. mono-

cytogenes and L. innocua show a close relationship to

that from Bacillus subtilis and suggest a common origin
(Glaser et al. 2001).

LABORATORY ISOLATION AND
IDENTIFICATION

Culture from blood

require special media.

or cerebrospinal fluid does not

Tissues should be homosenized.
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suspended in broth, and subcultured on to blood agar.
The incubation of medulla homogenates at refrigeration
temperatures for some weeks has been reported as
necessary to obtain cultures that grow on artificial media
(Gray and Killinger 1966). For specimens such as feces,
vaginal secretions, food, and environmental samples,
special selective media are necessary.

Selective isolation techniques

Prior to the mid-1980s, 'cold enrichment,' utilizing the
ability of listeria to outgrow competing organisms at
refrigeration temperatures in nonselective broths, was
the main method used for selective isolation (Gray and
Killinger 1966). When growing on transparent media
illuminated by oblique transmitted light and viewed at
low magnification ('Henry' illumination technique) all
listeria colonies have a characteristic blue color with a
central 'ground-glass' appearance (Gray 1957).
However, because of the degree of skill required in
recognizing characteristic colonies, the lack of specificity
and the slowness of these methods (some workers
subcultured broths for up to 6 months), procedures have
been much improved.

Media have been developed that rely on a number of
selective agents; these include: acriflavin, lithium
chloride, colistin, ceftazidime, cefotetan, fosfomycin,
moxolactam, nalidixic acid, cycloheximide, and poly-

myxin. Such media have resulted in the widespread
ability of microbiology laboratories (especially those
involved with the examination of foods) to selectively
isolate listeria. Numerous enrichment and selective isola-
tion media have now been developed. Those mentioned
here (ot modifications of these) are used most
frequently for the examination of foods. For selective
broths, the US Food and Drug Administration (FDA)

method (Lovett et al. 1987), the US Department of
Agriculture (USDA) method (McClain and Lee L988),
or the Netherlands Government Food Inspection Service
(NGFIS) method described by Van Netten et al. (1989)

are most often used. Selective agars most frequently
used are those of Curtis et al. (1989a; 'Oxford' formula-
tion) or the PALCAM agar of Van Netten et al. (1989).

These media are listed in internationally agreed stan-
dard methods (Anon 1996, 1998).

The FDA method is a single enrichment broth
containing acriflavin, nalidixic acid, and cycloheximide.
The USDA method consists of a double enrichment
using first a University of Vermont primary enrichment
broth 1 (UVM1; containing esculin nalidixic acid and
acriflavin), which is subcultured into a Fraser broth
(containing esculin, nalidixic acid, lithium chloride, and

acriflavin). The NGFIS method uses a single L-
PALCAM (or liquid-PALCAM) broth, the name of
which is an acronym of the ingredients, polymyxin B,

acriflavine, lithium chloride, ceftazidime, aesculin, and

mannitol.

After incubation the selective broths are subcultured

on to selective agars, most usually PALCAM agar

(containing the same agents as L-PALCAM broth) or

Oxford agar. The latter agar contains esculin, lithium

chloride, cycloheximide, colistin, acrifalvin, cefotetan,

and fosfomycin. On Oxford agar all Listeria spp.

show a typical colonial appearance and hydrolyze

esculin, to produce black zones around the colonies.

On PALCAM agar the colonies have a similar appear-

ance but with a cherry-red background. It is beyond

the scope of this contribution to describe the prepara-

tion of these media; for further details see Baird et al.

(1987). For comparisons of the efflciency of the different

selective techniques for the isolation of listeria from

foods see Warburton et al. (1991) and Hayes et al.

(ree2).
All Listeria species are isolated by these methods and

are morphologically indistinguishable from each other.

However Curtis et al. (1989b) reported differences in

the minimal inhibitory concentrations of selective agents

used in microbiological media and found that L. ivanovii

and L.seeligeri were more sensitive to fosfomycin than

L. innocua, L monocytogenes, and L. welshimeri.

Consequently, colonies of L ivanovii and L. seeligeri

grow more slowly and appear smaller on Oxford agar,

which uses fosfomycin as a selective agent.

To differentiate L. monocytogenes from other Listeria

species on selective agars, substrates have been added to

selective media to detect phospholipase (Notermans

et al. 1991) or B-glucosidase and enhanced hemolysis

(Beumer et al. 1997). Selective media, based on lipase

and B-glucosidase activity, which successfully differ-

entiate L. monocytogenes from populations of other

Listeria species, are commercially available (Vlaemynck

et al. 2000).

Noncultural techniques such as those based upon

immunoassays and the polymerase chain reaction (PCR)

are used increasingly for the detection of listeria in

enrichment broths for the examination of foods.

ldentif ication of the genus Listeria

In addition to the properties outlined in Table 37.2,

Listeria spp. produces acid without gas from a range of

sugars. The choice of basal medium and pH indicator to

demonstrate the production of acid is important;

peptone water with phenol red or bromocresol purple as

indicator and adjusted to pH 7 is recommended

(Rocourt et al. 1983; Seeliger and Jones 1986). Almost

all cultures of listeria produce acid from glucose, tre-

halose, salicin, amygdalin, cellobiose, aesculin, fructose,

mannose, maltose, and glycerol. Acid is not produced

from adonitol, dulcitol, erythritol, inulin, o-methyl-n-

glucoside, raffinose, sorbose, arabinose, glycogen, or

melibiose. Aesculin is hydrolysed. Litmus milk is

acidified and slowly decolorized. The methyl red reac-



colGoo!cEgEaooE

g
H

h
ii

;

;aY
'F

t'i 
'6

o
io

t'6
U

;

P
!

-
c

EP
C

c
i

o
P

^
'.: .

o
 

Y
{

8
9

d
 

G
!

l+
llll

+
tll*

9
 

16
+

 
l+

+
+

z

l+
l+

+
l

i
!
'-+

 r+
+

l 
r+

lllll+

r+
+

+
+

+

+
+

llg
l

.EO*Goi
h.VQ$t.g.!tnoltGF



Laboratory isolat ion and identi f icat ion 961

tion and Voges-Proskauer (VP) test (O'Meara's or
Barritt's method; Barrow and Feltham 1993) are posi-

tive. Catalase is produced, and the oxidase test is nega-
tive. H2S, indole, and urease are not produced and there
is no growth in citrate medium. Ornithine, lysine,
glutamic acid, arginine decarboxylases, and arginine
dihydrolase are not produced. Phosphatase is produced

and methylene blue is decolorized. Tributyrinase activity

is negative, and Tweens 20, 40,60, and 80 are hydro-
lysed only slowly (Seeliger and Jones 1986).

From human clinical samples collected from normally

sterile sites, almost all isolates will be L. monocytogenes.

Hence, a simple presumptive identification scheme

comprises of characteristic non-pigmented colonies with

a ground-glass appearance; hemolytic on blood agar;
gram-positive regular rods that stain evenly; catalase-
positive; and characteristic tumbling motility at room

temperature.

ldentification of Listeria species and
subspecies

Members of the genus Listeria are remarkably similar in

their phenotypic characters (Seeliger and Jones 1986;

Kdmpfer et al. 1991). Rocourt et al. (1983) showed that

the species of Listeria could be distinguished by the
results of a small number of tests, and these, together
with other tests to identify the members of this genus,

are shown inTable 37.2.

Kiimpfer and colleagues (Kzimpfer et al. l99l;
Kdmpfer L992) showed that L. monocytogenes could

be distinguished from other members of the genus by

the absence of an arylesterase active against alanine-

substituted substrates. A simple 4-h protocol, based on

the hydrolysis of or--alanine-p-naphthylamide, which

distinguishes l,. monocytogenes from other Listeria

spp., has been described (Clark and Mcl-auchlin 1997;

Mclauchlin 1997b). Arylesterase activity on glycine-

substituted substrates may be used for the identifica-

tion of listeria (Monget 1992) and this reaction is used
in a commercially available identification kit (Bille

et al. 1992). The detection of phospholipase has been
advocated for the discrimination of L. monocytogenes

and L. ivanovii from the rest of the senus Listeria
(Coffey et al. 1996).

On the basis of multilocus erzyme electrophoresis,
DNA-DNA hybridization and rRNA restriction
patterns, two subspecies of L. ivanovii have been

described: L. ivanovii subsp. ivarovii and L. ivanovii
slbsp. londonlensls (Boerlin et al. 1992). These subspe-

cies can be distinguished on the basis of ribose and

N-acetyl- B-o-mannosamine fermentation.

There are two subspecies of L. grayl (Rocourt et al.
1992): L. grayl subs grayi and L. grayi subs murrayi
(previously named 'L. muruayi;' Welshimer and Mere-

dith 1971). These subspecies can be distinguished on the

basis of nitrate reduction, Tween 80 esterase activity,

and fermentations of o-methyl-o-glucoside, D-lyxose, or

D-turanose.

TYPING METHODS

The considerable recent interest in L. monocytogenes

and in the epidemiology of listeriosis has resulted in the

development of discriminatory subtyping methods.

These methods utilize a range of phenotypic and geno-

typic characters. These methods have been evaluated in

a multicenter international study (Bille and Rocourt

1996).

The combination of genetic and phenotypic methods

has offered typing systems of the highest discrimination

(Bille and Rocourt 1996). However, these systems

require considerable investment in time, personnel,

and equipment, and are usually only practicable in

laboratories such as national reference centers with a

particular interest rn L. monocytogenes. Phage typing

was the mainstay of larger studies but has been

superseded by molecular biological methods, especially

pulsed-field gel electrophoresis (PFGE). Simple

methods based on resistance to healry metals and

plasmid analysis may be useful for screening large

numbers of cultures by nonspecialist laboratories

(McLauch l in  e t  a l .  1997) .

Analysis by phage typing, multilocus enzyme electro-

phoresis, and pulsed-field gel electrophoresis of L.

monocytogenes isolates from unrelated large human

food-borne outbreaks in North America and Europe

indicated that these strains show a high degree of simi-

larity (Piffaretti et al. 1989; Buchrieser et al. 1993).

Serotyping

L monocytogenes can be subdivided into 13 serovars

by agglutination reactions with adsorbed rabbit antisera

(see Cell-wall and envelope composition; antigenic

structure, and Table 37.1). However, this offers only

limited practical discrimination for epidemiological

studies since the majority of strains causing disease

(usually >90 percent) in humans and animals belong to

serovars ll2a, Il2b, and 4b (Seeliger and Hcihne L979;

Mclauchlin 1997q' Low and Donachie \997); the

highest proportion of human isolates usually belongs to

serovar 4b (Seeliger and Hcjhne 1979; Mclauchlin

1.997a) and those from animals to serovar 7l2a (Low

and Donachie t997). Almost all the large outbreaks

of human listeriosis have been due to serovar 4b

(Mclauchlin I997a).

The serovars of L. monocytogenes do not occur in the

same proportions in different clinical groups of human

patients (Mclauchlin L997a) or in different categories of

disease in animals (Low and Donachie 1997). The

reason for this is not known.
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Other phenotypic methods

Lysogenic phages commonly occur in strains of Listeria.
Patterns of lytic reactions with sets of phages offer
systems of high discrimination, which are capable of
application to relatively large numbers of cultures
(Rocourt et al. 1985; Loessner 1991). Although a high
proportion of the strains causing human infection are
usually phage-typable, some groups of strains (particu-
larly those belonging to serogroups ll2 and 3) are often
not phage-typable and additional typing schemes may be
necessary.

Within the genus Listeria, bacteriocin (monocin)
production is as common as the carriage of lysogenic
phage (Curtis and Mitchell 1992). However, the use of
monocins for subtyping has not provided good discrimi-
nation (Curtis and Mitchell 1992).

Analysis of the electrophoretic mobilities of constitu-
tive enzymes (multilocus enzyme electrophoresis) has
provided a method of good discrimination for L. mono-
cytogenes (Piffaretti et al. 1989; Bibb et al. 1990).

N ucleic-acid-based methods

The extraction of total chromosomal DNA and the
separation of restriction endonuclease digests by electro-
phoresis has been used to characterize L. monocytogenes
strains (Nocera et al. 1993). Analysis of the large
number of fragments generated and the complexity of
resulting patterns present some considerable difficulty.
The method can be improved by probing Southern blots
of similar restriction endonuclease digests with probes
for rRNA genes (Graves et al. 1991) or randomly cloned
chromosomal DNA fragments (Ridley 1995).

The separation by pulsed-field gel electrophoresis of
large DNA fragments obtained with low-frequency clea-
vage restriction endonucleases offers a method of char-
acterizrng whole listeria chromosomes (Brosh et al.
1991). This nucleic-acid-based method offers particularly
high discrimination. Analysis of DNA fragments gener-
ated by the random amplification of polymorphic DNA
(Mazurier and Wernars 1992) has also been described
for subtyping L. monocytogenes. Results from methods
based on random amplification of chromosomal
sequences are still subject to laboratory variability;
however, some of these molecular methods allow a
greater degree of interlaboratory comparability, and
successful networks of laboratories (Pulsenet) have been
established using standardised methods for PFGE with
automatic pattern comparison of strain databases over
the internet (Swaminathan et al. 2001).

PCR-based methods have been described, including
amplified fragment length polymorphism (AFLP)
analysis (Aarts et al. 1999; Guerra et al. 2002). DNA
sequenced-based approaches are likely to become widely
used in the future (Cai et aL.2002).

ROLE IN THE NORMAL FLORA OF HUMANS

As outlined in Habitat, L. monocytogenes occurs in the
gastrointestinal tract, which is presumably the initial site
of invasion in most cases. Carriage in the gut is probably

transitory. However, there is good evidence that some
patients show long incubation periods (up to 90 days,

with a median of 35 days) after the consumption of
contaminated food (Linnan et al. 1988). Two episodes of

infection have been reported in individual immunocom-

promised patients, some of these more than 1 year

apart. On the basis that the same strain was shown to be

responsible for the two episodes, it has been suggested

that this represents long-term carriage and reactivation

of the original infection (Mclauchlin et al. 1991). The

basis and site of the long-term carriage suggested here

is not understood, although this may occur in hepato-

cytes (Vazquez-Boland et al. 2001). The recent

outbreaks of listerial enteritis and fever (Aureli et al.
2000; Sim et al. 2002) have further highlighted the
gastrointestinal tract as the initial site of invasion. Enter-

itis, however, is not always a feature of this disease
(Linnan et al. 1988) and may be specific to certain L.

monocytogener strains. Although L. monocytogenes is a
potential enteric pathogen, it is unclear whether routine

bacteriological examination of stool samples from
patients with diarrhoea will be clinically helpful (Hof

200r).

PATHOGENICITY AND VIRU LENCE FACTORS

Advances using molecular biological techniques have

further assisted in the understanding of listeriosis at the

cellular level (Vazquez-Boland et al. 2001). However,

much still remains obscure as to how this disease occurs

in nature. It is characteristic of the natural disease that

the attack rate in both humans and animals is usually

low. Susceptibility to infection may be increased by
external factors, brrt L. monocytogenes is a somewhat

marginal pathogen. Hence, experimental models that

attempt to reflect the natural infection may work poorly,

and it may be necessary to challenge relatively large

numbers of animals to produce clinical symptoms of

disease in a small proportion.

The majority of isolates of L. monocytogenes are

capable of causing disease; however, nonpathogenic

variants have been described and there may be differ-
ences in virulence between strains (Conner et al. 1989;

Brosch et al. 1993). Nevertheless, for considerations for
public-health purposes, all L. monocytogenes should be

regarded as potentially pathogenic (Hof and Rocourt

1.992; McLarchlin 1 997a).

Animal models and invasion of
mammalian cells growing in vitro

A wide range of animals are susceptible to experimental

listeric infection, but rabbits and mice are most
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frequently used because both die following inoculation
with live bacteria by the intravenous or interperitoneal

route. Only strains of L. monocytogenes and L. ivanovii
are virulent as measured by LD50 determination, the

kinetics of bacterial growth in host tissue, survival in the

Iiver and spleen, or the death of the experimental

animal. All the nonhemolytic species of Listeria (L.

innocua, L. welshimeri, and L. grayi) and the weakly
hemolytic L. seeligeri are avirulent in mouse pathogeni-

city tests or by invasion and growth in mammalian cells

in tissue culture (Kathariou 2002).

ANIMAL MODELS

The production of experimental keratoconjunctivitis
(Anton's eye test) in guinea pigs or rabbits by instilling a
live bacterial suspension into the conjunctiva (Anton

1934) historically has been used to demonstrate the viru-

lence of L. monocytogenes. A purulent conjunctivitis
(and occasionally a keratitis) develops within 24-48 h.

This usually heals spontaneously and the animal rarely

dies.

In mice, subcutaneous, intraperitoneal, intravenous, or
oral inoculation with L. monocytogenes causes death

after 1.-7 days, the mortality rate depending upon the

dose and route of inoculation. The LD50 for mice after

intraperitoneal or intravenous inoculation ranges from

102 to 107 cfu (Conner et al. 1989; Brosch et al.1993).
At postmortem examination, listeric septicemia is char-

acterized by multiple tiny focal necroses scattered most

conspicuously throughout the liver, and also in the
spleen, lungs, adrenal glands, tonsils, and intestinal tract
(Gray and Killinger 1966). The organisms can be recov-

ered from the spleen and heart blood. Marked differ-

ences in susceptibility to infection between different
strains of inbred mice have been reported (Skamene

1983). Intraperitoneal carrageenan may be given to mice

before inoculation with listeria to increase susceptibility

to infection (Conner et al. 1989). Recent work has

shown that the guinea pig is a better model of human
infection than the mouse due to a single amino-acid

difference between the murine and human E-cadherin

molecules. This change reduces the affinity of the inter-
nalin A protein for the receptor and compromises inva-

sion by L. monocytogenes in the mouse model (Lecuit

et al. 1999). In guinea pigs and transgenic mice carrying

the humanized E-cadherin gene, internalin was found to

mediate invasion of enterocytes and crossing of the

intestinal barrier (Lecuit et al. 2001). Virulence assays

are usually performed using either intraperitoneal or

tail-vein injection. Delivery directly into the animal

overcomes the limitations of E-cadherin specificity when

strains are administered by the oral route.

The inoculation of gerbils via the middle ear with

a low infective dose produces a prolonged otitis media

and persistent bacteremia and is followed by a rhomb-

encephalitis in the brainstem (Blanot et al.1997)

In rabbits (as in monogastric animals) a marked mono-

cytosis is produced following parenteral inoculation,

unless overwhelming numbers of bacteria are used, which

results in very rapid death. The monocytosis reaches its

maximum in 3-7 days (Gray and Killinger 1966).

Ovine encephalitis with characteristic histological

features has been achieved experimentally by inocu-

lating listeria into the dental pulp. Histological encepha-

litis is evident after 6 days, but the onset of clinical

neurological disease varied from 20 to 40 days (Low and

Donachie 1997).

Oral inoculation of mice, rats, and guinea pigs has

been described (Kathariou 2002).Infection showed most

consistency in gnotobiotic animals and interference with

colonization by the natural microflora of the gastro-

intestinal tract has been suggested (Czuprynski and

Balish 1981). An increase in the virulence of L. mono-

cytogenes when grown at refrigeration temperatures has

been reported in mice experimentally infected by the

intravenous but not by the oral route (Czuprynski et al.

1989; Stephens et al. 1991). Similar effects have been

described with chick-embryo infection (Kathariou 2002).

Esophageal inoculation of juvenile rats with 10" cfu of

L. monocytogenes showed an infection rate of approxi-

mately 50 percent in the liver or spleen (Schlech et al.

1993). A reduction in the acidity of the stomach by

cimetidine treatment reduced the infective dose (Schlech

et al. 1993). Infection of mice with L. monocytogenes via

an aerosol has been reported (Bracegirdle et al.1994).

LD50 values after 4 days were 103-10s cfu. Feeding

trials in cynomolgous monkeys showed that only those

receiving 10'cfu developed fever, septicemia, loss of

appetite, irritability, and occasional diarrhoea; those fed

)107 cfu, some of which were completely asymptomatic,

shed the organism in the feces for up to 2L days (Farber

et al.  1991).

Ligated ileal loops in rats have been used to investi-

gate the initial intestinal stages of listeriosis (Pron et al.

1998) where the Peyer's patches were shown to be the

preferential initial site of both invasion and replication.

Dendritic cells beneath the epithelial lining of the

Payer's patches are an early cellular target in invasion

(Pron et al. 2001). In chick embryos inoculated by the

intra-allantoic route. the LD50 is around 102 cfu. Lesions

occur in the chorioallantoic membrane, liver, and heart,

and the bacterium can be readily cultured from these

sites (Vazquez-Boland et al.200l; Kathariou 2002).

Chronic mastitis has been inducbd experimentally in

cows by intramammary injection. Bacteremia was not

detected and typically 103-104 L. monocytogenes cfii mll

were shed into milk for 9-72 months of the remaining

lactation period (Bryner et al. 1989).

GROWTH IN TISSUE CULTURE

L. monocytogenes is able to infect a range of cell types

growing in vitro, including enterocytes, macrophages,
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and fibroblasts (Kathariot 2002). The use of such
models has contributed much to the understanding of
the factors involved in intracellular invasion and growth
(see section on Disease mechanisms for the invasion of
mammalian cells).

Disease mechanisms for the invasion of
mammal ian cel ls

L. monocytogenes has long been used as a low-grade
intracellular pathogen to study cellular immunity (Kauf-
mann 1993), and more recent advances in molecular
biology have further assisted the understanding of lister-
iosis at the cellular level (Vazquez-Boland et al. 2001).
There has been considerable progress in understanding
the mechanisms for invasion and multiplication, and
cell-to-cell spreading of L. monocytogenes (and, to a
lesser extent, L ivanovii) is now better understood
(Vazquez-Boland et al. 2001; Kathariou 2002).

The stages occurring during growth and cell-to-cell
spread of L. monocytogenes are depicted in Figure 37.1.
L. monocytogenes enters both phagocytic and non-
phagocytic cells. A listerial surface protein, internalin A
(which is reminiscent of the M protein of the group A
streptococcus), has been shown to be involved with the
initial stages of invasion of all cell types. A second cell-
surface protein (internalin B) is required for entry into
hepatocyte-like but not enterocyte-like cells. The
receptor for internalin A is E,-cadherin, which is a
mammalian surface protein involved with cell-to-cell
adhesion. The cell-wall teichoic acid is also required for
adhesion of L. monocytogenes to mammalian cells
(Abachin et al. 2002). The listerial cell-surface protein
p60 (with murein hydrolase activity) may also be
involved in the invasion of fibroblasts.

Within mammalian phagocytic cells, the majority of
cells in the phagocytic vacuole are probably killed.
However, those bacteria surviving in the vacuole and
those in the membrane-bound compartment of the non-
professional phagocyte (which probably confers some
protection of the bacterium from host defenses in the

Figure 37.1 Schematic representation for invasion of eukaryotic
cells by L monocytogenes

extracellular environment). mediate the dissolution of

the vacuole membrane by means of a thiol-activated

hemolysin (listeriolysin O), in combination with the

action of a phospholipase C (phosphatidyl inositol-

specific). L. monocytogenes then enters the host cell

cytoplasm, where growth occurs. In the cytoplasm, the

organism becomes surrounded by polymerized host cell

actin, which becomes preferentially polymerized at the

older pole of the bacterium following cell division. The

ability to polymerize actin confers intracellular mobility

to the bacterium, is dependent on the Act A protein,

and may be mediated by binding with host-cell profl-

lactin and vasodilator-stimulated phosphoprotein,

although the exact mode of action is not understood.

The resulting 'comeltail' like structure can push the

bacterial cell into an adjacent mammalian cell, where it

again becomes encapsulated in a vacuole. At this stage

the vacuole is double-membrane-bound from the two
host cells. The primary role of the second phospholipase

enzyme (a broad-spectrum lecithinase enzyme that

hydrolyzes phosphatidylcholine or lecithin) is believed

to be involved in the subsequent dissolution of these

membranes (although again the hemolysin and phospho-

lipase C may also contribute in this process; a distinct
role may not exist for each of the Hly, PlcBC, and PlcC
proteins; rather, these enzymes work synergistically to

achieve optimal levels of activity at different stages of
the infection process). After release into the cytosol,

intracellular growth and movement within the newly

invaded cell are then repeated and the focus of infection

continues to be enlarged by this process of cell-to-cell

spread (Yazqtez-Boland et al. 2001; Kathariou 2002).

The genes involved in the invasion and intracellular

movement in mammalian cells are shown in Figne 37.2.

These comprise the plcA gene encoding a phospholipase

C, the hly gene encoding the listeriolysin, and the actA
gene encoding a cell-surface protein involved with actin

nucleation. The plcB gene encodes the lecithinase, which
is activated by a metalloprotease (mpl gene). The genes

plcA, hly, mpl, actA, and plcB are located in three adja-

cent operons. The operon containing the internalin gene

family (inlA, inlB, inlC, inlD, inlE) is located quite

closely on the bacterial chromosome, and a further

internalin gene (inlF) is located elsewhere on the chro-

mosome. The products of the inlA and inlB genes have

been identified as associated with invasion of non-
phagocytic cells. These genes are organized into a main

virulence cluster containing adjacent operons, which are
all regulated directly by the central virulence regulator
PrfA. The internalin genes are located in a separate
gene cluster and are regulated only partially by PrfA,

there being a basal level of expression even in the

absence PrfA-induction. Similar sets of virulence genes

are also present in L. ivanovii and L. seeligerl. Virulence
for L. monocytogenes is therefore a multifactorial prop-

erty and at least nine genes and their products are
required for infection, invasion, survival, motility, and
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Figure 37.2 Regulation of genes involved with the virulence of L monocytogenes

cell-to-cell spread (Vazquez-Boland et al. 2001),

although additional genes (especially those for cell-

surface components) are also likely to be involved with

the infectious process (Autret et al. 2001; Engelbrecht

et al. 1998; Raffelsbauer et al. 1998). It is possible that

the genes for intracellular parasitism have evolved for L.

monocytogenes, as well as L. ivanovii ard L. seeligeri, to

invade lower multicellular eukaryotic organisms resident

in the environment. Internalin genes also occur in the

nonpathogenic species L. innocua (Vazquez-Boland et al.

2001). Listeriolysin is one of the major extracellular

proteins produced by L. monocytogenes under condi-

tions of heat shock, and there is evidence to suggest that

some of the above-mentioned genes are also regulated

by the stage of the cell cycle and temperature. It has

been shown that the disaccharide cellobiose represses

the expression of the listeriolysin and phospholipase

genes by an as yet uncharacterized mechanism (Park

and Kroll 1993). It is tempting to speculate that the

absence of this environmentally ubiquitous plant-derived

molecule allows the induction of genes as a pathogenic

response to the environment of eukaryotic cells.
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THE DISEASE

Erysipelothrix are slender, rod-shaped bacteria with a
tendency to form long lilaments. They are nonmotile,
nonsponng, and gram-positive but they decolorize easily
and may appear gram-negative The organisms are facul-
tatively anaerobic and not acid-fast and growth is
improved in the presence of 5-10 percent CO2. The
fermentative activity of Erysipelothru-r spp. is very weak;
acid but no gas is produced from glucose and certain
other carbohydrates Erysipelothrix spp. are catalase-
and oxidase-negative. Typical strains form H2S on triple
sugar lron agar. There are at least 26 serotypes. The
genus consists of two species: Erysipelothrix rhusio-
pathiae and Erysipelothrix tonsillarum (serovar 7)
(Takahashi et al. 1987a). The G + C content of DNA
of both species is 36-40 mol%. The type species is
E rhusiopathiae.

E rhusiopathlae is widely distributed in the soil and
surface waters of farms and in the sewage effluent of
abattoirs. It is not normally found in soil and its
presence reflects contamination by infected animals.
Although ki l led by moist heat at 55'C for 15 min, E
rhtrsiopathiae can survive in the dried state for many
years. In addition to its resistance to drying, E. rhusio-
pathiae is resistant to salting, pickling, and smoking.
Meat and bacon may contain the organisms after pick-
ling for 170 days or after 30 days in a mixture of salt and
potassium nitrate (Reboli and Farrar 1991). In soil the
organism is favored by an alkaline pH and high
organic content (Ewald 1981). Soil that may retain
viable organisms serves as a medium for infection of
animals bv the oral route.

Erysipelothnx infection in animals

Swine erysipelas is a common infection in animals
caused by E. rhusiopathiae (Reboli and Farrar 1989). It
is most commonly seen in pigs, where it has a major
economic impact, but it has also been reported in sheep
and poultry and can contribute to morbidity and
mortality. The organism has also been isolated from a
wide variety of other domestic and wild animal species.
Erysipelothrix has been identifled in up to 30 percent of
chickens being processed through an abattoir in Japan
(Nakazawa et al. 1998). In Japan, a survey of antibody
to Erysipelothrix in cattle from nine prefectures demon-
strated high rates of exposure (34 percent), with titers of
1:128 or above (Sawada et al.  2001). Low-serum t i ters
were noted from areas where no swine industry was
present, conlirming the major ecological niche of the
organism in swine. An Australian study using a poly-
merase chain reaction (PCR) gene-specific detection
also demonstrated an infection rate of 32 percent in two
abattoirs processing pigs, sheep, cattle, and chicken
(Wang et al. 2002). The infection appears to be more
common in summer and autumn months, and may have
a periodic cycle between 4-5 years, possibly related to
waxing and waning immunity in animal populations.

Four clinical types of erysipelas have been described
in swine: acute septicemia, urticaria, endocarditis, and
chronic arthritis. Cutaneous involvement may be seen in
all forms of the disease. with the most characteristic
being the quadrangular or rhombic patches in the mild
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urticarial form ('the diamonds'). Acute septicemic erysi-
pelas has a case fatality rate in swine of 80 percent

within 3-4 days. Endocarditis in swine also ends fatally,

but with a more prolonged course. The mild urticarial
form spontaneously remits with minimal morbidity. The
chronic arthritic form of erysipelas is characterized by
crippling and growth retardation. In wild animals,
autopsy evidence has suggested that the acute septicemic
form of erysiplas is most common (Campbell et al.
1994). Septicemic infection appears to be more common
in outbreaks or sporadic cases in poultry (Mutalib et al.
1993). A recent report of erysipelas septicemia in a flock
of ring-necked pheasants in Connecticut, USA, noted a
mortality of 6.2 percent over 6 days (Hennig et al.2002).
As the disease is rare and sporadic, there are no
comparative data of incidence or prevalence in different
geographic regions.

Human infection with Erys ipelothrix
rhusiopathiae

Human erysipeloid is an incidental zoonotic infection of
man. Human infection is almost always acquired by
direct handling of contaminated fomites. The disease rs
primarily an occupational hazard for individuals who
handle meat, flsh, or crustaceans or who work in any
occupation that involves handling the byproducts of
animal husbandry. In animals, the disease may be
sporadic but can cause epidemic disease in swine, where
it is carried in the upper respiratory tract and feces. It
does not persist in soil or vegetation (Wood and Shuman
1974). Sporadic cases are also seen in human popula-

tions, but outbreaks of infection among flsh handlers

and abattoir workers have been described. Early
descriptions of the disease include outbreaks in fish
workers in Odessa (Stefansky and Grunfeld 1930) and
in workers manufacturing bone buttons (Lawson and
stinnett 1933).

Erysipelothrix infections are not subject to mandatory
reporting and no data exist on the incidence of disease
or the prevalence of antibodies defining exposure in
human populations, but the disease is rare. A serologic
study (Molin et al. 1989) found antibodies to E. rhusio-
pathiae in 16 percent of 138 abattoir workers in Sweden.
Although alcoholism has been described as a risk factor
in some cases of Erysipelothrix bacteremia, the overall
incidence of disease does not seem to be increased
among immunocompromised patients. There are,
however, case reports of Erysipelothrlx septicemia in
human immunodeficiency virus (HlV)-positive patients
(Marne et al. 1996).

Rosenbach is credited with identifying the typical form
of erysipeloid in 1884. He summarized his work in 1909
(Rosenbach 1909), and the disease in subsequent revrews

has been referred to as the 'erysipeloid of Rosenbach.'
The typical presentation is a localized cellulitis caused by

direct inoculation of the organism into the skin. Rosen-

bach saw the infection most commonly in cooks, kitchen

workers, butchers, and tanners, and described it as
'slowly progressing, sharply def,ned, and a slightly

elevated, dark, violaceous, almost livid red zone, which

develops around the site of inoculation' (Klauder et al.

1926). The incubation period is usually 1-2 weeks, and

the lesion is usually painful. Constitutional symptoms are

infrequent, but lymphangitis and lymphadenopathy occur

in one-third of patients. Occasionally the local reaction

can be more severe, with the formation of bullae, and

fever can also develop.

In its most severe form, Erysipelothrix can cause sepsis

and bacterial endocarditis (Gorby and Peacock 1988).

However, only one-third of patients with the systemic

form of infection have typical cutaneous disease. When

sepsis is identified, it usually is a sign of coexisting

bacterial endocarditis and is similar to the endocarditis

seen in swine. Occupational or other exposure to infected

fomites is usually obtained. The bacteremia may be

complicated by abscess in other organs, glomerulone-

phritis, and central nervous system infection, including

meningitis and brain abscess. The chronic arthritis

syndrome seen in swine is not found in human infection,

although localized osteomyelitis may occur at the time of

the acute septicemic disease and infection postarthro-

scopy has been described (Allianatos et al. 2003).

Erysipelothrix infection has also been identifled in a

few cases of cat bite, although other pathogens such as

Pasteurella multocida are much more common (Talan

et al.  1999).

Laboratory diagnosis

Salient properties useful for the identification of Erysi-

pelothrix spp. are listed in Table 38.1. E. rhusiopathiae

grows well in blood and chocolate agar in 5-10 percent

COz. For patients with bacteremia, isolation using auto-

mated systems works well. The best specimen for culture

in cutaneous disease is usually a biopsy from the leading

edge of the area of cellulitis. The biopsy should be trans-

ported and kept in 1 percent glucose prior to primary

culture (Reboli and Farrar 1989). The organisms appear

as elongated gram-positive rods in tissues using a

Brown-Brenn stain. Identification of new isolates is

based on examination of cell morphology, lack of hemo-

lysis on blood agar, growth characteristics in nutrient

gelatin, catalase and oxidase tests, production of acid

from carbohydrates in a suitable medium, and hydrogen

sulfide production.

In addition to the properties listed in Table 38.1,

indole and acetoin (Voges-Proskauer (VP)) are not

produced and the methyl red test is usually negative.

Urea, aesculin, sodium hippurate, starch, cellulose, and

casein are not hydrolyzed. Xanthine and tyrosine are not

degraded. There is no discernible change in litmus milk

and nitrate is not reduced (Reboli and Farrar 199L).
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Characteristic

Aerobic growth

Anaerobic growth

B-Hemolysis
u-Hemolysis
Moti l i ty
'Test-tube brush'

growth in gelat in

H25 production"

Aesculin hydrolysis
Acid from:

Glucose

Mannose
Sucrose

Lactose

Maltose

Ga lactose
Rhamnose

Raffi nose
Arabinose

Treha lose
Xylose

Glycerol
Inositol

Sorbitol

Mann i to l

Du lc i to l
I n u l i n

5a l i c in
Sensit ivi ty in vitro to:

Pen ic i l l i n  G (0 .1  U/ml )
Ampic i l l i n  (0 .1  pg lml )

Kanamycin (100 pglml)

Pathogenic for swine

Table 38.1 Characteristics ol Erysipelothrix species In veterinary laboratories, use of enrichment broth in

combination with PCR may aid in the rapid diagnosis of

swine erysipelas (Shimoji et al. 1998). While typing sera

have been developed and used for many years in distin-

guishing Erysipelothrix serovars, serologic tests to iden-

tify human disease have not been employed. Serosurveys

of animals using growth agglutination methodology have

been supplemented by the development of erzyme

immunoassays and latex agglutination tests, which detect

exposure in animal populations but have not been useful

diagnostically in human or animal disease where the

organism is almost invariably identifled by culture or

histology.

Molecular methods for typing and identification of E.

rhusiopathiae have undergone rapid development. Sero-

typing is being largely replaced by these molecular tech-

niques. Multilocus enzyme electrophoresis was the first

to be attempted for Erysipelothrix (Chooromoney et al.

1994), but DNA and RNA analyses have also been

described. Ahrne et al. (1995) used restriction fragment

length polymorphism (RFLP) of 165 ribosomal RNA

and classified 32 type and reference strains. Organisms

were placed in patterns A to I, and no clustering of
previously determined serotypes was identified. Takeshi

et al. (1999) developed a PCR methodology using four

species-specific oligonucleotide primers after L6S RNA

amplification. They were able to identify E. rhusio-

pathiae and E. tonsillarum in tissues of diseased animals

within 5 h. Using 18 random primers, Okatani et al.

(2000) identif,ed a unique band in 64 of 66 strains of E.

rhusiopathiae and a different band in 11 of 12 strains of

E. tonsillarum. A combination of two primers (NK51

and NK6) appears to be most useful in strain analysis.

Okatani and his group have also reported the use of
pulse field gel electrophoresis (PFGE) in the differentia-

tion of Erysipelothrix strains (Okatani et al. 2001).

They studied 70 strains of Erysipelothrlx using three

restriction enzymes. SmcI was the most effective and

identified 63 distinct PFGE patterns in the 70 strains.

This technology, widely used to study other epidemic

infections, has not been used in investigations of

outbreaks of swine erysipelas or human disease reported

to date.

Metabolism

Erysipelothrix spp. are facultatively anaerobic. On
primary isolation, growth occurs in the form of a band
just below the surface of a soft agar culture. Whether

this is due to a preference for CO2 or for a reduced

oxygen level is not clear. Growth is scant on the usual

laboratory media. It is improved by glucose (0.2-0.5
percent) and by blood or serum (5-10 percent). The

optimum temperature for growth is 30-37'C; growth

occurs between 5 and 42'C. 
-fhe 

optimum pH for growth

is 7 .2-7 .6, range 6.8-8.2 (Karlson and Merchant 1.941.).

E. rhusiopathiae E, tonsillarum

+ +

+ +

J

+

I

f

T

+

+

+

+

b

a, variable, not all strains able to perform this reaction
a) In t r ip le sugar i ron agar
b) An occasional strain has been isolated from pig erysipelas (Takahashi
et  a l  1994)

Soto et al. Q99a) reported the API Coryne System to
be suitable for the identiflcation of E. rhusiopathiae. In
specimens from suspected infections, bacteria with which
Erysipelothrix is likely to be confused include Actino-
myces pyogenes, Arcanobacterium haemolyticum, and
Listeria monocytogenes. Unlike Erysipelothrix, these
bacteria are all beta-hemolytic on blood, but care is
required because colonies of A. haemolyticum display
only very weak hemolysis after 24 h; none produces
hydrogen sulfide in the base of TSI slants and L. mono-
cytogenes is catalase-positive and motile. The resistance
of Erysipelothrlx to neomycin can also be used to distin-
guish it from ,I-. monocytogenes.

The organism can be misidentified using standard
laboratory algorithms as Lactobacillus or Enterococcus
spp. in some instances (Dunbar and Clarridge 2000).

+

+

f

+

+
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The exact growth requirements of Erysipelothrrx spp.
have not been determined; several amino acids, ribo-

flavin, and small amounts of oleic acid are required

(Hutner 1942). Growth is improved by tryptophan
(Ewald 1981).

Glucose catabolism in E. rhusiopathiae is via the

Embden-Meyerhof-Parnas pathway, although a small
amount of glucose is used by the hexose monophosphate

shunt (Robertson and McCullough 1968). Fermentation

of glucose results in the production of lactic acid, with

smaller amounts of acetic acid, formic acid, ethyl

alcohol, and carbon dioxide. Exogenous citrate is not

utilized. The organisms are catalase-negative and cyto-

chromes and isoprenoid quinones are absent. (Jones

1986).

Morphology and cell-wall composition

Members of the genus exist in a rough and smooth form,

each characterized by closely associated morphological

and colonial appearances. In the smooth form (S-form),

the cells appear as small, straight, or slightly curved,

nonmotile, gram-positive rods 0.3-0.6 ;.rm in diameter

and 0.8-2.5 pm long with rounded ends. The cells occur

singly, in pairs at an angle to give V forms, in clusters,

and in short chains. In the rough form (R-form), long

filaments more than 60 pm long predominate.

Both forms decolorize easily when gram-stained and

both rods and filaments may appear as gram-negative

containing bands of gram-positive staining that give a

beaded effect. Metachromatic granules are absent. The

cell morphology varies to some extent with the condi-

tions of culture. It has been claimed that at pH 7.6-8.2,

S-forms predominate, whereas pH values of 5.2-:7.0

favor the production of R-forms (Z6k et al. 1965). It has

also been reported that S-forms grow better at 33"C and

R-forms better at 37"C (Grieco and Sheldon 1970). In

smears of blood and tissue taken from acute cases of

infection, especially septicemia, the organisms are

usually of the S-form of morphology; in chronic infec-

tions, arthritis, and endocarditis, R-forms are frequently

detected together with S-forms (Ewald 198L). Capsules

are considered to be absent (Ewald 1981; Jones 1986;

Reboli and Farrar 1991), but Shimoji et al. (1994) noted

the presence by electron microscopy of a capsule-like

structure in virulent strains of E. rhusiopathiae. The cell

wall of Erysipelothrix is of the gram-positive type. The

cell-wall peptidoglycan diamino acid is lysine (Feist

1972) and the peptidoglycan type is the unusual 816
(Schleifer and Kandler 7972). Mycolic acids are absent.

Teichoic acids have not been detected (Feist 1972).

Erler (1971) noted the presence of a large number of

sugars in the cell wall of E. rhusiopathiae'. galactose,

glucose, arabinose, xylose, ribose, glucose-6-phosphate,

and galactose-6-phosphate. A later study (Erler 1972a)

indicated the presence of the amino sugars galactosa-

mine, glucosamine, and fucosamine. From the mono-

saccharide and amino sugar patterns, Erler (I971', t972a)

recognized three chemotypes, but there appears to be no

correlation between these and serotypes (Erler 1972b).

L-forms of E. rhusiopathiae have been described (Pachas

and Currid 1974; Todorov 1976).

The cellular fatty acids are of the 2- and 3-hydroxy

and nonhydroxylated long-chain types. The hydroxylated

fatty acids are primarily of the straight-chain series; the

nonhydroxylated fatty acids are predominantly of the

straight-chain saturated and monounsaturated series;

small amounts of lso- and anteiso-methyl branched fatty

acids are also present (Tadayon and Carroll l97l;Taka-

hashi et al.1994).

Pathogenicity and virulence factors

The basis for the virulence of E. rhusiopathiae is rrot

fully understood. Most strains isolated from erysipelas in

pigs belong to serotypes La, 1b, and 2. Serotype 1a is the

most common in cases of septicemia (Reboli and Farrar

1991). Epitopes associated with serotype differences

could play a role in virulence. Virulent strains of E.

rhusiopathiae are reported to adhere more avidly to

porcine kidney cell lines than do avirulent strains (Taka-

hashi et al. 1987b). Similarly, strains of E. rhusiopathiae

isolated from pig endocarditis or septicemia have been

shown to adhere more strongly to pig heart-valve tissue

in vitro than do other E. rhusiopathiae isolates (Bratberg

1981) .

E. rhusiopathiae strains produce a hyaluronidase and a

neuraminidase, which cleaves a-glycosidic linkages of

sialic acid, a mucopolysaccharide on the surface of

mammalian cells. Neuraminidase activity is higher in

virulent than in avirulent strains (Krasemann and Miiller

1e7s).
Virulence of E. rhusiopathiae may also be associated

with the possession of a capsule-like structure that

confers resistance to phagocytosis (Shimoji et al. 1994,

1996).

E. rhusiopathiae also possess a 65-kDa protein that

shares a 56 percent identity with an Escherichia coli

DnaK heat shock protein, which might contribute to

virulence (Partridge et al. 1993).

Tamura et al. (1993), in a comparative study of

protein profiles of E. rhusiopathiae and E. tonsillarum,

noted that E. rhusiopathiae contained two major protein

antigens with molecular masses of 32 and 56 kDa. By

contrast, the nonvirulent E. tonsillarum contained only

the 32-kDa protein. These authors speculated that the

56-kDa protein may play a role in the pathogenesis of E.

rhusiopathiae.

Studies with a vaccine prepared from a NaOH-

extracted antigen of a serovar 2 strain of E. rhusio-

pathiae led Kitajima et al. (1998) to suggest that the 67-

64- and 62-60-kDa proteins in the NaOH extract play an
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important role in protecting against E. rhusiopathiae
infection. A 64-kDa cell-surface protein (SpaA) has
recently been identified on the cell surface of most E
rhusiopathiae, but not E. tonsillarum, strains (Makino

et al. 1998). The SpaA protein has eight repeated units,
and mice vaccinated via the peritoneal route with E. coli
expressing the complete protein (but not a deleted form
without the repeats) were protected against subsequent
subcutaneous challenge (1000 LDs6 units) by E. rhusio-
pathiae.

TREATMENT

In the preantibiotic era, most cases of cutaneous erysipe-
loid resolved spontaneously. However, with the develop-
ment of penicillin therapy in the 1940s, it was found that
treatment would hasten recovery in mild disease (Stiles
1947) and may be life-saving in severe forms of infec-
tion, such as endocarditis. The organism remains suscep-
tible to a wide variety of antimicrobial agents. A survey
of 274 strains of E. rhusiopathiae isolated in Japan
between 1988 and 1998 demonstrated that the B-lactam
agents were the most active, and penicillin G remains
the treatment of choice (Yamamoto et al. 2001). Cepha-
losporins, such as ceftriaxone and cefazolin, are also
active, as are the quinolones, particularly enrofloxacin
and danofloxacin. Aminoglycosides and sulfa drugs occa-
sionally show resistance. A confirmatory study using 60
strains demonstrated MICes of 0.03 and 0.125 for peni-
cillin and ceftriaxone. Quinolones were also active.
Ciprofloxacin had the best activity in vitro (Fidalgo et al.
2002). Resistance to clindamycin or erythromycin has
been reported, but these drugs remain alternative agents
for the penicillin-allergic patient. Importantly, the
organism is not susceptible to vancomycin, which is
commonly used in this setting.

Patients with endocarditis present a special problem.
Prosthetic valve endocarditis appears to be over-
represented in case reports of this disease, and valve
replacement may be necessary for a cure in addition
to antibiotic therapy. Despite medical and surgical
therapy, the mortality rate of Erysipelothrix endocarditis
approaches 50 percent (Gorby and Peacock L988).

PREVENTION

Because of the rarity of infection in human populations,
immunization against infection is not likely to be cost-
effective. However, swine erysipelas remains a major
veterinary problem, currently controlled with antibiotic
treatment, prophylaxis, and immunization. A protective
protein, SPA-A.1, has been characterized (Shimoji et al.
1999), which can induce protective antibody in mice. A
67-kDa protein from a serovar 2 E. rhusiopathiae strain
has also been identified, which elicits protective anti-
body responses in mice using a formalin-killed vaccine
encompassing several strains of the organism (Kitajima

et al. 2000). The commercial swine vaccine contains

inactivated serotype 2 strains of E rhusiopathiae, bttt
provides cross-protection to other serovars. An erysi-
pelas vaccine using live attenuated organisms has been
studied, and use of commonly available antibiotics in

feed does not appear to affect the immune response
(Yamamoto et al. 2000). Other surface proteins of
64 kDa appear to be associated with protection against

E. rhusiopathiae as well (Sato et al. 1999). Whether the

SPA-A or other surface proteins will form the basis of

other effective vaccines in veterinary medicine against
this important pathogen remains to be determined.

Interestingly, an attenuated strain of E. rhusiopathiae
(YS-l) has also been used as a mucosal vaccine vector

after substitution of the central region of SPA-A.I with

a gene coding for aP97 adhesion protein of Mycoplasma

hyopneumoniae, a pathogen responsible for pneumonia

in pigs (Shimoji et al. 2003). This could hold promise for
immunizing proteins against other veterinary infections

as Erysipelothrix is a common commensal micro-

organism in the respiratory and gastrointestinal tracts in

animals and may be ideally situated as a vector.
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Corynebacteria and rare coryneforms
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systems

INTRODUCTION

Coryneform bacteria do not form a taxonomic entity,
but are rather characterized by morphological traits, i.e.
being asporogenous, irregularly shaped, nonpartially
acid-fast, gram-positive rods which grow aerobically.
The term 'coryneform' (Figure 39.1) is somewhat
misleading since only lrue Corynebacterium spp. exhibit
a typical club-shaped ('coryne'meaning 'club' in ancient
Greek) morphology, whereas all the other bacteria
outlined in this chapter show an irregular morphology.
Nevertheless, the term 'coryneforms' is commonly used
by many clinical microbiologists and will therefore be
used in this chapter.

For didactical and clinical reasons some bacteria
which may initially present as coryneforms are covered

in different chapters in this textbook. These bacteria

include members of the genus Actinomyces (see Chapter

41, Actinomyces and related genera), Propionibacte-

rium (see Chapter 42, Bifidobacterium, Eubacterium,

and Propionibacterium), partially acid-fast bacteria (see

Chapter 45, Nocardia and other aerobic actinomycetes),

and rapidly growing mycobacteria (see Chapter 47,

Rapidly growing mycobacteria). In addition, this

chapter will focus on the medically relevant taxa

only; therefore, species with importance for veteri-

nary or environmental microbiologists will not be

covered.

The bacteria discussed in this chapter all belong to the

class Actinobacteria, whose genera are characterized by

specific 165 rDNA signature nucleotides (Stackebrandt

et al. L997). All the genera, except Exiguobacterium and

Gardnerella, belong to the lineage of high guanine-

plus-cytosine (G + C) content gram-positive bacteria.

The group of coryneform bacteria is most diverse and

genera can be differentiated by chemotaxonomic

features (Table 39.1). In recent years, phylogenetic 165

rRNA gene sequencing investigations have confirmed

the framework set bv previous chemotaxonomic

investigations.

NATURAL HABITAT

Many species of the medically relevant corynebacteria

are part of the normal flora of the skin and mucous

membranes in humans. It is interesting to note that not

all corynebacteria are equally distributed over skin and

mucous membranes, but rather occupy a specific niche.Figure 39.1 Coryneform morphology
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Tabfe 39.1 Chemotaxonomic features of coryneform bacteria

Genus

Corynebacterium
Turicella
Arthrobacter

Brevibacterium

Dermabacter

Rothia
Exiguobacterium

Oerskovia

Cellulomonas

Cellulosim icrobium
Microbacterium

Curtobacterium
Leifsonia

Arcanobacterium

Gardnerella

Major CFAs

1 8:1 o9c, 1 6:0, 1 8:0
18:1<o9c,  16 :0 ,  18 :0

15:0ai, 17:0ai, 15:0i
15:0ai, 1l:0ai,  15:0i
17:0ai, 15:0ai, 16:0i
15:0ai, 17:0ai, 16:0i
17'.0ai,  15'.0ai,  16:0, 13:0l
15:0ai, 15:0i,  17:0ai
15:0ai, 16:0, 17:0ai
15:0ai, 15:0i,  17:0ai

15:0ai, 17:0ai, 16:0i
15:0ai, 17:0ai, 16:0i
17:0ai, 15:0ai, 16:0i
1 8:1 co9c, 1 6:0, 1 8:0
1 6:0, 1 8:1 ar9c, 1 4:0

Mycolic acids
, b

+

Acyl lype

Acetyl

Glycolyl
Acetyl

Acetyl
ND.

N D

N D

Acetyl
Acetyl

Acetyl

Glycolyl

Acetyl
N D

N D
N D

Peptidoglycan diamino acida

m-DAP

M-DAP
LY5

m-DAP

M-DAP

LYS
LYS

LYS

ORN

LYS
LYs, ORN
ORN
DAB

LY5

LYS

ND, no data
a) m-DAP, meso-diaminopimel ic  acid;  LYS, lys ine;  ORN, orni th ine;  DA8, d iaminobutyr ic  acid
b) Exceptions: C. amycolatum, C atypcium, and C. kroppenstedtii

C. diphtheriae can be isolated from the nasopharynx as
well as from skin lesions, which represent a reservoir for
the spread of diphtheria. Opportunistic pathogens such
as C. amycolatum, C. striatum, and Dermabacter hominis
are part of the normal human skin flora, but are not
frequently found in throat swabs from healthy indivi-
duals. Coryneform bacteria prominent in the oropharynx
include C durum and Rothia dentocariosa. Other cory-
neform bacteria like C. auris and T. otitidis seem to have
an almost exclusive preference for the external auditory
canal. C macginleyi has a tropism for the human
conjunctiva. Another Corynebacterium with a distinctive
niche is C. glucuronolyticum,whtch is almost exclusively
isolated from genitourinary specimens. C. urealyticum,
another genitourinary pathogen, has, like C. jeikeium,

also been cultured from the inanimate hosoital
envlronment.

Arthrobacters are some of the most frequently
isolated bacteria when soil samples are cultured, but
Arthrobacter cumminsii seems to be present on human
skin. Brevibacteria can be frequently found on dairy
products (e.g. cheese), but are also inhabitants of the
human skin. Members of the genera Exiguobacterium,
Oerskovia, Cellulomonas, Cellulosimicrobium, Micro-
bacterium, and, Leifsonia have their habitats in the envir-
onment (e.g. soil and activated sludge). Microbacteria
have also been isolated from hospital environment
samples. Curtobacteria are primarily plant pathogens.
The natural habitat of arcanobacteria is not fully under-
stood, but A. haemolyticum is recovered from throat, as
well as from wound swabs, whereas A. bernardiae ts
mainly found in abscesses adjacent to skin. It is unclear
whether the two species are part of the normal skin and/
or gastrointestinal flora. A. pyogenes is found on mucous

membranes of cattle, sheep, and swrne. Gardnerella

vaginalis is part of the anorectal flora of healthy adults

of both sexes, as well as in that of children. It is also part

of the endogenous vaginal flora in women of reproduc-

trve age.

ISOLATION, IDENTI FICATION, AND
TYPING SYSTEMS

In general, coryneform bacteria grow on nutrient agar at

37"C and on agar containing blood (e.g. sheep blood

agar (SBA)), but not on enteric agar formulations; cory-

neform bacteria do not grow on MacConkey agar.

However, if 'coryneforms' are recovered from this

medium, they should be examined carefully in order to

rule out rapidly growing mycobacteria. Selection of

coryneform bacteria can be accomplished by inoculating

media inhibitory to gram-negative bacteria such as those

containing colistin sulfate and nalidixic acid (CNA).

Another selective medium for coryneform bacteria

contains 100 pg fosfomycin per ml (plus 12.5 pg of

glucose-6-phosphate per ml) since nearly all coryneform

bacteria (except Arcanobacterium spp. and D. hominis)

are highly resistant to this compound. It is also possible

to put disks containing 50 pg of fosfomycin (plus 50 pg

of glucose-6-phosphate (already incorporated in the

disk)) on the SBA plate and then examine the colonies

which grow around the disk. If lipohilic corynebacteria

ltke C jeikeium or C. urealyticum are sought, then 0.1 to

1.0 percent Tween 80 should be added to an SBA plate

(before pouring the medium). It is also possible to

streak sterile filtered Tween 80 with a cotton swab onto

SBA plates.
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With very few exceptions (some arthrobacters,
microbacteria, and curtobacteria, which have optimal
growth temperatures between 30 and 35'C), the medi-
cally relevant coryneform bacteria all grow at 31"C. h
is desirable to culture specimens for coryneform
bacteria in a CO2-enriched atmosphere since some
taxa, e.9., Arcanobacterium spp. and Rothia spp., grow
much better under those conditions. In almost every
case all medically relevant coryneform bacteria grow
within 48 h.

The primary plating medium for the cultivation of
C. diphtheriae should be SBA plus one selective
medium (e.g. cystine-tellurite blood agar (CTBA) or
freshly prepared Tinsdale medium). The plates are
read after 1.8 to 24 h of incubation at 37'C. Tellurite
inhibits the growth of many noncoryneform bacteria,
but even a few C. diphtheriae strains are sensitive to
potassium tellurite and will therefore not grow on
CTBA, but may grow on SBA. It is important to
realize that growth on CTBA and tellurite reduction
are not speciflc for C. diphtheriae, since many other
coryneforms may also produce black colonies. The best
medium for direct culturing of C. diphtheriae is prob-
ably Tinsdale medium; however, one of the limitations
of this medium is its relatively short shelf life (<4
weeks). On Tinsdale plate, both tellurite reductase
activity (as shown by black colonies) and cystinase
activity (as shown by a brown halo around the colo-
nies) can be observed. If neither CTBA nor Tinsdale
medium is available, CNA plates are recommended for
isolation of C. diphtheriae. However, in this case it is
necessary to pick multiple colonies from CNA plates
to rule out C. diphtheriae (first Gram staining, then
subculturing, and biochemical testing).

The initial approach to identify coryneform bacteria
comprises simple basic tests available in every micro-
biology laboratory. The Gram staining morphology of
the cells can exclude the assignment to many genera
(see under The genera and their species), e.g.
Corynebacterium, Turicella, or Dermabacter. Colony
morphology, size, pigment, odor, and hemolysis of colo-
nies are also valuable characteristics in the differential
diagnosis of coryneform bacteria.

The biochemical identiflcation system outlined by von
Graevenitz and Funke (1996) includes the following
reactions: catalase; test for fermentation or oxidation
(this is best observed in semisolid cystine Trypticase
agar (CTA) medium); motility; nitrate reduction; urea
hydrolysis; esculin hydrolysis; acid production from
glucose, maltose, sucrose, mannitol, and xylose; CAMP
reaction; and a test for lipophilia, which is performed
only for catalase-positive colonies <0.5 mm in diameter.
Lipophilic corynebacteria develop colonies up to 2 mm
in diameter after 24 h on Tween-supplemented agar. For
differentiation of arthrobacters and brevibacteria. utili-
zation reactions of certain carbohydrates are recom-
mended (Funke and Carlotti 1994; Funke et al.1996a).

The presently available and widely used commercial

identification systems include the API Coryne system

(bioMerieux, Marcy lEtoile, France) and the RapID CB

Plus system (Remel, Lenexa, KS, USA). Both systems

performed well in the published evaluations (Funke et al.

7997e, 1998f). However, it is emphasized to always ques-

tion critically the identifications provided by any

commercial identification system for coryneform

bacteria and to correlate the results with simple basic

characteristics such as macroscopic morphology and

Gram stain results.

The presence of mycolic acids and their chain lengths

can be detected by either thinJayer chromatography

(TLC) or high-performance liquid chromatography (de

Briel et al. 1992). These methods can be useful for the

differentiation of Corynebacterium spp. (mycolic acids of

22 to 36 carbon atoms) from the partially acid-fast

bacteria (mycolic acids of 30 to 78 carbon atoms), but

may also provide evidence that a coryneform bacterium

is not a Corynebacterium species (exceptions are C.

amycolatum, C. atypicum, and C. kroppenstedtii) if

mycolic acids are not detected. The detection of diamino

acid of the petidoglycan by one-dimensional TLC is of

value for determining the genus to which a particular

strain may belong (see Table 39.1). The analysis of

cellular fatty acids (CFA) by means of gas-liquid

chromatography is a very useful method for the identifi-

cation of coryneform bacteria on the genus level, but

identification to the species level is impossible in most

cases. The latter is because of closely related CFA

proflles of coryneform bacteria belonging to the same

genus (Bernard et al. 1991) and because the quantitative

profiles observed depend strongly on the incubation

conditions.

Molecular genetic-based identiflcation systems for

coryneform bacteria have been outlined in the 1990s.

Restriction fragment length polymorphism analysis of

the partly amplified and digested 165 rRNA gene has

been demonstrated to be of use for identification of

species within the genera Corynebacterium (Yanee-

choutte et al. 1995) and Brevibacterium (Carlotti and

Funke 1994). It is also possible to identify some cory-

nebacteria on the species level by examining the

length of the 165-235 rRNA intergenic spacer region

(Aubel et al. 1997). rRNA gene restriction fragment

polymorphism analysis (ribotyping) has been demon-

strated to allow the identification of corynebacteria if

three different restriction enzymes (BsrEII, SmaI, and

SphII) are used (Bjorkroth et al. 1999). For pure taxo-

nomic investigations of coryneform bacteria, full-length

165 rRNA gene sequencing and, on very rare occa-

sions, quantitative DNA-DNA hybridizations might be

necessary. In the routine clinical laboratory it is often

sufficient to sequence the first 300 to 400 base pairs of

the 165 rDNA gene in order to assign an isolate of a

coryneform bacterium to a certain genus (Tang et al.

2000).
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THE GENERA AND THEIR SPECIES

Genus Corynebacterium

The genus Corynebacterium presently consists of 62
species (and two taxon groups), 38 (and the two taxon
groups) of which are medically relevant and which are

covered in this chapter. The cell wall of corynebacteria
contains meso-diaminopimelic acid (lz-DAP) as diamino
acid, as well as mycolic acids with 22 to 36 carbon atoms
(Collins and Cummins 1986). C. amycolatum, C.
atypicum, and C. kroppenstedtii are the only genuine

Corynebacterium species which do not possess mycolic

acids. Palmitic (Cre,o), oleic (C13.1.e"), and stearic (C13.s)

acids are the main CFAs in all corynebacteria, and

tuberculostearic acid can also be found in some species
such as C. urealyticwn (Bernard et al. 1991) and C.
confusum (Funke et al. 1998c). The G + C content of
Corynebacterium spp. varies from 46 mol% (in C.
kutscheri) to 74 molo/" (in C. auris) (Funke et al. 1995c),
indicating the enormous diversity within the genus. The
phylogenetic relationships within the gernls Coryne-
bacterium have been outlined (Pascual et al. 1995;

Ruimy et al.  1995).

Gram staining of corynebacteria shows slightly curved,
gram-positive rods with sides not parallel and sometimes
slightly wider ends, giving some bacteria a typical club

shape. It is emphasized that the club-shaped form of the
rods is constantly observed only for tnte Coryne-
bacterium spp., but not any other taxon of coryneform

bacteria. True corynebacteria whose cellular
morphology differ from the regular morphology include

C. durum, C. matruchotlj, and C. sundsvallense (see

below under each species). If. Corynebacterium cells are

taken from fluid media, they are arranged as single cells,
in pairs, in V forms, in palisades, or in clusters with a so-
called Chinese letter appearance. Corynebacterra are
always catalase-positive, and the medically relevant

species are all nonmotile. The genus Corynebacterium

contains both fermenting and nonfermenting species.

CO RYN EBACTERI U M DI PHTH ERIAE

Because of its clinical importance (see Table 39.2) this
species is discussed in greater detail than the other
species outlined in this chapter.

Colonial  morphology

Traditionally, three types of C. diphtheriae have been
described based on cultural and biochemical differences:
biotype gravis (colonies )2 mm in diameter), mitis (>2

mm), and intermedius (<0.5 mm). The initial report that
gravls strains caused the most severe cases of diphtheria
(Mcleod 1943) and that mitis strains were associated
with milder clinical cases was not confirmed. On blood
agar the tiny, transparent colonies of the intermedius

biotype are typical of lipophilic corynebacteria and

distinguish them from the larger, denser colonies of the

nonlipophilic, slightly dry appearing gravis and mitis

biotypes (Coyle et al. 1993). Most mitis and some grdv,.t

strains produce a narrow zone of weak p-hemolysis on

blood agar, whereas intermedius strains are nonhemo-

lytic. The ability to reduce tellurium salts to tellurium,

which is precipitated in the cell to color the colonies

gray, brown or black, is characteristic not only of C.

diphtheriae, but also to a lesser extent of other coryne-

bacteria. However, on a medium described by Tinsdale

(1947) (conraining r--cystine and potassium tellurite)

only C. diphtheriae, C. ulcerans, and C. pseudotubercu-

/osls produce a well delineated brown halo around the

grayish-black colonies. A brown halo results when H2S

is produced by the action of cystinase on L-cystine and

potassium tellurite is reduced to metallic tellurium.

Further characteristics

Colonies of C. diphtheriae from serum-based media (e.g.

Loeffler slants) show pleomorphic rods some of which

may be club-shaped (Figure 39.2). Cells may contain a

few mostly terminal reddish-purple (metachromatic)

polyphosphate granules which confer a beaded appear-

ance. The biochemical characteristics of C. diphtheriae

and its biotypes, including biotype belfanti as the nitrate

reductase negative variant of biotype mitis, are given in

Table 39.3. Of note is that all C. diphtheriae strains lack

pyrazinamidase activity. Biotype gravis is distinguished

from mitis by its ability to produce acid from glycogen.

Propionic acid is one of the major end products of the

glucose metabolism by C. diphtheriae. The cellular fatty

acid proflle of C. diphtheriae is pafiictlar in containing

significant amounts of palmitoleic acid which is not

observed in other corynebacteria (Bernard et al. 1991).

C. diphtheriae is readily killed by heating at 58'C for 10

min. It is also susceptible to the usual disinfectants, but

is relatively resistant to drying.

Toxin production

A comprehensive review on the biology and molecular

epidemiology of diphtheria toxin has been written by

Holmes (2000). Diphtheria toxin is synthesized by

strains of C. diphtheriae that are lysogenic for one of a

family of bacteriophages carrying tox, the gene for the

exotoxin. It is a protein and the only presently recog-

nized virulence factor of C. diphtherlae. Although the

toxin inhibits protein synthesis in cell-free extracts of

virtually all eukaryotic organisms, it is only toxic to the

intact cells of certain mammals. Diphtheria toxin is a

535 amino acid, 58 kDa protein consisting of two frag-

ments: an N-terminal catalytic fragment A (21 kDa

amino acids 1-193) and fragment B (37 kDa) with two

domains, an internal translocating one (205-378) and a

C-terminal receptor-binding one (386-535). The proteo-
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Tabfe 39.2 Freeuent disease associations of corvneform bacteria

Taxon

C. d i phtheri ae (toxigenic)

C. d i phtheriae (nontoxigenic)

Non l ipoph i l i c  corynebacter ia :
C. amycolatum

C. glucuronolyticum

C. minutissimum

C. 'nigricans'

C. pseud od i phthe riti cu m
C. pseudotuberculosis

C. riegelii

C. striatum

C. u I ce ra ns (toxigen ic)
Lipophi I  ic corynebacteria:

CDC goup F-1
CDC group G
C. jeikeium

C. macginleyi

C. urealyticum
Arthrobacter spp.
Brevibacterium spp.
D. hominis

R. dentocariosa

O. turbata

Cellulomonas spp.
C. cellulans

Microbacterium spp.
A. bernardiae
A. haemolyticum

A. pyogenes

G. vaginalis

Disease or disease association

Throat diphtheria, cutaneous diphtheria

Endocardit is, foreign body infect ions, pharyngit is

Wound infections, foreign body infect ions, bacteremia, urinary tract infect ions

Gen itourinary tract infect ions (mai nly males)
Wound infections, urinary tract infect ions
Genitourinary tract infect ions (mainly females)

Respiratory tract i  nfect ions, endocardit is
Lymphaden i t is (occu pational)

Urinary tract infect ions (females)

Wound infections, respiratory tract infect ions, foreign body infect ions

Respi ratory di phtheria

Urinary tract infect ions

Catheter infect ions, bacteremia, endocardit is, wound infections

Endocardit is, bacteremia, foreign body infect ions, wound infections

Eye infections

Urinary tract infect ions, bacteremia, wound infections

Urinary tract infect ions, bacteremia, foreign body infect ions

Bacteremia, foreign body infect ions, malodorous feet

Wound infections. bacteremia
Endocardit is, bacteremia, suppurative lesions

Foreign body infect ions, bacteremia
Bacteremia, wound infections
Foreign body infect ions, bacteremia
Bacteremia, foreign body infect ions, wound infections

Abscess formation (together with mixed anaerobic f lora)

Pharyngit is in older chi ldren, wound and t issue infections

Abscess formation, wound, and t issue infections

Bacteria I  vag i  nosis, preterm birth, endometri t is, postpartum sepsis

lytic 'nicking' into fragments A and B occurs before or
shortly after binding. Following binding to the receptor,
the toxin enters the cell through receptor-mediated
endocytosis. An acid pH triggers the translocation of
fragment A across the endosomal membrane into the
cytosol. The A fragment becomes enzymatically active

Figure 39.2 Corynebacterium diphtheriae with metachromatic
granules

following reduction of the disulfide bridge which

connects it to the B fragment. Then it catalyses ADP

ribosylation of the GTP-binding elongation factor 2 (F'F-

2) on diphthamide, a posttranslationally modified histi-

dine. EF-2 normally effects the translocation of the

growing polypeptide chain from the aminoacyl-tRNA to

the peptidyl tRNA position on the ribosome. The

energy for this reaction is provided by hydrolysis of

GTP-ATP. Ribosylation of EF-Z inhibits this GTP-

dependent translocation on the ribosome and thus the

building of the polypeptide chain (Krueger and Barbieri

1995).

Addition of iron to the growth medium of C. diph-

theriae inhlbits production of diphtheria toxin. The regu-

lation of diphtheria toxin expression by varying iron

concentrations in the growth medium occurs at the level

of transcription of the tox gene (Russell et al. 1984). The

repressor molecule that regulates the tox gene is an iron-

dependent protein that binds DNA by a sequence-

specific mechanism and also regulates iron uptake by C.

diphtheriae (Schmitt et al. 1992; Schmitt and Holmes

1994).
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tox+ Bacteriophages

Murphy et al. (1974) demonstrated that the diphtheria
toxin gene (ro.r) is located on the genome of the bacter-
iophage. Phages that carry tox integrale into the chro-
mosome of C. diphtheriae by a process analogous to ),
lysogenization of Escherichia coli (Bwk and Groman
1981). Site-speciflc recombination occurs between an
attachment site on the phage (attP) and one or two
attachment sites on the bacterial chromosome (attBl,

attB2) (Rappuoli and Ratti 1984). Although attB-related
sequences also occur in a wide variety of Coryne-
bacterium spp., the only species that are known either to
be lysogenized by 0 phage or to produce diphtheria
toxin are C. diphtheriae, C. ulcerans, and C. pseudotu-
berculosis (Cianciotto et al. 1986). Furthermore, /ox-
containing, nontoxigenic isolates of C. diphtheriae have
been described (Cianciotto and Groman 1997).

Pathogenicity and toxin testing

Guinea pigs and rabbits are most susceptible to experi-
mental infection with C. diphtheriae, whereas rats and
mice are resistant (see review by Barksdale 1970).
Subcutaneous inoculation with a toxigenic culture or
filtrate into the flank of a guinea pig leads within 12-
18 h to a local edema that gradually spreads. Depending
on the dose, death usually occurs between 18 and 96 h.
Hemorrhagic edema with a central necrotic area is
present at the injection site. Regional lymph nodes and
abdominal viscera are congested, but the most striking
lesion is the swelling and congestion of the adrenal
glands, with scattered hemorrhages in the medulla or
cortex, or both.

For in vitro testing it is recommended that at least ten
colonies of C. diphtheriae and related species be tested
by the modified Elek method as described in a recent
publication (Engler et al. 1997). A 3-h enzyme linked
immunosorbent assay for the detection of diphtheria
toxin from clinical isolates of Corynebacterium spp. has
also been developed by the WHO Diphtheria Reference
Unit (Engler and Efstratiou 2000). Another rapid and
simple test for detecting diphtheria toxin, called the
immunochromatographic strip (ICS) assay is also now
available (Engler et aL.2002). In the latter test, pure
cultures of toxigenic diphtheria strains may be identified
within 10 to 15 min after 3-h incubation in an enrich-
ment broth or detected in 4-6 h after clinical speclmens
containing toxigenic strains had been previously incu-
bated in an enrichment broth for L6 h.

Polymerase chain reaction (PCR)-based methods for
the detection of the diphtheria toxin gene (tox) in
isolated bacteria have been developed and validated
(Pallen 1991; Hauser et al. 1993). Recently, a real-time
fluorescence PCR assay for rapid detection of the tox
gene has also been described (Mothershed et aI.2002).
The molecular based methods have advantases over the

immunological methods as they may take as little as 4-

5 h from the colonies to the final result, work from

mixed cultures, and give clear-cut results.

Genome

During the writing of this chapter, researchers at the
Sanger Institute have completed the sequencing of
the genome of C. diphtheriae strain NCTC 13129. The
genome is 2 488 635 bp long and has a G + C content of
53.5 percent. Further information can be obtained from
www.sanger.ac.uk/projects/C_diphtheriae.

Typing methods

Outbreaks of C. diphtheriae in the states of the former
Soviet Union and other locations have been studied by
whole-cell peptide analysis, whole-genome restriction
fragment length polymorphism analysis, ribotyping,
pulsed-f,eld gel electrophoresis, PCR single strand
conformation polymorphism analysis of tox ar'd dtxR, as
well as of the L6s-23S rRNA gene spacer region, ampli-
fied fragment length polymorphisms, random amplifica-
tion of polymorphic DNA, and multilocus enzyme elec-
trophoresis (De Zoysa and Efstratiou 1999, 2000;
Popovic et al. 2000). Sequencing studies with C. diph-
theriae strains from the recent epidemic in the former
Soviet Union have shown that point mutations within
the tox gene were silent mutations, whereas multiple
point mutations, which even led to amino acid substitu-
tions, were observed in the dtxR gene (Nakao et al.
1ee7).

CLINICAL SIGNIFICANCE OF C. DIPHTHERIAE

Respiratory tract diphtheria and cutaneous diphtheria

are the classical manifestations of diphtheria

(Table 39.2), whereas cardiac and neurologic toxicity are

the result of absorption and dissemination of diphtheria

toxin.

Respiratory diphtheria

The initial differential diagnosis of respiratory diph-

theria includes streptococcal tonsillopharyngitis, peri-

tonsillar abscess, Vincent's angina, acute epiglottitis,

infectious mononucleosis, and candidiasis. The diagnosis

of C. diphtheriae becomes more likely if the patient is

unimmunized or has not received booster immuniza-

tions, if the pretreatment antitoxin titer is below

0.01 IU/ml, and if the patient had a history of contact

with a diphtheria case or has recently travelled to

regions with endemic diphtheria.

In respiratory diphtheria, C. diphtheriae colonizes the
mucosa of the nasopharynx and multiply locally without

bloodstream invasion. After a short incubation period

(usually 2-5 days) the patients start to complain about

sore throat, malaise, and low grade fever (the latter as a

result of substantial absorption of toxin). Within the
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nasopharynx, the toxin induces a leukocyte response,
tissue necrosis, and most significantly formation of a
tough, adherent pseudomembrane which is composed of
fibrin, dead cells, and bacteria. Initially, the membrane
is white and glassy, but develops into a dirty grayish-
green color. Characteristically, the membrane is strongly
adherent and bleeding occurs when attempts are made
to remove it. Membrane formation usually starts on the
tonsils or in the posterior pharynx. However, the
membrane may spread to the pharyngeal wall, fauces,
soft palate, and even the bronchi. Laryngeal diphtheria
can occur as a result of membrane extension, but may

also be the only site of infection. In general, the extent
of the membrane correlates with the severity of symp-
toms. As a result of severe pharyngeal diphtheria a
significant edema of the submandibular areas and the
anterior neck with lymphadenopathy may develop,
resulting in the so-called patients' 'bullneck appearance'.
Depending on the size of the respiratory infection due
to C. diphtheriae, in1rtbation or tracheostomy might be
required. Untreated, severe forms of respiratory tract
diphtheria can result in death (mortality rates vary from

3-L5 percent) within a week of onset of symptoms. This
may be due to cardiac toxicity of the diphtheria toxin
(see below) or airway obstruction, or due to systemic
toxin effects leading to severe prostration, stupor, and
coma of the patient.

First evidence of cardiac toxicity occurs after 1-2

weeks of illness. Changes in ECG patterns can progress

to more severe forms of arrhythmias. Myocarditis can
present acutely with congestive failure and circulatory
collapse. Patients with ECG changes due to diphtheria
myocarditis have a mortality rate three to four times
higher than those with normal tracings.

Neurologic toxicity is also proportional to the severity

of the primary infection. Within the first few days of
disease, local paralysis of the pharynx and palate regions
may occur. Later, cranial neuropathies develop and
peripheral neuritis (principally a motor defect) rs seen
from 2 weeks to 3 months after onset of disease.
However, although slow, total resolution of all toxin-
induced nerve damage is the rule.

Cutaneous diphtheria

C. diphtheriae can cause skin infections characterized by

chronic nonhealing, punched-out ulcers, occasionally
with a membrane and edematous rolled borders; group

A streptococci and/or Staphylococcus aureus can also be
often isolated from these ulcers. C. diphtheriae-

associated skin ulcers are more frequently seen ln
subtropical countries and the tropics, whereas in
industrialized countries this disease (frequently non-
toxigenic strains) may be detected in people with low
socioeconomic standard. Cutaneous diphtheria is rarely

associated with signs of intoxication, but the infection
itself induces hish antitoxin levels. Patients with C.

diphtheriae skin infections may shed the microorganism

to the inanimate environment or induce respiratory

diphtheria in other individuals. Transmission of C.

diphtheriae from cutaneous lesions is often more efflci-

ent than from patients with throat diphtheria.

lnvasive disease

Within the 1990s several reports indicated the emer-
gence of invasive nontoxigenic C. diphtheriae strains
mainly in drug and alcohol addicts causing endocarditis
(associated with high mortality rates), osteomyelitis, or
septic arthritis. Particular virulence factors have not
been described for these nontoxigenic strains, many of
which belonged to a clonal lineage (Funke et al. 1999).
In parallel, nontoxigenic strains causing pharyngitis have
also emerged in the last few years.

Treatment

The cornerstone of diphtheria therapy is the administra-
tion of diphtheria antitoxin, a hyperimmune antiserum
produced in horses. It is of utmost importance to treat a
patient with suspected respiratory diphtheria immedi-
ately, i.e. before laboratory results are available. Anti-
toxin neutralizes toxin which has not already bound to
cells. The degree of protection due to antitoxin is inver-
sely related to the duration of clinical illness prior to its
administration. Between 20 000 and 120 000 intrave-
nously administered IU are recommended depending on
the stage and the severity of disease. Repeated injec-
tions have not been shown to be of additional benefit.
Roughly 10 percent of the patients may show symptoms
of hypersensitivity to horse proteins.

Antibacterial chemotherapy directed against C. diph-
theriae is recommended to treat diphtheria by elim-
inating the organism, thereby terminating the toxin
production and preventing the spread of the organism.
Although several antibiotics including cefalothin, clin-
damycin, tetracycline, rifampin, chloramphenicol, and
gentamicin have been shown in vitro to be effective
against C. diphtheriae, penicillin or erythromycin are the
drugs of choice. The recommended patient's total treat-
ment period is L4 days. Patients should be maintained in
strict isolation throughout therapy; after therapy, two
consecutive negative cultures at 24-h intervals are
required. Treatment of acute diphtheria with prednisone

did not reduce the incidence of sequelae. If a person is a
carrter of C. diphtheriae in lhe respiratory tract, a 7-day
course with erythromycin is recommended for eradica-
tion. Cases of C. diphtheriae endocarditis or arthritis
might be treated with a combination of penicillin or
ampicillin together with gentamicin for 4-6 weeks.

Prevention

In general, the frequency of different symptoms and
the severity of diphtheria as a disease are inversely
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proportional to the patient's immunization history. Fatal
outcomes are extremely rare in fully immunized indivi-
duals.

Immunization is done with a formalin-inactivated
toxin vaccine. Children from 6 weeks to 7 years of age
should receive three intramuscular injections of vaccine
given at zl--8 weeks intervals, beginning at 6-8 weeks of
age, followed by a fourth dose 6-12 months after the
third. Children who have completed their primary
immunization before the age of 4 years should receive a
booster dose of diphtheria toxoid at the time of school
entry. For epidemiological reasons it is desirable to
reach a childhood vaccination coverage of at least 95
percent. Persons older than 7 years should receive
booster immunization every 10 years. Antibody concen-
trations (measured by enzyme immunoassays or on Vero
cell cultures) of 0.01-0.1 IU are thought to confer
protection. Patients should receive toxoid immunization
in the convalescent stage of their disease since an infec-
tion does not always induce adequate levels of antitoxin.
Close contacts whose immunization status is unclear or
incomplete should immediately receive the toxoid dose
that is appropriate for their age and complete the proper
series of immunizations. Prophylactic use of antitoxin in
contact persons is not recommended.

Other non I ipoph ilic Corynebacteri u m
spp.

C. AF ERM E NTA'VS SU BSP. AFERM ENTAN 5

This species (Riegel et al. 1993) is part of the normal
human skin flora and has up to now been isolated
mainly from blood cultures. Colonies are, as for all the
other nonlipophilic corynebacteria, 1-1.5 mm in
diameter after 24 h of incubation. Colonies are whitish,
convex with regular edges, and creamy. About 60
percent of all strains of this taxon are CAMP reaction
positive. C. afermentans subsp. afermentans can be
differentiated from C. auris and T. otitidis (both of
which give the identical numerical code in the API
Coryne system) by the consistency of its colonies (C.
auris rs slightly adherent to agar) and morphology on
Gram staining (7. otitidis has longer cells). C. afermen-
/ans subsp. afermentans is generally susceptible to B-
lactam antibiotics.

C. AMYCOATUM

C. amycolatun is part of the normal human skin flora
(Collins et al. 1988) and is the most frequently encoun-
tered Corynebacterium species in human clinical mate-
rial (Funke et al. 1997f). This species does not contain
mycolic acids, although it is a tnte Corynebacterium.
Colonies are very typically dry, waxy, and grayish white
with irregular edges. Isolates of this species are remark-
able for their variability in basic biochemical reactions
(Table 39.3) and, therefore, had been often misidentified

in the past as C. xerosis, C. striatum, or C. minutissimum
(Funke et al., 1996b, Zinkernagel et al. 1996). When

tested on Mueller-Hinton agar supplemented with 5
percent sheep blood, nearly all C. amycolatum strains

were resistant to the vibriocidal compound 0/L29

(150 pg disks). All C. amycolatum strains produce

propionic acid as the major end product of glucose

metabolism. C. amycolatun strains are very often multi-

drug resistant (Funke et al. 1996c).

C. ARGENTORATENSE

This species is mainly isolated from human throat

cultures (Riegel et al. 1995b). Colonies are slightly

rough. Glucose fermentation by C. argentoratense is
quite rapid compared to the phenotypically similar but

slowly fermenting C. coyleae. In addition, CAMP-nega-

tive C. argentoratense produces propionic acid, but

CAMP-positive C. coyleae does not. C. argentoratense is

the only medically relevant Corynebacterlaz expressing

o-chymotrypsin activity. Although C. argentoratense is

phylogenetically closely related to C. diphtheriae, it does

not harbor the tox gene coding for the diphtheria toxin.

C. ATYPICUM

This recently deflned species was isolated from an

unknown human clinical source (Hall et al. 2003).

Mycolic acids cannot be detected in cell wall hydro-

lysates of this true Corynebacterium. Althottgh described

as being nonlipophilic, colonies of C. atypicum are
pinpoint after incubation at 37"C for 48 h. The biochem-

ical screening profile of C. atypicum is given in

Table 39.3. This species is unusual in lacking pyrazina-

midase activity but expressing B-glucuronidase.

C. AURIMUCOSUM

It is important to note that the description of this

recently established species was based on a single strain
(Yassin et aL.2002a). On 5 percent SBA plates, colonies

of this species are slightly yellow and sticky, but on

Trypticase soy agar without blood, they appear colorless

and slimy. The basic biochemical profile of this species is

similar to that of C. minutissimum ("Iable 39.3\.

C. AURIS

C. auris has been isolated almost exclusively from the

ear region. Colonies are dryish and slightly adherent to,

but do not penetrate agar (Funke et al. 1995c). All C.

azris strains are strongly CAMP test positive. Abundant

degradation products of mycolic acids are indirectly

observed when CFA patterns are determined with the

commercial Sherlock system. It is noteworthy that the

minimum inhibitory concentrations (MIC) of B-lactam
antibiotics for C. auris strains are elevated (Funke et al.

1996c).
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C. CONFUSUM

This species has been isolated from patients with foot

infections, a blood culture, and a breast abscess (Funke

et al. 1998c). Acid from glucose is produced very weakly

and growth under anaerobic conditions is weak. If

glucose fermentation is judged to be negative, C.

confusum strains can be misidentifled as C. propinquum.

However, in contrast to the latter species, C. confusum

does not hydrolyze tyrosine and contains small amounts

of TBSA (1-3 percent), whereas C. propinquum hydro-

lyzes tyrosine but does not contain TBSA. C. confusum

is differentiated from C. coyleae and C. argentoratense

by its ability to reduce nitrate.

C. COYLEAE

C. coyleae (Funke et al. 1997d) has been isolated mainly

from cultures of blood and other normally sterile body

fluids, but it may also be recovered from genitourinary

specimens. The consistency of the colonies is either

creamy or sticky. A slow fermentative acid production

from glucose and a strongly positive CAMP reaction are

the most significant phenotypic characteristics. C.

coyleae is positive for cystine arylamidase, which is not

observed for many other corynebacteria.

C. DURUM

This species was originally described as being isolated

exclusively from respiratory tract specimens (Riegel et al.

I997a). C. durum is the most frequent Corynebacterium

species isolated from throat swabs of healthy persons. It

is a peculiar nonlipophilic organism that forms colonies

of only 0.5 to 1 mm in diameter after aerobic incubation

for 72 h. In the original description of this bacterium,

beige and rough colonies with convolutions, and strong

adherence to agar were mentioned. Gram stains of

aerobic cultures may show long and filamentous rods

with occasional 'bulges', but true C. durum strains do

not have C. matruchotil-like 'whip handles'. Strains grow

only weakly under anaerobic conditions. They always

reduce nitrate, and some may exhibit weak and delayed

urease and esculinase activities, whereas pyrrolidonyl

arylamidase activity is not detected. C. durum usually

ferments galactose and very often mannitol, whereas C.

matruchotii is usually negative for those sugars.

C. FALSENII

Members of this species are mainly isolated from sterile

body fluids (Sjoden et al. 1998). After 72 h, most strains

described to date exhibit a yellowish pigment which is

not observed in any other nonlipophilic Coryne-

bacterium species encountered in clinical specimens

(except the rarely found C. aurimucosum and the dryish

C. xerosis). The most characteristic biochemical features

of. C. falsenii are a slow but fermentative acid production

from glucose, a weak pyrazinamidase reaction, and quite

weak urease activity.

C. FRENEYI

Strains of this species are usually isolated from skin-

related material (Renaud et al. 2001). C. freneyi is
phylogenetically and phenotypically closely related to C'

xerosis. All C. freneyi strains exhibit o-glucosidase

activity, which is not frequently observed in other

nondiphtheria, nonlipophilic Corynebacterium species
(very few C. amycolatum and all C. xerosis strains

express this enzyme). C. freneyi can be differentiated

from C. xerosis by glucose fermentation at 42'C and
growth at 20'C, whereas C. xerosis is negative for these

two reactrons.

C. GLUCURONOLYTICUM

C. seminale is a junior synonym of C. glucuronolyticum
(Funke et al.1995a; Devriese et al. 2000). This species is

probably part of the normal genitourinary flora of males,

while its presence in females is uncertain. 165 rRNA
gene sequences derived from fluids of patients with pros-

tatitis were homologous to sequences derived for this

species, indicating that C. glucuronolyticum mig}:rt be

involved in selected cases of prostatitis. This fermenta-

tive species is remarkable for its variability in basic

biochemical reactions (Table 39.3). It is the only medi-

cally relevant Corynebacterium species exhibiting B-
glucuronidase activity (except C. atypicum). When urea

activity is present, it is very strong. All C. glucur-

onolyticum strains are CAMP reaction positive.

Propionic acid is a major end product of glucose meta-

bolism. C. glucuronolyticum strains are often tetra-

cycline resistant and may also exhibit resistance to

macrolides and clindamycin (Funke et al. 1996c).

C.IMITANS

This species was originally isolated from a nasopha-

ryngeal specimen of a child suspected of having throat

diphtheria, as well as from three adult contacts (Funke

et al. 1997a). This was the flrst well-documented case of
person-to-person transmission of a Corynebacterium
other than C. diphtheriae in a nonhospital setting. Pyra-

zinamidase activity was only weak, as was the fermenta-

tion of sucrose, which may lead to the initial misidentifi-

cation as an atypical C. diphtheriae strain (Table 39.3).

C. imitans is CAMP reaction positive and does not

hydrolyze tyrosine, whereas the opposite reactions are

observed for the phenotypically closely related C. minu-

tissimum. C. imitans do not harbor the tox gene. In

contrast to C. diphtheriae, C. imitans is resistant to

olr29.

C. MATRUCHOTII

This species is a natural inhabitant of the oral cavity, but

is a rare human pathogen. Microcolonies may appear

flat or spider-like. C. matruchotli has a most unusual

appearance in Gram stain, in that so-called 'whip

handles' (i.e. filamentous bacteria with a single short
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bacillus adjacent to the end of the fllament, creating the
illusion of a whip) are observed. C. durum strains (see
above) have been misidentified as C. matruchotii in the
past (Rassoulian Barrett et al. 2001). C. matruchotii are
consistently negative for galactose, whereas C. durum
strains can be positive.

C. M ATR U CH OTI I -LIKE STRAI N

This taxon is represented by a single strain, ATCC
43833 (Rassoulian Barrett et al. 2001). The strain has
been deposited as C. matruchotii, but dot-blot hybridiza-
tions and 165 rDNA sequencing data revealed that it is
distinct. Colonies are pinpoint to 0.1 mm in diameter,
grayish-white, with a smooth, nonadherent texture.
Biochemical screening reactions are similar to C. minu-
tissimum, except that esculinase activity is detected for
the C. matruchotii-like strain.

C. MINUTISSIMUM

This species is a member of the normal human skin
flora. Most colonies are of a creamy texture, but some
may also be sticky. C. minutissimumhave a fermentative
metabolism, produce acid from sucrose variably, and
very few strains are able to produce acid from mannitol.
C. minutissimuz strains exhibit DNase activity and are
also often pyrrolidonyl arylamidase positive. Nearly all
strains hydrolyze tyrosine. Lactic and succinic acids are
the major end products of glucose metabolism. Nearly
all C. minutissimum strains are susceptible to Oll29
(Friih et al. 1998).

C. MUCIFACIENS

This species is mainly isolated from blood cultures and
other sterile body fluids (Funke et al. 1997c). Colonies
are very distinct because they are slightly to overtly
yellow and very mucoid. C. mucifaciens is the only
presently known Corynebacteriurn species exhibiting
such mucoid colonies. An extracellular substance (prob-
ably polysaccharides) has been demonstrated as the
ultrastructural correlate of the mucoid colonies. C. muci-

faciens has an oxidative metabolism; it consistently
produces acid from glucose, but acid production from
sucrose is variable (Table 39.3). TBSA can be detected
in amounts of 1-2 percent of total CFAs. B-Lactams and
aminoglycosides show very good activities against C.
mucifaciens isolates.

C.'NIGRICANS'

This taxon is an unusual black-pigmented Coryne-
bacterium that seems to have its habitat in the genitour-
inary tract of mainly females (Shukla et al. 2001). The
basic biochemical features are similar to C. minu-
tissimum, but the black-pigmented Corynebacterium also
pits the agar and has a strong adhesion to agar. Another
unusual feature of this bacterium is that some strains

can ferment glycogen (which is seen in very few true
corynebacteria like some C. diphtheriae strains).

C. PROPINQUUM

This species is the closest phylogenetic relative of C.
pseudodiphtheriticum and has the same niche (i.e. the
oropharynx). Colonies are somewhat dryish. C. propin-
quum redtces nitrate and hydrolyzes tyrosine, but does
not hydrolyze urea (Table 39.3). The species has an
oxidative metabolism. Strains are usually susceptible to

B-lactam antibiotics.

C. PSEU DO DI PHTH ERITICU M

This species is part of the normal oropharyngeal flora.
As given in Table 39.2, thts species has been well docu-
mented to cause respiratory tract infections in various
populations. Colonies are slightly dry with entire edges.
This nonfermenting species reduces nitrate and hydro-
lyzes urea, but does not produce acid from any of the
commonly tested carbohydrates (Table 39.3). Some
strains hydrolyze tyrosine. C. pseudodiphtheriticum

strains are susceptible to BJactam antibiotics, but resis-
tance to macrolides and clindamycin has been observed.

C. PSEUDOTUBERCULOSIS

This species is phylogenetically closely related to C.
diphtheriae, may harbor the diphtheria toxin gene,
produces propionic acid as glucose fermentation
product, and contains large amounts of the CFA
Cr6,r .1,.Like C. ulcerans, C. pseudotuberculosis is posi-
tive for urease and the CAMP inhibition test (i.e.

complete inhibition of the effect of S. aureus p-hemo-

lysin on sheep erythrocytes is achieved by streaking the
presumed strain at a right angle toward S. aureus and
incubating overnight; a B-hemolysin inhibition zone in
the form of a triangle is observed). C. pseudotuberculosis

is not susceptible to OlI29, whereas C. ulcerans strains
are (Hommez et al. 1999).

C. RIEGELII

This species is mainly isolated from females with urinary
tract infections (Funke et al. 1998a). Some colonies are
of creamy consistency, whereas others are sticky. C.
riegelii strains exhibit extremely strong urease activity. A
very peculiar feature of C. riegelii strains is the slow
fermentation of maltose but not of glucose; no other
defined Corynebacterium species has this characteristic
(Table 39.3). The weak anaerobic growth corresponds to
the weak fermentative metabolism.

C. SIMULANS

This species is isolated from skin-related specimens. C.
simulans has been delineated from some C. striatum-like
strains (Wattiau et al. 2000). Other close phylogenetic
neighbors include C. minutissimum and C. singulare.
C. simulans is the only valid Corynebacterium species
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described to date which reduces nitrite. Further char-
acteristics which separate C. simulans from the closely
related fermentative corynebacteria are its inability to
acidify ethylene glycol and to grow at 20C (in contrast
to C. striatum).

C. SINGULARE

This species (Riegel et al. 1997b) is infrequently found
in clinical specimens. Key biochemical reactions are
those for C. minutissimum, except that urease activity is
observed (Table 39.3). The numerical API Coryne
system proflle is 61,0t125, indicating that pyrrolidonyl
arylamidase activity is observed. C. singulare hydrolyzes
tyrosine. This species does not produce propionic acid as
fermentation product, differentiating it from C. amyco-
latum.

C. STRIATUM

C. striatum is part of the normal human skin flora. Noso-
comial transmission of C. striatum has been documented.
Some investigators described C. striatum colonies as
somewhat like those of small coagulase-negative staphy-
lococci. Some C. striatum strains have a positive CAMP
reaction but this is usually not as strong as observed for
other corynebacteria. Lactic and succinic acids are the
major end products of glucose metabolism. Atl C.
striatum strains are susceptible to OlI29. C striatum
might be resistant to macrolides, clindamycin, tetra-
cyclines, and quinolones.

C. SUNDSVALLENSE

This is a recently described species (Collins et al. 1999)
which is infrequently encountered in clinical material.
Colonies are buff or slightly yellowish and adherent to
agar and have a sticky consistency. Gram stains show
bulges or knobs at the ends of some rods, and these are
not seen in any other corynebacteria. Fermentation of
glucose, lactose, and sucrose is slow (Table 39.3). C.
sundsvallense can be separated from C. durum by its
positive o-glucosidase reaction and its inability to
ferment galactose. It is further differentiated from C.
matruchotii by expressing urease but not nitrate reduc-
tase activity.

C. THOMSSENII

This is a very rarely encountered Corynebacterium
species. It is fastidious and slow-growing, resulting in
colonies of <0.5 mm after 48 h, but it is not lipophilic
(Zimmermann et al. 1998). After 96 h, colonies are
molar tooth-like, very sticky, and slightly adherent to
agar. This species is the only Corynebacterizrn species
expressing N-acetyl-p-glucosaminidase activity.

C. ULCERANS

Phylogenetically, C. ulcerans is, together with C. pseudo-
tuberculosis, the closest relative of C. diphtherlae (Riegel

et al. 1995c), can harbor the diphtheria toxin gene, and

contains signiflcant amounts of C61.7". Colonies are

somewhat dry and waxy and gray-white with light hemo-

Iysis. Strains of C. ulcerans are positive for glycogen,

starch. and trehalose fermentation.

c. xERosrs
The natural habitat of C. xerosis is unknown. Colonies
are dry, granular, and yellowish with irregular edges. It

is important to realize that nearly all'C. xerosis' strains
which appeared in the literature before 1996 may have
been misidentifled C. amycolatum strains (Funke et al.
1996b). C. xerosis has a fermentative metabolism, is vari-

able for the presence of nitrate reductase (Table 39.3),
but always expresses o-glucosidase, as well as leucine
arylamidase activities. Lactic acid is the major end
product of glucose metabolism, and strains are, in

contrast to C. amycolafuz, susceptible to Oll29.

Lipophilic Corynebacterium spp.

C. ACCOLENS

This species is found in specimens from eyes, ears, nose,
and oropharynx (Neubauer et al. 1991). Colonies are, as
for all other lipophilic corynebacteria, convex, smooth,
and <0.5 mm in diameter on SBA. C. accolens has a
variable pyrazinamidase reaction, but is negative for
alkaline phosphatase, thus differentiating it from the
morphologically and biochemically closely related CDC
group G bacteria (Table 39.3). This species is susceptible
to a broad spectrum of antibiotics.

C. AFERMENTANS 5UBSP. LIPOPHILUM

Strains belonging to this species have been isolated
mainly from blood cultures, as well as from superficial
wounds. C. afermentans subsp. lipophilum has an oxida-
tive metabolism and does not produce acid from any of
the carbohydrates usually tested (Table 39.3). It is the
only species of lipophilic corynebacteria which may
exhibit a positive CAMP reaction. The numerical code
of this species in the API Coryne system is 2100004, and
so by that method it cannot be differentiated from the
more robustly growing C. afermentans subsp. afermen-
tans, C. auris, or T. otitidis. Strains are usually suscep-
tible to B-lactam antibiotics.

C. APPENDICIS

The description of this recently deflned species is based
on a single strain isolated from a patient with appendi-
citis accompanied by abscess formation (Yassin et al.
2002b). C. appendicis is fermentative and its basic

biochemical characteristics are given in Table 39.3.
Unusually high amounts of TBSA (48 percent of total
CFAs) have been described for this species whereas in

other corynebacteria TBSA rarely accounts for more
than 10 percent of total CFAS.
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CDC GROUP F-l  BACTERIA

CDC group F-1 bacteria have not been given a species
name. Although they are genetically distinct, no distin-
guishing phenotypic markers which clearly allow their
separation from other defined Corynebacterium spp.
have been found (Riegel et al. 1995a). Members of this
taxon group are the only lipophilic fermentative coryne-
bacteria able to hydrolyze urea. Of note is the negative
alkaline phosphatase reaction (Table 39.3). CDC group
F-1 strains are usually susceptible to penicillin, but are
often resistant to macrolides.

CDC GROUP G BACTERIA

CDC group G bacteria possess chemotaxonomic
features of true corynebacteria, but have not been given
a species designation as it has so far been impossible to
find phenotypic traits allowing for a unanimous defini-
tion (Riegel et al. 1995a). These bacteria can be sepa-
rated from C. jeikeium by their anaerobic growth and
fermentative acid production from fructose. Further
biochemical features of CDC group G bacteria are given
in Table 39.3. They might be multidrug resistant, but the
most frequently observed resistance is to macrolides and
clindamycin.

C. JEIKEIUM

This species is one of the most frequently encountered
corynebacteria in clinical specimens. Nosocomial trans-
mission has been described. It is often multiresistant.
including B-lactams and aminoglycosides (Soriano et al.
1995). Quantitative DNA-DNA hybridizations has
shown that C. jeikeium includes two genomospecies for
which the penicillin and gentamicin MICs are low, but
since they could otherwise not be differentiated pheno-
typically from the resistant C. jeikeium strains, they
could not be proposed as independent species (Riegel
et al. 1994). C. jeikeium is a strict aerobe which may
oxidatively produce acid from glucose and sometimes
from maltose (Table 39.3).

C. KROPPENSTEDTII

This is a rarely recovered species originally isolated
from the sputum of a patient with pulmonary disease
(Collins et al. 1998). Additional strains have been
isolated from a breast abscess, openJung biopsy
specimen, and sputum (Bernard et aL.2002). Apart from
C. amycolatum and C. atypicum, it is the only true Cory-
nebacterium sp. lacking mycolic acids. It is also one of
the few Corynebacterium spp. exhibiting esculinase
activity (Table 39.3). This lipophilic species can be sepa-
rated from C. durum and C. matruchotii by its colony
morphology and from C. glucuronolyticum also by its
nesative CAMP reactiorr.

C. LIPOPHILOFLAVUM

This species is represented by only a single strain, which
has been isolated from a patient with bacterial vaginosis
(Funke et al. 1997b). It has the same biochemical
screening pattern as C. urealyticum, except that it shows
a strong yellow pigment and weaker urease activity.

C. MACGINLEYI

This species has been isolated almost exclusively from
eye specimens (Riegel et al. 1995a; Funke et al. 1998d).
When grown on Tween 80-SBA plates (better growth is
usually observed on plates supplemented with 0.1
percent Tween 80 rather on those supplemented with 1.0
percent), some C. macginleyi strains exhibit a rose
pigment, which is not seen for any other lipophilic Cory-
nebacterium spp. This species is one of the very few
corynebacteria not expressing pyrazinamidase activity
(Table 39.3). Most C. macginleyi strains ferment
mannitol, whereas the majority of other corynebacteria
are unable to do so. Strains belonging to this species are
susceptible to a broad range of antimicrobial agents.

C. UREALYTICUM

This species is one of the more frequently isolated clini-
cally significant corynebacteria from clinical specimens.
It is strongly associated with urinary tract infections.
Recovery of this bacterium is often associated with alka-
line urine, resulting in the production of struvite crystals.
C. urealyticum is a strict aerobe and has a very strong
urease activity. This species is almost always multidrug-
reslstant.

Genera other than Corynebacterium

GENUS TURICELLA

This genus is phylogenetically closely related to the
gentrs Corynebacterium, but contains T. otitidis as the

only species (Funke et al. 1994b). The cell wall contains

z"-DAP, but mycolic acids are not present (Table 39.1).
The major CFAs for T. otitidis are the same as those

detected in true corynebacteria, but all T. otitidis strains

also contain significant amounts of TBSA. T. otitidis is

the only coryneform bacterium that has a polar lipid
profile without glycolipids. The G + C content varies

between 65 and 72 mol"/". Gram staining shows rela-

tively long rods. Z. otitidis is catalase positive, nonmo-

tile, and an oxidizer. Colonies are whitish, convex, and

creamy with entire edges and 1-1.5 mm in diameter

after 48 h of incubation. Differentiation from the

biochemically closely related C. auris and, C. afermentans
sttbsp. afermentans (see Table 39.3) is readily achieved

on the basis of morphological features. Utilization reac-

tions may also assist in the differentiation of these taxa.

T. otitidis strains are uniformly strongly CAMP reaction
positive. The MICs of B-lactam antibiotics for many



The genera and their sPecies 991

T. otitidis strains are very low; some strains may be resrs-

tant to macrolides and clindamycin (Funke et al. 1996c).

GENUS ARTHROBACTER

Presently, the genus Arthrobacter contains over 20

species, of which only a few have been recovered from

human clinical specimens (Funke et al. 1996a). Lysine is

the diamino acid of the cell wall (Table 39.1). C1sooi

represents more than 50 percent of total CFAs in most

Arthrobacter spp. A. cumminsii has a distinctive CFA

pattern with C1a.6; and C1a.6 each representing 2-4

percent of all CFAs (Funke et al. 1998e). The G + C

content range is from 59 to 70 mol%, indicating the

diversity within the genus. In Gram stains of younger

cultures jointed rods (i.e. rods in a rectangular form

which contributed to the designation of this genus as
'arthros', meaning joint in ancient Greek) might be

observed but this is not possible for every species.

Arthrobacters are catalase positive, motility is variable,

and they are always oxidizers. Arthrobacter colonies are

usually whitish-gray, slightly glistening, creamy, and

2 mm or more in diameter after 24 h. A. cumminsli, the

most frequently isolated Arthrobacter in human clinical

specimens, is slightly smaller than the other arthro-

bacters and may also exhibit a sticky consistency.

Arthrobacters do not express a cheeselike smell, as

often observed for the phenotypically closely related

brevibacteria. Like brevibacteria, Arthrobacter spp.

express DNase and gelatinase activity. The identification

of arthrobacters on the species level might be achieved

by carbohydrate utilization tests (Funke et al. 1996a).

The penicillin MICs for most Arthrobacter strains are

low. Aminoglycosides and quinolones show only weak

activities against A. cumminsii strains.

GENUS BREVIBACTERIUM

meso-Diaminopimelic acid is the diamino acid of the cell

wall. C15.0,; and C17.s,; usually represent more than 75

percent of all CFAs (Funke and Carlotti 1994). 
'the

G + C content varies between 60 and 67 mol%. Gram

staining shows relatively short rods, which may develop

into cocci when cultures are getting older. Brevibacteria

are catalase positive, nonmotile, and oxidizers. Colonies

are whitish-gray, convex, mostly creamy, and 2 mm or

more in diameter after 24 h. B. mcbrellneri colonies tend

to have a granular appearance. Many brevibacteria

isolated from human clinical material give off a distinc-

tive cheese-like odor. Brevibacteria are, in contrast to

some arthrobacters, nonmotile and halotolerant. The

species of this genus might be identified by carbohydrate

utilization tests. More than 90 percent of all clinical

Brevibacteriun isolates are B. casei. The MICs of B-
lactams for brevibacteria are often elevated (Troxler

et al.  2001).

GENUS DERMABACTER

This genus presently comprises only one species, D.

hominis (Jones and Collins 1988). m-DAP is the

diamino acid of the cell wall, and Cv5,oo a;nd Cn1)o;

usually account for 40-60 percent of all CFAs (Funke

et al. I994a). The G + C content varies between 60 and

62 moloh. Gram stains show very short rods which are

often initially misinterpreted as cocci. D. hominis sttains

are catalase positive, nonmotile, and fermentative' Colo-

nies are whitish, convex, of creamy or sticky consistency,

and 1-1.5 mm in diameter after 48 h so that strains are

sometimes mistaken for small-colony coagulase-negative

staphylococci. D. hominis is one of the few coryneforms

with the ability to ferment xylose. It is the only coryne-

form bacterium (covered in this chapter) to decarbox-

ylate lysine and ornithine. D. hominis strains may be

resistant to aminoglYcosides.

GENUS ROTHIA

This genus belongs to the family Micrococcaceae. It rs

important to note that the previous Stomatococcus mucr-

laginosus, now Rothia mucilaginosa (Collins et al. 2000),

exhibits cocci forms but also belongs to the genus

Rothia. In contrast, R. dentocariosa clearly exhibits

mainly rod forms and filamentous forms are normally

not observed. R. dentocarlosa genomovar II has been

described but not formally given a species designation

because it has not been possible to biochemically distin-

guish this taxon from the authentic R. dentocariosa

sensu stricto (genomovar I) (Kronvall et al. 1998).

Lysine is the diamino acid of the cell wall, and C15 eo;

and Cn.ooi usually represent 40-60 percent of all CFAs'

The G + C content ranges between 47 and 56 mol%. R.

dentocariosa strains have a variable catalase reaction,

are nonmotile, and exhibit a fermentative metabolism.

Colonies of R. dentocariosa are whitish, raised, and

smooth or rough or have a 'spoke-wheel' form, and can

be up to 1.5 to 2mm in diameter after 48h. Rothia

strains usually grow better in a CO2-enriched atmo-

sphere. The MICs of aminoglycosides for some R- dento-

cariosa strains are elevated, whereas penicillins usually

show good in vitro activities against Rothia strains.

GENUS EXIGUOBACTERIUM

This genus is phylogenetically related to the so-called

grotp 2 bacilli. Lysine is the diamino acid of the cell

wall, and C15.0a; aod C17.ea; comprise only about 30-40

percent of total CFAs. Exiguobacterium acetylicum, the

only medically relevant species within this genus,

contains significant amounts of C13 s; and C13 so;, which

are not found in any other coryneform taxon (Bernard

et al. 1991). The G + C content is about 4J mol"/o'

Exiguobacteria are found as relatively short rods in

young cultures. Strains are catalase positive, motile, and

fermentative. Colonies of E acetylicum are plain,

golden-yellow to orange, and up to 2 mm in diameter
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after 24 h of incubation. Exiguobacteria might be
confused with microbacteria, but CFA analysis provides
a clear-cut distinction between the two genera (see
Table 39.1). The pathogenic potential of E. acetylicum
seems to be rather low; cases of pseudobacteramia have
been observed.

GENUS OERSKOVIA

Lysine is the diamino acid of the cell wall, and C15.6,;
and C15.0; are the main CFAs in oerskoviae comprising
about 40-60 percent of all CFAs. The G + C content is
70-75 mol%. Morphological features include extensive
branching, vegetative hyphae, and penetration into agar,
but no aerial hyphae. Gram stains show coccoid to rod-
shaped bacteria originating from the breaking up of
mycelia. Oerskovia turbata, the only presently described
medically relevant species of this genus (apart from the
recently reclassified O. enterophila (Stackebrandt et al.
2002)), is catalase positive, motile, and fermentative.
Colonies are pale yellow to phosphorous yellow, convex,
creamy, and about 7-2 mm in diameter after 24 h. O.
turbata does not hydrolyze xanthine or hypoxanthine,
whereas the related Cellulosimicrobium cellulan^s is able
to do so.

GENUS CELLULOMONAS

Ornithine is the diamino acid of the cell wall, and C15.eo;
and C16.e are the main CFAs. The G + C content is 71-
76 molo/o. Gram stains show small, thin rods. Cellulo-
monas hominls, the only species of this genus described
as being isolated from human clinical material is catalase
positive, and has a fermentative metabolism (Funke et al.
1995d). Colonies of Cellulomonas spp. are first whitish
or pale or bright yellow, but after 7 days nearly all
Cellulomonas strains are somewhat yellow. Colonies
vary between 0.5 and 1.5 mm in diameter after 24h, are
convex and creamy, and have entire edges. Celtulo-
monas spp. are variable for the fermentation of
mannitol. In contrast to all other members of the genus
Cellulomonas, C. hominis did not hydrolvze cellulose in
the test system used.

GENUS CELLU LOSIMICROBIU M

This genus comprises at present only one medically rele-
vant species, C. cellulans, which had been designated
Cellulomonas cellulans and, Oerskovia xanthineolytica in
the past (Schumann et al. 2001). Lysine is the diamnino
acid, C15.so; and C15.s, are the predominant CFAs, and
the G + C content is 74 mol%. It should be noted that
Cellulosimicrobium is closely related to the genus Oesr-
kovia, btt nevertheless distinct. Colonies of C. cellulans
are similar to O. turbata and also pit agar. However, C.
cellulans hydrolyzes either xanthine or hypoxanthine,
whereas O. turbata does not and O. turbata strains mieht
be motile, whereas C. cellulans strains are not.

GENUS MICROBACTERIUM

Since the mid 1990s it has been realized that the genera
Microbacterium and Aureobacterium are phylogeneti-
cally intermixed and, therefore, it has been proposed to
unify both genera in a redefined genus, Microbacterium
(Takeuchi and Hatano 1998). Over 40 Microbacterium
species have been validated but only a minority of them
have been demonstrated to be of clinical importance.
C15.eo; dfld C171,oi dta the two main CFAs, often repre-
senting up to 75 percent of the total CFAs (Funke et al.
1995b). The G + C content of Microbacterium spp. is
6516 mol"/", indicating the diversity within the genus.
Gram stains show thin or short rods with no branching.
Catalase activity as well as motility are variable. Micro-
bacteria can be either fermenters or oxidizers. Micro-
bacteria account for the majority of yellow-pigmented
coryneform bacteria isolated from clinical specimens.
All shades of yellow pigment are observed. Some micro-
bacteria grow under anaerobic conditions, but only
weakly. Some microbacteria are nitrate reductase nega-
tive which separates them from the phenotypically
closely related gents Cellulomonas ('[able 39.4). Final
identification of Microbacterium species is best achieved
by molecular genetic (e.g. 165 rRNA gene sequencing)
investigations (Laffineur et al. 2003). Microbacteria are
usually susceptible to vancomycin (except M. resistens
(Funke et al. 1998b)), but susceptibility to other anti-
microbial agents is unpredictable; in particular, resls-
tance to aminoglycosides has been observed.

GENUS CURTOBACTERIUM

Curtobacteria belong to the peptidoglycan type B acti-
nomycetes (i.e. cross-linkage between positions 2 and 4
of the two peptide subunits). Ornithine is the diamino
acid and is the only amino acid composing the interpep-
tide bridge. Curtobacteria have an acyl-type acetyl
peptidoglycan and menaquinone MK-9 as major MK,
whereas the phenotypically closely related microbacteria
possess a glycolyl type and MK-17,12 (Table 39.1).
C15.6o; ond C17.eo; represent more than 75 percent of all
CFAs. The G + C contents range from 68 to 75 molo/o.
Gram stains show small and short rods with no
branching. Catalase activity is positive, motility is obser-
ved in most strains, and all strains are slow oxidizers (in
contrast to microbacteria which may oxidize any sugars
more rapidly). Colonies are yellow or yellow-orange
pigmented. Curtobacteria are usually nitrate reductase
negative, but strongly hydrolyze esculin. The MICs of
macrolides and rifampin for curtobacteria are very low.

GENUS LEIFSONIA

This genus (formerly known as Corynebacterium aqua-
ticum) belongs to the peptidoglycan type B-type actino-
mycetes and, therefore cannot be true corynebacteria
which actually possess an A type peptidoglycan
(i.e. cross-linkage between positions 3 and 4 of the two
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peptide subunits). Leifsonia aquatica (Evtushenko et al.
2000) is the only medically relevant species in this genus.
Diaminobutyric acid is the diamino acid of the cell wall
peptidoglycan, and C15.so; and C17.6o; are the main CFAs,
but represent <75 percent of all CFAs (Funke et al.
I994c). The G + C contenr is about 70 mol7o. Gram
stains show thin rods. The strains are catalase and
oxidase positive (the latter is quite an atypical feature
for coryneform bacteria), always motile, and oxidizers.
The yellow pigment of L. aquatica colonies develops
slowly within 3 to 4 days. L aquatica does not hydrolyze
either gelatine or casein, and has a stronger DNase
activity than most microbacteria. The MICs of vanco-
mycin for some L. aquatica strains were shown to be
elevated (8 pglml).

GENUS ARCANOBACTERIUM

This genus presently contains six species, of which .4.
haemolyticum, A. bernardiae, and A. pyogenes are recov-
ered from human clinical material. Lysine is the diamino
acid of the cell wall, whereas lysine or ornithine is found
in the phylogenetically closely related Actinomyces spp.
The main CFAs in arcanobacterio or€ C16.e, C1s.16eg, ond
C1s.e (as in Corynebacterium spp. and T. otitidis), but in
contrast to corynebacteria, significant amounts of C10.6,
C12.6, and C1a.6 ma! also be detected (Bernard et al.
1991). The G + C content is 48-52 mol%. Gram stains
show irregular gram-positive rods. All medical arcano-
bacteria are catalase negative, nonmotile, and fermenta-
tive. Succinic and lactic acids are the major end products
of glucose metabolism. All arcanobacteria exhibit B-
hemolysis on SBA; expression of hemolysis is best in a
CO2-enriched atmosphere. Colonies of the type species,
A. haemolyticum, are 0.5 mm in diameter after 48 h of
incubation. Of major value for the identification of A.
haemolyticum is the so-called CAMP inhibition test. The
protein responsible for this phenomenon is a phospholi-
pase D excreted by A. haemolyticum, and this protein is
genetically and functionally similar to the ones
expressed by C. ulcerans and C pseudotuberculosis
(Cuevas and Songer 1993; McNamara et al. 1995).

A. pyogenes colonies are the largest of all arcano-
bacteria colonies, with diameters of up to 1 mm after
48 h of incubation. Of all the arcanobacteria, this specres
also shows the sharpest zone of B-hemolysis on SBA.
The protein responsible for hemolysis, named pyolysin,
is also an important virulence factor in vivo. Gram stains
may show some branching rods. A. pyogenes is the only
Arcanobacterlun species of medical relevance that
expresses B-glucuronidase activity and is capable of
fermenting xylose.

A. bernardiae has glassy, whitish colonies of less than
0.5 mm in diameter after 48 h. Some colonies have a
creamy consistency, whereas others are sticky. Most A.
bernardiae strains belong to the very few coryneform
bacteria that are able to ferment glycogen. Another

peculiar feature of A. bernardlae strains is their ability
to produce acid faster from maltose than from glucose.

The MICs of all BJactams, rifampin, and tetracyclines
for arcanobacteria are very low, whereas aminoglyco-
sides and quinolones have reduced activities against
arcanobacteria. Macrolides also exhibit excellent activ-
ities against arcanobacteria and are, therefore, an alter-
native to B-lactams for the treatment of infections, since
treatment failures due to p-lactam antibiotics because of
the inability of B-lactam antibiotics to act intercellulary
have been reported.

GENUS GARDNERELLA

This genus does not have a particular phylogenetic rela-
tionship to any of the established genera described in
this chapter. It is remotely related to the genus Bifido-
bacterium, and these two genera share some important
characteristics, such as production of acetic and lactic
acids as fermentation products. G. vaginalis is the only
species belonging to the genus Gardnerella. Studies on
the ultrastructure of its cell wall have demonstrated that
it has a cell wall similar to but much thinner than the
cell walls of other gram-positive bacteria (i.e. there is a
smaller peptidoglycan layer). Lysine is the diamino acid
of the cell wall, and C16.6 and C18,1.e. are the predomi-
nating CFAs. The G + C content is 42 to 44 mol%o.
Gram stains show thin gram-variable rods or cocco-
bacilli. Catalase is not produced, cells are nonmotile and
have a slow fermentative metabolism. The optimal pH
for growth of G. vaginalis is between 6 and 7.

G. vaginalis is associated with bacterial vaginosis
(BV); its causative role in the syndrome is controversial
(Spiegel 1991). In pregnant women, BV may lead to
preterm birth, premature rupture of membranes, and
chorioamnionitis. G. vaginalis may also be recovered
from cultures of blood from patients with postpartum or
postabortal fevers and may also cause infections in
newborns. Although it might be recovered from the
urethras of males, its disease association in males is
questionable. Serious infections in sites other than those
associated with the genital tract or obstetrics are very
infrequently seen.

The 'gold standard' for the diagnosis of BV is direct
examination of vaginal secretions and not the culture of
G. vaginalis, since G. vaginalis can also be recovered
from healthy women. However, isolation of G. vaginalis
can support the diagnosis of BV. Cultures should be
done on Vaginalis agar and incubated at 35-37"C in a 5
percent CO2-enriched atmosphere or in a candle jar. B-
Hemolyis is observed on human or rabbit blood-
containing media, but not on SBA. Plates may be
checked for growth of diffuse B-hemolytic colonies of
less than 0.5 mm in diameter after 24 h, but very often
G. vaginalis is best observed after 48 h only. Gram
staining of the suspected colonies should confirm the
diagnosis of G. vaginalls. Strains of G. vaginalis are
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consistently o-glucosidase and starch hydrolysis positive,

and 90 percent of strains hydrolyze hippurate. The iden-
tification of G. vaginalis can also be confirmed by
antimicrobial agent disk inhibition tests with 50 pg

metronidazole (inhibition present), 5 pg trimethoprim
(inhibition present), and 1 mg of sulphonamide (inhibi-

tion absent). Metronidazole is also the drug of choice
both for local therapy of BV and for systemic therapy of
infections caused by BV-associated flora. Systemic infec-
tions due to G. vaginalls alone can be treated with
ampicillin or amoxicillin, since B-lactamase-producing
G. vaginalis strains have not been observed so far.
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content The order and family designations of T. whip-

plei withrn the Actinobacteria have not been established.

Currently, the most accurate markers for identification

are the bacterium's 165 rRNA gene and 165-235 rRNA

intergenic spacer sequences (Maiwald et al. 1996). The

type strain is T. whipptei Twist-Marseille CNCM I-2202r
(La Scola et al.  2001).

HISTORICAL PERSPECTIVE

In 1907, George H. Whipple performed an autopsy on

a 36-year-old patient who had died after suffering for 5

years from an illness marked by arthritis, fever, weight

loss, and cough (Whipple 1907). Whipple observed

deposits of fat and fatty acids in the intestinal mucosa

and mesenteric lymph nodes, and proposed the name
'intestinal lipodystrophy' for this disease. He also noted

small, rod-shaped bacteria in silver-stained sections of a

lymph node, but did not interpret this finding as

causally related to the disease. The etiology of Whip-

ple's disease remained unknown for more than flve

decades. Until 1,947, the diagnosis was uniformly made

at autopsy, and in 1949, the periodic acid-Schiff (PAS)

stain was first utilized for the histopathologic diagnosis

of Whipple's disease (Dobbins 1987). The flrst observa-

tion of successful antibiotic treatment was made in

1952, using chloramphenicol (Paulley 1952), and in

1961, two groups of investigators independently docu-

mented the presence of small, uniform bacteria in
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INTRODUCTION

Tropheryma whipplei is the agent of Whipple's disease,

a systemic condition of humans affecting the intestinal

tract, as well as various other organs. The disease was

described in 1907 by George H. Whipple; however its
etiology remained unclear until 1961, when small,

uniform bacteria were detected in affected tissues by

electron microscopy. These bacteria resisted many
attempts at cultivation in the laboratory, thus creating

the perception that an enigmatic, culture-resistant

bacterial pathogen is associated with Whipple's disease.

Characterization of the Whipple's disease bacterium by
phylogenetic analysis of 165 rDNA was achieved in the
early 1990s, cocultivation of the bacterium with a human

fibroblast cell line was achieved in 2000. and its

complete genome was sequenced and analyzed in 2003.

Whipple's disease is a relatively rare entity, with roughly
2 000 cases reported in the medical literature, but due to
its varied manifestations the disease is part of the differ-

ential diagnosis of many clinical disorders across several
medical specialties.

DEFINITION

T. whipplei is the only species of the genus. It belongs to
the class Actinobacteria (Stackebrandt et al. 1997), which

comprises phylogenetically related gram-positive

bacteria with high genomic guanine and cytosine (G+C)
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affected tissues by electron microscopy (Chears and
Ashworth 1961; Yardley and Hendrix 1961). Both the

response to antibiotic treatment and the observation of

uniform bacteria were confirmed by many investigators,

but many subsequent attempts to cultivate the

bacterium so implicated failed.

A monograph published in 1987 (Dobbins 1987),

summarized the flndings of 696 cases and characterized
Whipple's disease as a rare, chronic, systemic disease
with a predilection for middle-aged white men, as well

as for outdoor professions. First information about the

nature of the organism was obtained in the early 1990s,
when broad-range 165 rDNA PCR was applied (Wilson

et al. 1991; Relman et al. 1992). Analysis of the new

165 rRNA sequence revealed a phylogenetic position

within the actinomycetes; the name Tropheryma whip-
pelii was proposed. At the same time, the new

sequence information provided the basis for a specific,
PCR-based diagnostic test. A further advancement
came in 2000. when stable cocultivation of the

bacterium with a human fibroblast cell line was

achieved (Raoult et al. 2000). This finding was repro-

duced (Raoult et al. 2001; Maiwald et al. 2003b), and
the bacterium formally described as a new species, with

modified latinization: T. whipplei (La Scola et al. 2001).

Finally, the bacterium's complete genome sequence was

determined, analyzed, and published in 2003 (Bentley

et al.  2003).

CLINICAL MANIFESTATIONS

Whipple's disease is best described as a multisystem

disease (Dobbins 1987). It is best known for its intestinal

manifestations. These consist most commonly of malab-

sorption, diarrhea, abdominal pain, abdominal lympha-

denopathy, and weight loss, which can be quite severe
(Vital Durand et al. 1997; Maiwald et al. 2002). These

intestinal manifestations are often preceded by years of

arthralgias, and sometimes by low-grade intermittent

fever (Vital Durand et al. 1997). Among the extra-

intestinal manifestations, those involving the central

nervous system (CNS) and the heart are most promi-

nent. Symptomatic CNS involvement occurs in approxi-

mately 10-40 percent of all cases and commonly
presents with dementia (Louis et al. 1996). This can

occur concurrently with intestinal disease at the time of

initial presentation, but is more commonly seen when
patients present with relapses during or after antibiotic

treatment. Cardiac manifestations comprise endocarditis,
myocarditis, and pericarditis (Vital Durand et al. 1997).

T. whipplei is increasingly being recognized as one cause

of 'culture-negative endocarditis' when PCR-based

detection is used (Fenollar et al. 2001). Among various

other manifestations, there are uveitis, skin hyperpig-

mentation, prosthetic joint infection, and spondylo-

discitis (Maiwald er aI.2002).

EPIDEMIOLOGY AND PATHOGENICITY

According to a meta-analysis of 696 cases by Dobbins

(1987), Whipple's disease occurs sporadically and affects

men more commonly than women (male to female ratio
-7:1), with a peak of incidence around 50 years of age.

Most cases are recorded in Europe and the USA, and

white persons are most commonly affected. Among

professional groups, there is a predilection for people in

the farming and building trades (34 percent of all

patients). Another epidemiologic study of 110 patients in

Germany (von Herbay et aI. 1997b) noted a relatively

stable incidence of new cases over three decades, as well

as a relatively even geographic distribution. The natural

habitats of T. whipplei and the routes of disease trans-

mission are still largely unknown. Several authors have

reported positive PCR findings for T. whipplei in

samples from asymptomatic persons (Ehrbar et al. 1999;

Street et al.1999), and suspected that the bacterium may

be a normal commensal of humans, while others have

not had similar flndings, despite large numbers of tested

specimens (Pron et al. 1999; Maiwald et al. 2001). One

study detected T. whipplei sequences in the poly-

microbial communities of municipal sewage (Maiwald

et al. 1998). Immunologic abnormalities are thought to

play a role as predisposing factors for Whipple's disease.

Reduced numbers of monocytes expressing complement

receptors (CD11b) and reduced cytokine (interleukin-

12) production of macrophages have been found in some

patients with Whipple's disease (Marth et al. 1994,

1997), among several other abnormalities. However,

precisely defined immune defects, such as the absence of

particular cell types, mediators, or receptors, have not

been identified, and the disease is not over-represented

in patients with known immune defects. Thus, the

presumed immunologic disturbances in patients with

Whipple's disease are likely to be subtle.

CLASSIFICATION AND PHYLOGENY

Analysis of the 165 rRNA gene, amplified by bacterial

broad-range PCR, established a phylogenetic relation-

ship of the Whipple's disease bacterium within the acti-

nomycetes (Wilson et al. I99I; Relman et al. 1992). One

analysis was based on a 645 bp sequence and reported

Rhodococcus equi as the closest relative (Wilson et al.

1991), another utilized I 321 bp of 165 rDNA and found

the closest relatives to be representatives of the genera

Actinomyces, Rothia, Arthrobacter, Micrococcus, Terra-

bacter, and Dermatophilus (Relman et al. \992). A

subsequent phylogenetic analysis (Maiwald et al. 1996)

utilized a significantly increased actinomycete 165 rRNA

database as compared with the initial studies, and found

an intermediate position of the Whipple's disease

bacterium between a cluster of actinomycetes with the

rare group B peptidoglycan and members of the family
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Cellulomonadaceae, with the common group A pepti-
doglycan. The highest 165 rDNA sequence similarities,
both at 91.6 percent, were found to Leifsonia aquatica
(previously 'Corynebacterium aquaticutm;' a group B
peptidoglycan organism) and to Cellulomonas cellasea
(group A). With these sequence similarities, T. whipplei
is only distantly related to any other known cultivated
bacteria. Additional phylogenetic information was
obtained for the 23S rRNA and 55 rRNA genes
(Maiwald et al. 2000), the rpoB gene (Drancourt et al.
2001) and a set of conserved genes comprising atpD, tuf,
groEL, rpoB, and rnpB (Maiwald et al. 2003a), and all
these analyses confirmed the position of T. whipplei
within the actinomycetes. T. whipplei was formally
described as a new species in 2001 (La Scola et al. 2001),
and is now a member of the class Actinobacteria (Stack-

ebrandt et al. 1997), although order and family affilia-
tions are uncertain.

MORPHOLOGY

After initial reports in the 1960s (Chears and Ashworth
1961; Yardley and Hendrix 1961), many other investiga-
tors detected small, uniform, rod-shaped bacteria in
tissues and body fluids by electron microscopy (Dobbins
1987). These bacteria (Figure 40.1) measure 0.2-0.25 by
1.0-2.5 pm and have a distinctive, trilaminar appearance
of the cell envelope (Silva et al. 1985; Dobbins 1987).
The cell envelope consists - from inside to outside - of
(1) a cytoplasmic membrane, (2) a -20 nm thick cell
wall with an inner polysaccharide and an outer pepti-
doglycan layer, and (3) a symmetric outer membrane
(Silva et al. 1985). While the morphology of the pepti-
doglycan-containing cell wall is consistent with cell walls
of other gram-positive bacteria, the outer membrane is
not seen in other gram-positive organisms and unlike
those observed in gram-negative bacteria. It was
suspected that this membrane may be derived from the
human host (Silva et al. 1985). The polysaccharide
(glycopeptide) layer in the cell wall confers reactivity
with the PAS-staining procedure, which is used for the
histopathologic diagnosis of Whipple's disease. The
organism is stained inconsistently gram-positive in
tissues (Dobbins 1987), gram-negative in coculture with
fibroblasts (La Scola et al. 2001), and is not acid-fast.

In tissue sections, morphologically intact and dividing
bacteria are mostly seen in the extracellular spaces,
whereas intracellular bacteria tend to undergo degrada-
tive changes, and after antibiotic therapy, only degraded
cell wall remnants - still conferring PAS positivity -

remain in macrophages (Silva et al. 1985; Dobbins 1987).
These observations were confirmed by more recent in
situ hybridization experiments, in which signals from a
T. whipplei-specific rRNA probe - corresponding to
metabolically active bacteria - were detected extra-
cellularly in the intestinal lamina propria, but not in
macrophages with PAS-positive material (Fredricks and

Figure 40.1 Electron micrograph of a small intestinal biopsy of a
patient with tntestinal Whipple's drsease Ihe bacteria are located
in the extracellular spaces of the intestinal lamina propria
Courtesy of Axel von Herbay, University of Heidelberg, Germany

Relman 2007). T. whipplei propagated in coculture with

human fibroblasts has also been stained by immuno-

fluorescence using mouse polyclonal antibodies (La

Scola et al. 2001), as well as by YO-PRO nonspecific

nucleic acids dye and by in situ hybridizatiot, using a f.

whipplei-specific oligonucleotide (Maiwald et al. 2003b).

YO-PRO staining of culture material revealed distinc-

tive small rods arranged in chains (Figure 40.2), and rn

situ hybridization was able to integrate bacterial

morphology with the known 165 rRNA sequence of
T. whipplei.

CULTURE

Many attempts were made to cultivate the Whipple's

disease bacterium, but failed or yielded results that
proved erroneous (Dobbins 1987). The use of nonsterile

intestinal biopsy samples resulted in the isolation of

contaminants by some investigators: Streptococcus spp.,

Corynebacterium spp., and Haemophilus spp. were

among such organisms (Dobbins 1987). One spectacular
attempt was published in 1997: based on the notion that

PAS-positive macrophages are a prominent histopatho-

logic feature, investigators inoculated interleukin-4-

treated human macrophages with heart valve specimens
from two infected patients (Schoedon et al. 1997). This

treatment impairs microbicidal killing mechanisms that

affect intracellular pathogens. The authors observed
accumulation of PAS-positive intracellular material and

the persistence of PCR-amplified products after cell
passage, and interpreted this as indication of growth of
T. whipplei. However, these flndings were not repro-
duced by others (Zaaijer et al. 1998; Maiwald and
Relman, unpublished results).

Cocultivation of T. whipplel from an infected heart

valve with a human embryonic lung flbroblast cell line
(HEL-299; ATCC CCL-137) was reported in 2000
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Figure 40.2 Photomicrograph of supernatant from a culture of f
whipplei from CSF. Bacteria were stained with YO-PRO-I nucleic
acids dye ivote fhe distinctive appearance of small rods arranged
in chains Scale bar represents micrometers Reproduced from
Maiwald et al (2003b) with permission from University of
Chicago Press Copyright 2003 by the lnfectious Drseases 5ociety
of America

(Raoult et al. 2000). The investigators used long-term
culture conditions; a cytopathic effect was observed after
65 days of incubation, and microorganisms were seen by
means of several staining procedures, including PAS
staining. Seven culture passages were performed over 9
months; this involved expansion of cultures from 1 cm2
of inoculated cell monolayers to 3 750 cm2 of infected
cells. The estimated bacterial doubling time was 18 days.

Qualitative PCR was positive for T. whipplei after each
passage, and microorganisms were stained positively by
immunofluorescence using the patient's serum. The
strain was designated T. whipplei Twist-Marseille
CNCM l-2202t' (La Scola et al. 2001). A second strain
was subsequently isolated from a duodenal biopsy
specimen, using a decontamination protocol with
antibiot ics (Raoult et al.  2001).

These findings were reproduced and supplemented

with additional observations by a second group of inves-

tigators, using infected cerebrospinal fluid (CSF) from

two patients (Maiwald et al. 2003b). Two Z. whipplei

strains were propagated in co-culture with MRC-5 lung

fibroblasts (ATCC CCL-l7l) and with human primary

foreskin fibroblasts. Fifteen culture passages were

completed over 17 months. The growth rate of the

organisms was measured by quantitative competitive

PCR, revealing a doubling time of 4 days. Fluorescent in

situ hybridization with a T. whipplel-specific rRNA

probe, a broad-range bacterial rRNA probe, and with

nonspecific nucleic acid dye (YO-PRO) showed coloca-

lized staining patterns within the same bacterial shapes

of the cultivated strains. One of these strains from CSF

was used for genome sequencing (Bentley et al. 2003).

Taken together, all these data provide ample evidence

that 7. whipplei can be propagated in cell culture

systems, but the long generation times and difficult

culture conditions render this method unsuitable for

routine laboratory use, at present.

DIAGNOSIS AND IDENTI FICATION

Histopathology of intestinal

by upper gastrointestinal

biopsies (Figure 40.3), taken
endoscopy, is the standard

Figure 40.3 Histology of a small intestinal biopsy of a patient
with Whipple's disease, stained with the PAS reagent. The photo
shows distended intestinal villi, deposits of lipid droplets
(appearing as empty spaces), and the intestinal lamtna propria
infiltrated by macrophages with PAS-positive (ed) inclusions
Courtesy of Axel von Herbay, University of Heidelberg, Germany
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first-line approach to the diagnosis of suspected Whip-
ple's disease, since the overwhelming majority of
patients have symptomatic or asymptomatic intestinal
involvement (Maiwald et al. 2002). Accumulation of
macrophages with PAS-positive inclusions in the intest-
inal lamina propria is the key diagnostic feature (von

Herbay et al. 1996b). The PAS stain can also be applied
to histopathology of various other tissues (e.g. lymph
nodes) and to cytologic examination of body fluids (e.g.

CSF). Since PAS-positive inclusions are not entirely
specific, it has traditionally been recommended to
confirm the diagnosis by electron microscopy, which
shows bacteria of typical size and shape (Dobbins 1987).
PCR is increasingly being used as a diagnostic tool for
Whipple's disease (von Herbay et al. 1,996a, 1997a;
Ramzan et al. 1997). So far, the greatest body of informa-
tion concerning clinical sensitivity and specificity has
become available for PCR assays that were derived from
the original one published by Relman and colleagues
(1992). PCR has proven useful to confirm the histo-
pathology of intestinal biopsies, and to establish the diag-
nosis with extraintestinal tissues and body fluids
(Maiwald et al. 2002). Repeat intestinal biopsies and
histology are recommended after the initiation of
antibiotic therapy (von Herbay et al. 1996b), and it has
been proposed that examination of CSF by PCR is useful,
both for initial staging and for monitoring the central
nervous system under therapy (von Herbay et aL.1.997a).

The fastidious nature of T. whipplel prevents tradi-
tional bacterial identification tests from being feasible. As
indicated, electron microscopy is useful to reveal the
distinctive morphology of T. whipplel. In addition, mono-
clonal antibodies have been derived from a cultivated
strain (Liang et al. 2002), and have shown promising

results with T. whipplei from culture and with 22bacterial
controls, but have not yet been applied in diagnostic
settings. As a consequence, identification is most accurate
using DNA sequence data. Most comparative informa-
tion concerning different strains of T. whipplei and other
bacterial species has become available for 165 rDNA and
the 165-235 rDNA intergenic spacer (Maiwald et al.
1996,2000; Hinrikson et al. 1999).

STRAIN DIFFERENTIATION

As a first step in exploring strain differences of T. whip-
plei, lhe 165-235 rRNA intergenic spacer sequence

Q9abfi was determined (Maiwald et al. 1996). Seven
different spacer types have been described so far, most
with exchange of a few nucleotides (Hinrikson et al.
1999; Maiwald et al. 2000; GeiBdorfer et al. 2001). Types
7 and 2 are most common; one study with samples from
28 patients detected type 1 in 15 and type 2 in ten
patients (Hinrikson et al. 1999), and another study with
43 patients detected type 1 in 14 and type 2 in 26
patients (Maiwald et al. 2000). In the latter study, types
I and 2 were detected in a ratio of approximately l:2 in

patients from both Europe and the USA. Additional

variability between strains was found in the 23S rRNA

insertion sequence of Actinobacteria (one variable

nucleotide; Hinrikson et al. 2000) and in the groEL heat

shock protein gene (six nucleotides; Morgenegg et al.

2000). Both an analysis of conserved bacterial genes

(Maiwald et al. 2003a) and genome sequence data
(Bentley er aL.2003) further indicated the presence of

variable number of tandem repeat (VNTR) loci in 7.

whipplei. VNTRs provide an important mechanism of

bacterial sequence variation and have been used for

strain typing in other species. A preliminary analysis of

three VNTR loci plus the 165-235 rRNA intergenic

spacer in 11 strains yielded a unique pattern for each of

the strains (Maiwald et al. 2003a), surpassing the discri-

minatory power of previous methods. However, since

VNTRs can mutate easily, the stability of these patterns

within individual strains needs to be explored.

ANTI MICROBIAL TREATM ENT

Almost all data concerning treatment of Whipple's

disease come from observations in case reports and case

series (Keinath et al. 1985; Dobbins 1987; Feurle and

Marth L994; Maiwald et al. 2002). The recommended

standard treatment consists of an initial 2-week intrave-

nous course of penicillin G plus streptomycin or a third-

generation cephalosporin, followed by long-term treat-

ment ()1 year) with cotrimoxazole (Maiwald et al.

2002). It is important to use antibiotics that sufficiently

cross the blood-brain barrier, since relapses affecting the

CNS pose a major threat to patients during and after

antibiotic treatment. Until the 1970s, tetracyclines were

frequently used, with favorable effects on intestinal

manifestations, but had an unacceptable rate of CNS

relapses. Alternative drugs, albeit with less available

clinical data, are imipenem or meropenem for intrave-

nous induction (www.whipplesdisease.net), and cefixime,

penicillin V, rifampin, and chloramphenicol for oral

maintenance or salvage therapy (Maiwald et al. 2002).

Initial data of in vitro antibiotic susceptibility testing

have come from cultivated strains of T. whipplei
(Masselot et al. 2003). Bacterial growth inhibition was

measured by quantitative real-time PCR for the fluor-

oquinolones ciprofloxacin and levofloxacin. Relatively

high minimal inhibitory concentrations (MIC) of 4-8 mg/

I were found for ciprofloxacin, whereas low MICs of

0.25 mgll were found for levofloxacin. At the same

time, the fluoroquinolone target genes gyrA and parC

were analyzed, and an amino acid exchange was

found that is known to be associated with poor

susceptibility in other bacteria.

GENETICS AND GENOMICS

Sequencing and analysis of the genome of T. whipplei

strain TW08/27 (Maiwald et al. 2003b) revealed a size of
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925 938 bp, a G+C content of 46.3 percent and 784

coding sequences (Bentley et al. 2003). This genome

bears a number of interesting features, and three major

themes can be recognized. First, it is the smallest
genome sequenced for an actinomycete so far, and its

G+C content is lower than that of other actinomycetes,

which are typically high G+C organisms. T. whipplei has
pronounced deficiencies in carbohydrate and energy
metabolism, such as the absence of genes for the tricar-

boxylic acid cycle and the NADH dehydrogenase

complex, and it has a lack of biosynthesis genes for

several amino acids. Concordant with the reduced
genome size, there is an increased proportion of genes

devoted to 'housekeeping' functions. Comparison with

other actinomycete genomes indicates that T. whipplei
has been subject to gene loss, such as the loss of a
groES-linked groELl heat shock protein gene, while the
groEL2 gene is remaining.

Second, T. whipplei devotes a large amount of its

coding capacity to the biosynthesis of molecules that are
predicted to be located on the cell surface. This is the
case with 15 percent of all predicted proteins, and 74
percent of the 116 proteins with no match in the

database. A unique, heterogeneous family of proteins

was found, consisting of 14 members and termed the
WiSP proteins (for Z. whipplei surface proteins). WiSPs
range in size between 103 and 2 308 amino acids and are
characterrzed by several common features, such as N-

terminal signal sequences, C-terminal transmembrane

domains. and conserved beta-strand motifs.

Third, the genome contains large regions of noncoding
repetitive DNA and an array of mechanisms for creating
genetic variability. The noncoding DNA is located in

two regions, termed repeat clusters (RC) 1 and 2, which

together comprise about 5 percent of the genome. This
is considerably larger than any noncoding stretches

observed in other bacteria. In addition, T. whipplei

appears to use tandem repeat sequences, combined with
a process termed slipped-strand mispairing, to vary the

expression of surface molecules, and it exhibits unusual,

localized sequence hypervariation in two of the WiSP
proteins. Since these two WiSP genes are located within
and share sequence similarity with the repeat clusters, it

was suspected that this provides for a novel mechanism

of sequence variation.

Taken together, T. whipplei bears the traits of a highly

host-dependent organism, with reduced genome size and

metabolic deficiencies. The extent of information

devoted to surface molecules, together with 'built-in'

mechanisms for antigenic variation, suggests that inter-

action with its host and evasion of the host's immune

response play an important part in the organism's life-

style, and are factors for sustaining a chronic infection.

Thus, the determination of the genome sequence is a
major step forward in the characterization of the
organism, and has not only led to a better understanding

of its biology, but also provides a wealth of new infor-

mation, both at the DNA and the protein level, that can
be used to design and improve diagnostic tests.

NOTE ADDED IN PROOF

At least three more signiflcant publications have
appeared recently: the sequencing of the genome of a

second T. whipplei strain, Twist-Marseille CNCM I-
2202r (Raoult, D. et al. 2003. Genome Res, 13, 1800-9),
the culture of T. whipplei in a cell-free medium supple-
mented with amino acids (Renesto, P. et al. 2003.
Lancet, 362, 447-9), and the testing of antimicrobial
susceptibility of T. whipplei in a cell culture system
(Boulos, A. et al. 2004. Antimicrob Agents Chemother,
48,747-s2).
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GUIDO FUNKE

Def in i t ion
Introduction and historical perspective
Habi tat
Morphology
Cultural characteristics
Metabol ism
Cel l  wal l  composi t ion;  ant igenic

structu re

Actinomyces spp. are gram-positive rods, 0.4-1.0 pm

wide, which may be straight, curved, or pleomorphic and

occur singly, in pairs, clusters, or short chains. Filaments
up to 50 prm in length are formed by members of some

species. Some show true branching. They are nonacid-

fast, nonmotile, and do not form endospores or conidia.
The majority of species are facultative anaerobes; some

are obligately anaerobic. Growth is stimulated by CO2

and sodium carbonate in broth media. The optimum

temperature for growth of all species is 35-37'C. Carbo-
hydrates are fermented, generally with the production of
formic. acetic. lactic. and succinic acids. There is little

action on proteins, although organic nitrogen is required

for growth. Species can be u-, B- or y-hemolytic and
hemolysis may depend on culture conditions. Some
species show antigenic diversity and have more than one

serotype. The cell wall peptidoglycan is, in most cases,

of the Orn-Lys-Glu type, whereas Actinomyces bovis has

Lys-Lys-n-Asp. ln Actinobaculum sais the peptidoglycan

includes Lys-A1a-Lys-n-Glu. Diaminopimelic acid and

mycolic acids are absent. Cell wall polysaccharides

include fucose, glucose, galactose, mannose, rhamnose,
and 6-deoxytalose, and amino sugars; arabinose and
xylose have not been detected. The major cellular fatty

acids of Actinomyces comprise myristic (14:0), palmitic
(16:0), stearic (18:0), and oleic acids (18:ko9). The
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DEFINITION relative amounts of these acids vary among species.

Smaller amounts of other acids (10:0, 16:1) may be

found. The range of G + C content of the DNA is 55-71

mol% and the type species is A. bovis.

Related genera include Arcanobacterlaz (which is

covered in Chapter 39, Corynebacteria and rare coryne-

forms), Actinobaculun (Lawson et al. 1997), and Variba-

culum (Hall et al. 2003d). Two former Actinomyces

species, A. bernardiae and A. pyogenes, have been

moved to the genus Arcanobacterium (Pasctal Ramos

et al. 1997b). Actinobaculum spp. (with A. suls as the

type species) and Varibaculum sp. both merit genus

status because 165 rDNA data showed long and deep

phylogenetic lines with sequence divergences of 7V72

percent to the established Actinomyces spp. Variba-

culum cambriensis, the type species of the genus Variba-

culum, has a G + C content of only 51'.7 mol"/". Pascual

Ramos et al. (1997b) demonstrated that the genus Acti'

nomyces contains several clusters of species which may

merit separate genus status. All genera covered in this

chapter belong to the class of the Actinobacteria (Stack-

ebrandt er al.1997).

INTRODUCTION AND HISTORICAL
PERSPECTIVE

The early history of the classiflcation of Actinomyces

was complicated by their histological resemblance to
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fungi. As pointed out by Slack and Gerencser (1975), as
early as 1827 (Meyen 1827), the name Actinomyces (ray
fungus) had been given incorrectly to a previously
named fungus. Slack and Gerencser (1975) list 16
generic names proposed from 1875 to 1934 to include
organisms now considered to be Actinomyces. Harz
(1879) initially provided a detailed histological descrip-
tion of an organism that formed granules in lesions in
the jaws of cattle, which he named Actinomyces bovis.
Harz could not cultivate the organism and it was not
possible to compare it to those described subsequently
by other workers. Apparently, Mosselman and Lienaux
(1890) Iirst isolated A. bovis as it is known today.
However, a variety of organisms, including aerobes
(Bostroem 1891) were also identified as A. bovis, further
hindering the accurate definition of the genus.

Wolff and Israel (1891) described an anaerobic
pathogen (Actinomyces israelii) isolated from two cases
of actinomycosis in humans and demonstrated the
pathogenicity and virulence of their isolates. However,
new genera, often with the species names boyls or
israelii, continued to be proposed to include branching
pathogens of humans and other animals. It remained
a problem to distinguish Actinomyces from other
gram-positive genera with branching cells and to differ-
entiate A. bovis and A. israelii. Wright (1905) defined
Actinomyces as anaerobic and distinguished them from
the aerobes identified by some workers as A. bovis,
which he named Nocardia. Breed and Cohn (1919)

recommended Actinomyces as a genus with the type
species as A. bovis and this was accepted by Winslow
et al. (1920\.

Chemotaxonomic techniques made a dramatic impact
on the classification of Actinomyces. Studies by
Cummins and Harris (1958) and Cummins (1962)
showed that Actinomycer spp. had cell walls typical of
bacteria. Chemotaxonomy allowed better deflnition of
the genus, resulting in reclassification of some species
(Schaal 1986). In recent years, 165 rDNA sequence data
(Pascual Ramos et al.1997b) have been used extensively
to delineate further species within the genus Actino-
myces and to demonstrate the phylogenetic relationships
between Actinomyces spp. and other actinomycetes
(Embley and Stackebrandt 1994). Species currently
placed into Actinomyces and related genera are shown
in Table 41.1.

HABITAT

The natural habitats (Table 41.1) of most of the
species of Actinomyces are known to be intestinal
surfaces, as well as mucous membranes of humans and
animals. Actinomyces spp. form a significant proportion
of the normal flora of the oral cavities of humans and
animals, where they occur as components of dental
plaque on teeth and biofilms on mucosal surfaces
(Bowden and Hardie 1973, 1978; Slack and Gerencser

1975; Bowden et al. 1.979; Dent and Marsh 1981;
Johnson et al. 1990). Generally, these organisms do not

colonize other sites in the intestinal tract and. with

certain exceptions, they can be described as uniquely

oral organisms. However, some species can colonize
tonsils (Slack and Gerencser 1975) and A. israelii ts
regularly present in the female genital tract (Persson and
Holmberg I984a). A. turicensis seems to be another
Actinomyces species regularly present in the vaginal or
gastrointestinal tract flora.

MORPHOLOGY

Cel lu lar  morphology

Cells are gram-positive, although occasionally they may

appear beaded on Gram's stain. When grown on blood

agar, the majority of species show diphtheroidal V and
Y forms and may produce short coccobacilli. Several
different cellular morphologies can occur together and

often cells form clusters. Some species, including ,4.

israelii (Figure 41..Ia) and A. bovis prodrce long fila-

mentous forms and show true nonseptate branching,
which may also be seen with Actinomyces viscosus,
Actinomyces naeslundii (Figure 4l.lb), and Actinomyces

odontolyticus. Cells of Actinomyces show a typical
gram-positive wall structure when examined by
electron microscopy (Slack and Gerencser 1975; Schaal
1986). Some species, in particular A. naeslundii and A.
viscosus. have extensive fimbriae on their outer surfaces.

Other species that have been examined (A israelii and
A. odontolyticus) have relatively smooth cell surfaces

without fimbriae.

Colonial morphology and appearance
in broth

Species such as A. israelii, which form long branching
fllaments, usually produce a granular deposit in broth
with a completely clear supernate. The granules tend to

be resistant to disruption. A. naeslundii, A. viscosus, and
Actinomyces gerencseriae, which produce fewer, shorter
filaments, also form a deposit in broth, but it is viscous
and ropy and more easily suspended. Organisms that
produce diphtheroidal or coccobacilliary cells usually
grow as evenly dispersed suspensions.

On solid media, Actinomyces spp. produce a variety

of colony forms. Typically, A. israelii produces a
white-colored, rough, 'molar tooth' colony (Figure 41.1c),

whereas A. naeslundii, A. viscosus, and A. gerencseriae

usually produce convex, smooth, matt-surfaced cream-
colored colonies (Figure 41.1d). A. graevenitTli colonies

have been described as rough, dry, and adherent to
blood agar (Sarkonen et al. 2001). Colonies of other

species may be flat (A. hyovaginalis) or low convex
(Actinomyces neuii). Species vary in their effect on



Cultural characterist ics 1007

Tabf e 41.1 Actinomvces specres and related qenera

Actinomyces species

Acb. schaalii

Acb. suis

Acb. urinale

A. bovis

A. bowdenii

A. canis

A. cardiffensis

A. catuli

A. coleocanis
A. denticolens

A. europaeus
A. funkei

A. georgiae

A. gerencseriae

A. graevenitzii

A. hongkongensis
A. hordeivulneris

A. howellii

A. hyovaginalis

A. israelii

A. marimammalium

A. meyeri

A. naeslundii

A. nasicola

A. neui i
A. odontolyticus

A. oricola

A. radicidentis
A. radingae

A. slacki i
A. suimastitidis
A. turicensis

A. urogenitalis

A. vaccimaxillae
A. viscosus

Vbc. cambriensis

Pathogenicity

Pathogen in humans

Pathogen in pigs

Pathogen in humans

Pathogen in  an ima ls

Pathogen in dogs, cats

Dogs

Pathogen in  humans

Pathogen in dogs

Pathogen in dogs
Non-pathogen

Pathogen in  humans

Pathogen in  humans

Associated with periodontal
disease?

Pathogen in humans and
a n i m a l s

Pathogen in humans

Pathogen in humans
Pathogen in dogs
Nonpathogen

Pathogen in pigs

Pathogen in  humans and
an imals

Pathogen in seals, porpoise

Pathogen in  humans
Associated with periodonta I

disease?

Pathogen in  humans

Associated with root caries and
periodontal disease?

Pathogen in humans

Pathogen in humans

Occasional pathogen in
numans

Pathogen in  humans

Pathogen in  humans
Pathogen in  humans

Nonpathogen
Pathogen in pigs

Pathogen in  humans

Pathogen in  humans

Pathogen in catt le
Nonpathogen

Pathogen in humans

Natural habitat

Unknown

Recovered from urine of
healthy boars

Not known

Not known

Not known

Not known

Not known

Not known

Not known

Oral cavity, cattle

Not known

Not known

Oral cavity, humans

Oral cavity, humans

Oral cavity ?

Not known

Oral cavity ?, dogs

Oral cavity, cattle

Porcine genital tract

Oral cavity, humans

Not known

Oral cavity, humans

Oral cavity, humans

Not known

Not known

Oral cavity, humans

Not known

Oral cavity?
Not known

Oral cavity, cattle

Not known

Not known

Urogenital tract

Not known

Oral cavity, animals

Not known
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blood (see Tables 41.4 and 41.5) and growth conditions
can affect the nature of the hemolysis. Colonies of some

strains of A odontolyticus turn brownish-red after rncu-

bation for 72-96 h on blood agar (Batty 1958; Johnson
et al. 1990; Brander and Jousimies-Somer 1992).

CU LTU RAL CHARACTERISTICS

The optimum temperature for growth of all species is
35-37"C. The reported range of temperatures that
support growth is 20-45'C depending on the species
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Figure 41.1 Cellular and colonial morphology of Actinomyces (a) Actinomyces israelii Gram-stained smear from culture on blood agar
(x810) (b) Actinomyces naeslundii genospecles 2 Gram-stained smear from culture on blood agar (x510) (c) Actinomyces israelii
colonies on blood agar after incubation for 5 days (8 4 @) Actinomyces naeslundii genospecies 2 colonies on blood agar after
incubation for 5 days (x3 4)

(Schaal 1986). A. israelii, A. gerencseriae, A. naeslundii,
A. bovis, A odontolyticus, ard A. viscosus grow on
modern high quality nutrient agars in air with added
CO2, often without added enrichment. However. it is
common practice to grow the organisms on solid media
enriched with blood or, occasionally, serum. ln some
cases specific enrichments are recommended'. Actino-
myces hordeivulneris requires the addition of fetal calf
serum (Buchanan et al. 1984), and Actinomyces meyeri
requires vitamin K1 and Tween 80 (Cato et al. 1984).
The nutrient requirements of the more recently
described Actinomyces spp. are not known in detail.

Most species grow in high quality digest broths, often
without added enrichment. The addition of serum to
broth enhances growth. A feature of the growth of Acti-
nomyces is their stimulation by CO2, which can be
provided in fluid media as a 1 percent v/v filter-sterilized
solution of sodium carbonate (1 percent w/v) in distilled
water. Reduced semisolid and cooked meat media can
also be used.

The majority of the species of Actinomyces are facul-
tative anaerobes, although strains of some species (,4.
israelii) may grow best under anaerobic conditions and

A. meyeri and Actinobaculum suis are anaerobic. Some

strains of Actinomyces may not grow under anaerobic

conditions in the absence of CO2 (Schofleld and Schaal
1981). Therefore, strains of all species should be grown

in 5-10 percent COz. Some Actinomyces spp. have the

reputation of being slow-growing and, indeed, A. israelii,

A bovis, and A. gerencseriae may take 7-14 days to
grow on initial isolation. However, once isolated and
grown in pure culture, maximum growth usually occurs
after incubation for 3-4 days.

METABOLISM

Examinations of the metabolism of glucose and CO2 by
A. naeslundii (A. israelii) were made by Buchanan and
Pine (1965, 1967). Considerable interest has been shown

by oral microbiologists in the biochernistry and
physiology of A. viscosus and A. naeslundii (Brown et al.
1975; Kiel and Tanzer 1977; Mrller and Somers 1978;
Birkhed et al. 1979; de Jong et al. 1988; van der Hoeven

and Gottschal, 1989; van der Floeven and van den
Kieboom 1990; Takahashi and Yamada 1992; Watson

et al. 1993). Nothing is known in detail of the metabolic
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activities of the more recentlv described soecies of

Actinomyces.

Actinomyces spp. are fermentative, generally utilizing

carbohydrates anaerobically in the presence of CO2 or

HCO3- to produce formic, acetic, lactic, and succinic

acids. Separation of Actinomyces spp. and Actinobaculum

spp. from related genera (e.9. Rothia) can be very difficult

without the demonstration of succinic acid as endproduct
(Sarkonen et al. 2001). Cultural conditions influence the

amounts of these acids detected. The level of succinate in

anaerobic cultures depends on the concentration of CO2

or HCO3- available, whereas under aerobic conditions

with CO2, acetate is the major acid produced by A.

israelii. Succinate is generated by A. viscosas via the

succinate pathway (Brown and Breeding 1980). In A.

viscosus, the stimulation of glycolysis by HCO3- has been

related to enhanced activation of glyceraldehyde-3-phos-

phate dehydrogenase, resulting from the more efficient

regeneration of NAD in the presence of bicarbonate
(Takahashi and Yamada 1,992). Ditferent species can

show variation in the pattern of acid products: A. suis

may produce only trace amounts of succinate and strains

of A. meyeri may not form lactic acid.

Sugar transport in A. viscosus is via a phosphoenolpyr-

uvate phosphotransferase system and this organism also

has an alternative system for sugar transport (Hamilton

and Ellwood 1983). Actinomyces spp. ferment a wide

range of carbohydrates, including mono-, di-, and trisac-

charides, sugar alcohols, and some polysaccharides (see

Tables 41.4 and 41.5). Some strains degrade starch (see

Tables 41.4 and 41.5) and human oral strains produce

enzymes that degrade levans (Miller and Somers 1978)

and glucans (Johnson 1990). Genes for a neuraminidase
(Henningsen et al. 1991; Yeung 1993) and a sucrase-fruc-

tanase (Norman et al. 1995) have been characterized

from a strain of A. viscosus. Strains of A. viscosus from

animals produce extracellular polysaccharides (van der

Floeven 1974; Birkhed etal.1979).

Generally, Actinomyces spp. do not degrade proteins

(see Tables 47.4 and 41.5). They are also limited in their

abilities to decarboxylate or deaminate amino acids,

except for the production of ammonia from arginine.

Only few species hydrolyze urea.

CELL WALL COMPOSITION; ANTIGENIC
STRUCTURE

Cell wall composition

Actinomyces spp. have cell walls typical of gram-positive

bacteria. Species may have one of the types of mucopep-

tide based on the amino acid at position 3 of the stem
peptide and the interpeptide bridge (Schleifer and

Kandler 1972; Schleifer and Seidl 1985): Lys-Lys-D-Asp
(A. bovis); Orn-Lys-o-Glu (Actinomyces radingae,

A. israelii, A. gerencseriae, A. viscosus, A. naeslundii,

A. odontolyticus, A. hyovaginalis); whereas arcano-

bacteria have Lys-Ala-Lys-o-Glu (A. pyogenes, A.

bernardiae). The type strain of A. radingae has an

unusual mucopeptide structure which has not been

described previously (Wiist et al. 1995).

Neutral carbohydrate accounts for 2545 percent by

weight of the cell walls of A. israelii, A. gerencseriae, A.

naeslundii, A. viscosus, and A. bovis and there is no

evidence that teichoic acids are present. The wall poly-

saccharide component can be extracted with trichlor-

acetic acid and yields of 524 percent by weight

(Bowden et al. 1976; Bowden and Fillery 1978) are

obtained. These polymers can contain one or more

carbohydrates, with traces of amino sugars. The compo-

sition of the wall carbohydrate reflects, to some extent,

the species of origin (Table 4t.2).

Antigenic structure

Serological analysis has been used for decades to aid the

identification and serotyping of Actinomyces spp. (Slack

and Gerencser 1975; Gerencser 1979; Schaal and Gatzer

1985; Johnson et al. 1990). In general, the technique used

has been fluorescent antibody (FA) staining, with poly-

clonal absorbed sera. However, FA staining gives no

information on the nature of the antigens that have been

demonstrated and absorbed sera do not reveal the

numbers of antigens common to different species. Cross-

reactions between Actinomyces spp. demonstrated predo-

minantly by FA are shown in Table 41.3. Serological tech-

niques that demonstrate the nature and extent of

antigenic relationships between bacteria (Bowden 1993)

have also been used to examine Actinomyces spp. These

include immunodiffusion (Bowden et al. 1976;' Schaal and

Gatzer 1985); crossed immunoelectrophoresis (Holmberg

et al. I975a; Bowden and Fillery 1978); Western blotting

(Putnins and Bowden 1993); and FA staining with mono-

clonal antibody (Firtel and Fi l lery 1988).

Actinomyces spp. have carbohydrate and protein anti-

gens associated with the cell wall. In Actinomyces denti-

colens, Actinomyces howellii, A. israelii, A. gerencseriae,

A. naeslundii, A. odontolyticus, and A. viscosus

(Cummins 1962; Bowden et al. t976; Bowden and Fillery

1978; Fillery et al. 1978; Putnins and Bowden 1993), the

carbohydrate antigens are responsible for both species-

specific and crossreactions. A. israelii and A. gerencsertae

(A. israelii serotype II) share a common carbohydrate

antigen, but A. gerencseriae has a second species-speciflc

rhamnose-containing antigen (Bowden and Fillery 1978).

Actinomyces, as typified by A. naeslundii and A.

viscosus, have a complex mixture of surface antigens and

epitopes (Firtel and Fillery 1988). Many of these are

proteins, which can be extracted from isolated cell walls

(Figure 41..2). In A. naeslundii, A. viscosus, A. howellii,

A. denticolens, and A. slackii, the protein antigens are

responsible for species-specific and crossreactions
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Ta b le 41 .2 Cell wall components and f ermentation products of some Actinomyces specles and other genera

Signif icant cel l  wal l  components

Genera and species Amino acids'

Actinobaculum

A. suis
Actinomyces

A. bovis

A. denticolens
A- georgiae

A. gerencseriae

A. hordeivulneris

A. howellii

A. israel i i
A. meyeri

A. naeslundii

A. neui i
A. odontolyticus
A. radingae
A. slackii

A. turicensis
A. viscosus

Arcanobacterium

Rham, 6-Deoxyt, (Gluc)d Ac, Lac, Suc

Corynebacterium

Rothia

Ala, Lys, o-Glu

Ala, Lys, o-Asp
Ala, Lys, Orn, o-Glu
Not known
Ala, Lys, Orn, o-Glu
Ala, Lys, Orn, o-Glu
Ala, Lys, Orn, o-Glu
Ala, Lys, Orn, o-Glu
Not known
Ala, Lys, Orn, o-Glu
Not known

Ala, Lys, Orn, o-Glu

Ala, Lys, Orn,r o-Glu
Ala, Lys, Orn, o-Glu
Ala, Lys, Orn, o-Glu
Ala, Lys, Orn, o-Glu
Ala, Lys, o-Glu

meso-DAP

Ala, Lys, o-Glu

CarbohydratesD

Rham

Rham

Not known

Gal ,  Rham

Gluc ,  Ga l
Gluc ,  Rham

Gluc ,  Ga l

Not known

Not known

Gluc ,  Rham,  (Ga l )

Not known

Not known

Gal ,  Arab

Gal ,  G lu ,  Fruc

Acid products from
fermentation'

Form, Ac

Ac, Lac, (Suc)

Ac, Lact, Suc
Ac, Lac, Suc
Ac, Lact, Suc
Ac, Lac, (Suc)

Ac, Lac, Suc
Ac, Lac, Suc

Lac, Suc
Ac, Lac, (Suc)

Lac, 5uc

Ac, Lac, (Suc)

Ac, Prop, Suc
Ac, Prop, Lac, Suc
Ac, Lac, (Suc)

Rham, 6-Deoxyt, ' (Gluc) Ac, Lac, Suc
Not known Ac, Lac, Suc
Glu, Man, Rham, 6-Deoxyt Ac, Lac, Suc

Glu, Rham, 6-Deoxyt, (Man, Gal) Ac, Lac, Suc

Propionibacterium L-DAP, Gly (meso-DAP) Glu, Gal, Man, Rham

a) Amrno acids:  Ala,  a lanine;  Asp,  aspart ic  acid;  Glu,  g lutamic acid;  Gly,  g lyc ine;  Lys,  lys ine;  L-DAP, r -d iaminopimel ic  actd;  meso-DAP, meso-
d am,nopime rc ac d;  Orn,  o 'n i th ine
b) Carbohydrates:  Arab,  arabinose;  Fuc,  fucose;  Fruc,  f ructose;  Gal ,  galactose;  Gluc,  g lucose;  Man, mannose; Rham, rhamnose; 6-Deoxyt ,
6-deoxytalose
c) Acids produced in presence of C02 for most species: Ac, acetic; Form, formic; Lac, lactrc; Prop, propionic; Suc, succinic
d) (  ) ,  presence var iable or  present in t race amounts
e) 6-Deoxytalose may not be present in all stra ns
f) A new peptidoglycan type, ornithine may replace lysine in posrtion 3 of the stem peptide

Tabf e 41.3 Serological crossreactions among Actinomyces species

Antiserum Crossreacting species or serotypea

A. israel i i  A. gerencseriae, A. israel i isubtypes,b A. naestundii  genosp. 1, 2
A. gerencseriae A. israel i i ,  A. israel i isubtypes, A. naeslundi igenosp. 1, 2
A. naeslundi i  genospecies 1'
A. naeslundii serotype I A. gerencseriae, A. israeliisubtype 1c, A. naeslundii genosp. 2
A. naeslundii genospecies 2'
A. naeslundi iserotype l l  A. naeslundi iserotypes I and l l l ,  'A. viscosus serotype l l '
A. naeslundi iserotype l l l  A. naeslundi i  serotypes I and l l
'A. viscosus serotype l l '  A. gerencseriae, A. israel i i ,  A. israel i isubtypes lb, c, A. naeslundi i  serotypes l ,  l l ,  and

lll, A. bovis serotype l, A. meyeri, Actinomyces serotype NV
A. viscosus A. naeslundii genospecies 1, ' A. viscosus serotype ll'
A. odontolyticus serotype I A. israelii,' A. viscosus serotype ll'
A. odontolyticus serotype ll A. israelii subtype 1c,' A. viscosus serotype ll', A. bovis serotype ll
A- bovis serotype I A. viscosus, 'A. viscosus serotype ll, , A. meyeri
A. bovis serotype ll A. bovrs serotype l, A. naeslundii serotype ll
A. hordeivulneris A. israelii, A. gerencseriae, A. viscosus,'A. viscosus serotype ll'

a) lt is possible that protein antigens cornmon to most of the species and serotypes exlst and could be demonstrated by Western blotting (Putnins and
Bowden 1 993)
b) See Schof e ld and Schaal  (1 981 )  and Schaal  and catzer (1 985)
c)  The genospecres as defrned by Johnson et  a l  (1990) Data also taken f rom Gerencser (1979) and Schaal  (1986)
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A i s  1  2  3  4  5  6  7

Figure 41.2 Western b/ot of Actinomyces ce// wall extracts Cell wall protein extracts (Putnins and Bowden 1993) of A israelii,
A naeslundii genospecies 1 and 2 and A viscosus The extracts are shown in pairs, the left lane of each parr was reacted with
A viscosus (ATCC 15978) antiserum ancl the right lane with the A viscosus antiserum absorbed wth A israelii (NGB 17) cell walls

Lanes.A is  (A  is rae l i i )  l ,2 ,3 ,4 ,and6, representa t ivesof  A  naes lund i i  genospec ies2 ;5A naes lund i i  genospec ies l (ATCC121

and 7, A viscosus (ATCC 15987) The results demonstrate wide crossreactivity among the strains and that many of the antigens are

common between A israelii, A naeslundii, and A viscosus Molecular mass standards (kDa) left and right
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(Putnins and Bowden 1993). Western blotting has

revealed crossreactions between A. israelii and other

species (Figure 41,.2). Perhaps the best defined antigens

of Actinomyces are the surface limbriae of A. viscosus

and A. naeslundll (Masuda et al. 1983; Yeung and Cisar

1990; Yeung 1992). Lrttle is known of the antigens of the

more recently described Actinomyces spp

Two types of fimbriae (types 1 and 2), which are anti-

genically distinct, can be detected on the cell surface of

strains of -4 naeslundii and A. viscosus (Cisar et al.

1991). Strains of .4. naeslundii genospecies 2 isolates

have both types 1 and 2 f,mbriae, whereas those typical

of A. naeslundll genospecies 1 only carry type 2. Testing

strains using specilic antibody against the fimbriae shows

their wide distribution among strains of A. viscosus and

A naeslundi l  (Masuda et al.  1983; Cisar et al.  1991).

Moreover, studies using a type 1 subunit-specific probe

and specific antibody confirmed that the subunit was

conserved among strains of A. viscosus and A. naeslundii

from oral habitats in humans and animals and absent in

A. israelii and A. odontolyticus (Yeung 1992).

SUSCEPTIBI LITY TO ANTI MICROBIAL
AGENTS

Those Actinomyces spp. that have been tested are

susceptible to a wide range of antimicrobial agents
(Schaal 1986). Actinomyces spp. are highly sensitive to

the B-lactam antibiotics and have a high to moderate

sensitivity to tetracyclines, chloramphenicol, macrolides,

lincomycins, fusidic acid, and vancomycin. Generally,

the organisms are resistant to aminoglycosides and

metronidazole Actinomyces spp. are very infrequently

reported to acquire or to develop antibiotic resistance.

The antibiotic sensitivities of A. meyeri and A. hordei-

vulneris are similar, although they have not been exam-

ined in detail. Both these species are sensitive to peni-

cillin G, tetracycline, and chloramphenicol; the former

has also been shown to be sensitive to erythromycin and

clindamycin. Abc. suis is sensitive to penicillin G, ampi-

cillin, erythromycin, tetracycline, chloramphenicol, and

clindamycin. Among the more recently described Acli-

nomyces spp., A. neuii is susceptible to clindamycin,

erythromycin, penicillin G, rifampicin, and vancomycin

(Funke et al.  1993).

CLASSIFICATION

The gradual expansion and development of chemotax-

onomy revolutionized the classification of actinomycetes.

Traditional morphological characters had proved less

than satisfactory in classification and chemotaxonomy

was significant in defining these organisms at the level of

the genus (Goodfellow and Cross 1984; Goodfellow and

Minnikin 1985). Analysis of acid endproducts (Bowden

and Hardie 1978; Schaal 1986), cell wall composition

(Bowden and Hardie 1978), and peptidoglycan structure

(Schleifer and Kandler 1972; Schleifer and Seidl 1985) of

Actinomyces resulted in a more precise definition of the

genus. Revisions to the genus were made, based on

chemotaxonomic characters, e.g. Actinomyces ericksonii

was shown to be a Bifidobacterium and Actinomyces

propionicus, originally reclassified as Arachnia propio-

nica, was subsequently named Propionibacterium

propionicus. Methods to determine chemotaxonomic

characters that aid the classification of Actinomyces are

now well established (Goodfellow and Minnikin 1985;
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Goodfellow and O'Donnell 1993) and include cell wall
composition, acid endproducts, protein profiles of whole
cells, and nucleic acid analysis.

In a numerical taxonomic study, Schofield and Schaal
(1981) examined 134 strains of Actinomyces. A. israelii
strains fell into a single, well-defined cluster, which
could be subdivided into subclusters a-d, suggesting
differences among the strains. Schaal and Gatzer (1985)
confirmed the subdivisions among A. israelii and Schaal
(1986) described them as'subspecies,' the first two being
represented by A. israelii serotypes I and II, the others
being new groups. The majority @5 of 67) of strains of
A. naeslundii and A. viscosus were recovered in two
main clusters at 82.5 percent similarity. This similarity
among strains of A. naeslundii and A. viscosus supported
an earlier observation by Fillery et al. (1978) who had
demonstrated an 88 percent similarity between 35
human isolates of A. viscosus serotype II and ,4.
naeslundii. In this study, a separate cluster of three
animal strains, including the type strain of A. viscosus
serotype I, reacted only with A. viscosus serotype I anti-
sera and the authors suggested that A. viscosus serotype
I could represent a distinct group of animal organisms.
By contrast, the human strains of A. viscosus, i.e. sero-
type II, and A. naeslundii could be seen as serotypes,
rather than separate species. However, Schaal (1986)
believed that A. naeslundii and A. viscosus should be
retained as separate species. A. odontolyticas strains
were recovered by Schofield and Schaal (1981) in a
single cluster, as were three of four strains of A. bovis.

Buchanan et al. (1984) studied Actinomyces isolates
from infections in dogs and found a group of strains (A.
hordeivulneris) that were distinct from previously
described species. Strains from healthy cattle were
examined by Dent and Williams (1984a, b, c, 1986).
Using chemotaxonomic and biochemical tests and DNA
homology, they described three new species: A. dentico-
lens, A. howellii, and A. slackii. A. meyeri (Cato et al.
1984) was the last species included by Schaal (1986) in
his detailed review and definition of the genus.
However, the two organisms 'Actinomyces szls' and
'Actinomyces humiferus' were considered by Schaal to
be species incertae sedis. 

-[he 
latter species has been

shown to belong to the genus Cellulomonas (Collins and
Pascual 2000).

Johnson et al. (1990) studied human oral Actino-
myces isolates, some of which did not conform to named
species or react with standard antisera. Two new species
were described: A. gerencseriae, to include isolates
previously described as serotype II of A. israelii, and
Actinomyces georgiae, to include organisms from the
periodontal flora, previously called 'Actinomyces D08,.
These authors made a clear distinction between the
animal organism A. viscosus serotype I and A. naeslundii
and human strains of A. viscosus (serotype II). A.
viscosus serotype I was retained as a distinct species,
which was in accord with some numerical data (Fillerv

et al. 1978). They also showed a close relationship
between A. naeslundii serotypes II and III, human strains
of A. viscosus (serotype II) and serotype Actinomyces
NV, which they considered to be examples of the same
species. Because differentiation between strains in this
latter group and A. naeslundii serotype I could be made
only on the basis of serology and not on reliable pheno-

typic tests, they proposed two genospecies: A. naeslundii
genospecies 1 to include A. naeslundil serotype I, and
genospecies 2 to include the other group of human
strains. Actinomyces WVA 963 was proposed as a third
genospecies. The proposal by Johnson et al. (1990) for,4.
viscosus and ,4. naeslundii was supported by calculation
of their antigenic similarities (Putnins and Bowden 1993).

The most recent method to be applied to Actinomyces
classification has been the determination of phylogenetic

relationships using data from sequence analysis of 165
rRNA (Embley and Stackebrandt 1994; Stackebrandt
and Charfreitag 1990). The plethora of Actinomyce.r spp.
described in recent years (see Tables 41.1 and 41.5) has
been defined on extensive comparative 165 rDNA data.
Undoubtedly, phylogenetic data have already made
major contributions to the classification of Actinomyces.
However, Embley and Stackebrandt (1994) emphasize
the need for a polyphasic approach to bacterial classifl-
cation, using genotypic and phenotypic features.

LABORATORY ISOLATION AND
IDENTIFICATION

lsolation

Schaal (1984) discusses the laboratory diagnosis of
diseases caused by actinomycetes, includrng Actino-
myces. Detection of Actinomyces in clinical specimens
by FA avoids the need for culture (Gerencser 1979) and
has been particularly successful in demonstrating these
organisms in samples from infections involving intra-
uterine devices (Leslie and Garland 1991). In general,
isolation of Actinomyces from clinical and other speci-
mens is relatively easy if certain criteria are met. These
include: appropriate sample taking and transport; use of
high quality media, or in certain cases selective media;
incubation in an atmosphere with CO2 or in broth media
with HCO3-; incubation for a sufficient period of time;
adequate spreading of sample on solid media; and
careful examination of colonies. Usually Actinomyces
will survive well in clinical samples, providing that
oxygen is excluded and the samples do not dry. In the
past, Actinomyces spp. were thought of as pathogens in
pyogenic mixed anaerobic infections, with some
emphasis placed on actinomycosis. Whereas the newly
described species are often associated with mixed anae-
robic infections, recent revisions in classiflcation mean
that Actinomyces may be encountered in samples from
other sources.
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Samples of pus or exudate from mixed infectrons can

be examined for the presence of macroscopic masses of

filaments, which appear as granules (sulfur granules or

druzen) and are typical of actinomycosis (Slack and

Gerencser 1975; Schaal 1984). Plating of a granule will

often provide an enriched culture of Actinomyces. In the

absence of obvious granules, samples may be plated

directly, or after dilution in broth or reduced transport

fluid (RTF) (Loesche et al. 1972). Isolation of individual

colonies of Actinomyces from mixed samples is made

easier if dilutions of the sample are plated. A simple

spreading technique is usually effective. Samples of

blood or swabs are dealt with in the normal way, taking

care that the media, cultural conditions, and time of

incubation are appropriate. Reliable recognition of Acti-

nomyces colonies among those in mixed samples

depends on experience. It is a good idea to grow known

culture collection strains on the media that are being

used for isolation. in order to become familiar with their

colony forms.

Samples from the oral cavity can include dental
plaque from different areas of the dentition, saliva,

swabs of mucosal surfaces, and plaque taken from the
gingival margin and subgingivally. Plaque can be

removed by the use of sterile dental scalers, abrasive

strips (Bowden et al. 1975), and dental floss. Various

methods have been used to remove subgingival samples
(Tanner and Goodson 1986). Oral samples are usually

placed into RTF, suspended by mild sonication and

diluted further in RTF, before plating.

Actinomyces spp. can be isolated on most good quality

digest nutrient agar media that are enriched with serum

or blood. Very often these standard media include

hemin and vitamin K1 (Holdeman et al. 1977). Schaal
(1984, 1986) recommended the CC medium of Heinrich

and Kurth, and Tarozzi broth; details of the preparation

of these media are given by Schaal (1986). Currently,

although selective media are available for some Actino-

myces spp., their use is restricted to oral samples and

they are not commonly used in clinical laboratories.

Selective media have been designed to isolate actino-

mycetes (Beighton and Colman 1976) or, more specifi-

cally, A. naeslundii and A. viscosas (Ellen and Balcerzak-

Raczkowski 1975; Kornman and Loesche 1978; Zylber

and Jordan 1982) from oral samples. The medium of

Beighton and Colman (1976) will support the growth of

strains of .4. israelii, A. naeslundii, A. viscosus, A. odonto-

lyticus, and other oral pleomorphic gram-positive rods

such as Propionibacterium (Arachnia), Rothia, and Cory-

nebacterium. The media designed specifically for A.

viscosus and A. naeslundii are not completely selective;

they will all support some other oral organisms.

ldentif ication

The identification of Actinomyces spp. has always
presented a problem due to the lack of reliable, readily

available tests to differentiate the species. Unfortunately,

isolates are often identified on the basis of a few characters.

Facultative or obligatory anaerobic gram-positive

pleomorphic rods can be assigned to a genus by analysis

of acid endproducts (Holdeman et al. t97l; Bowden and

Hardie 1978; Schaal 1986; von Graevenitz et al. 1994).

This well accepted, relatively simple technique is routine

in most laboratories. Typically, Actinomyces spp.

produce signiflcant amounts of succinic acid when they

are grown anaerobically in the presence of CO2 or

HCO3-. There are exceptions (see Table 41.2) and

gram-positive pleomorphic rods included in other genera

can produce succinate (von Graevenitz et aI. 1994).

Despite these limitations, the analysis of acid endpro-

ducts remains an invaluable aid in assigning isolates to a

genus. A second chemotaxonomic test that has not

gained regular acceptance in routine or reference

laboratories, perhaps because it is thought to be too

complex, is determining cell wall composition. However,

rapid methods for both preparation and analysis of Acti-

nomyces walls (Boone and Pine 1968; Bousfleld et al.

1985) and murein (mucopeptide) (Schleifer and Seidl

1985) have been described. Cell wall and endproduct

analyses can be particularly valuable in differentiating

Actinomyces from other gram-positive pleomorphic rods

(see Table 41.2).

A valuable technique in the classiflcation of bacteria,

which is becoming more routine in identiflcation, is elec-

trophoresis of whole cell proteins and enzymes

(Vauterin et al. 1993). The apparatus is simple.

Adequate comparisons of protein profiles can be made

visually initially and this technique has been used to

characterize Actinomyces (Dent and Williams I984a, b,

1986; McCormick et al. 1985). Although analysis of the

cellular fatty acid composition is used to support identifl-

cation of pleomorphic gram-positive rods (Bernard et al.

1991; von Graevenitz et al. t994) and details are avail-

able on the fatty acids of Actinomyces spp., such

analyses are not in general use due to the laboratory

equipment required.

Very often, Actinomyces spp. have to be identifled on

the basis of phenotypic tests. However, species give vari-

able results in many of the tests, which makes them of

limited value. Johnson et al. (1990) noted 'that it

continues to be exceedingly difflcult to differentiate

among the described species of Actinomyces by usual

phenotypic tests, although a few tests are helpful.'

Tables 4t.4 and 41.5 list some selected tests that can be

valuable in speciating isolates identified as Actinomyces

on the basis of acid endproduct analysis. It is recom-

mended that the original references (see Table 4l.L) are

consulted whenever possible, to obtain specific details

and it must be borne in mind that test results may vary,

depending on the media employed.

In many routine laboratories, commercial systems are

used for identifying Actinomyces spp. on the species

level. Santala et al. (2004) have recently demonstrated
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that the most frequently used commercial identification
systems all perform poorly, mainly due to not having
included the recently described new Actinomyces spp. in
their databases.

FA staining has provided one of the most useful
methods for identifying isolates of Actinomyces and for
direct demonstration of these organisms in clinical
samples (Gerencser 1979; Schaal 1984; Leslie and
Garland 1991). Techniques such as gel diffusion
(Bowden et al. t976; Schaal and Gatzer 1985) and
crossed immunoelectrophoresis (Holmberg et al. 1975a,
b) have also been used in identiflcation. Simple whole
cell slide agglutination (Putnins and Bowden 1993) has
been shown to be useful for differentiating the two
genospecies of A. naeslundii.

A few studies have explored the possibility of the
serodiagnosis of actinomycosis caused by A. israelii.
Early studies by Colebrook (1920) showed that patient's

serum contained antibodies to A. israelii and, more
recently, Holmberg et al. (1975b) have used crossed
immunoelectrophoresis to diagnose A. israelii infections.
Persson and Holmberg (198ab) evaluated crossed and
countercurrent electrophoresis for the detection of
genital actinomycosis and showed 98 percent specificity
with 83 percent sensitivity. Weil and Schaal (1990)

detected significant levels of antibodies to A. viscosus
and A. naeslundii in 16 and 2 percent of healthy
subjects, respectively. No significant responses were
detected against A. israelii antigens.

Despite the ease of use and the specificity of serolo-
gical methods in identiflcation, there are drawbacks. A
major one is the availability and standardization of anti-
sera. Sera are not generally available. Also, sera can
vary in their reactivity and specificity even when raised
against a standard strain (Johnson et al. 1990). These
authors also point out that Actinomyces isolates from
the human gingival crevice may be phenotypically

similar to some accepted species, but they fail to react or
crossreact only weakly with the standard sera. Thus, the
range of antisera available needs to be extended
constantly to include new species.

TYPING METHODS

Historically, serology has been the most widely used
method to type Actinomyces spp. and recently genetic

typing methods are also being applied to Actinomyces.

Serotyping

Several Actinomyces spp. are known to include serotypes
(see Table 41.3) (Gerencser 1979; Schaal and Gatzer
1985). Little is known of the antigens that define the sero-
types. Perhaps the most complex group of Actinomyces
with regard to serological subdivisions are those desig-
nated A. naeslundii genospecies I and 2 and phenotypi-

cally similar organisms (Johnson et al. 1990). It is
apparent that A. naeslundii genospecies 2 (see Table 41.3)
represents an antigenically heterologous group of organ-
isms, with 33-79 percent antigenic similarity among
strains (Putnins and Bowden 1993). A. naeslundii getos-
pecies 1 could be more antigenically homogeneous,
because to date it seems to include only strains of A.
naeslundii serotype I. Little is known of the serological
diversity among the more recently described Actino-
myces, althotrgh A. denticolens, A. howellii, A. slackii
(Putnins and Bowden 1993), and A. hordeivulneris
(Buchanan et al. 1984) appear to be homogeneous. Little
is known of any specific relationships between Actino-
myces serotypes and pathogenicity. Details of the
distribution of Actinomyces species. genospecies, and
serotypes in humans with healthy or diseased gingivae
are given by Johnson et al. (1990). A. naeslundii serotype
I (genospecies L) appears to be more closely associated
with the tooth surface than genospecies 2.

Genetic typing

It is obvious that genetic typing and identification will

largely replace serotyping for recognizing groups, types,

and specific strains within Actinomyces spp. Actinomyces

spp. have been typed by restriction fragment length

polymorphism (RFLP) analysis of total DNA (Barsotti

et al. 1993), and ribotyping (Bowden et al.1993; Barsotti

et al. 1994). With endonucleases BamHl and PvuII, over

130 ribotypes have been identified among 410 strains of

A. naeslundii genospecies 1, and 2 (Johnson et al. unpub-

lished). Barsotti et aI. (1994) also ribotyped 64 strains of

Actinomyces in a taxonomic study. Comparisons showed

A. gerencseriae, A. israelii, A. meyeri, and A. odontoly-

ticus to be distinct species. However, A. naeslundii and

A. viscosus were not clearly differentiated. Hall et al.

(1999, 20Ol) established an Actinomyces typing system

based on amplified 165 ribosomal DNA restriction

analysis (ARDRA) applying restriction enzymes HaellI

and HpaII.

ROLE IN THE NORMAL FLORA OF
HUMANS

Actinomyces spp. are common in the mouths of humans

and animals (Bowden et al. t979; Dent and Marsh 1981).

They form a significant component of dental plaque on

the tooth surface and, together with the other compo-

nents of the normal flora, aid in the protection of the

host from colonization by exogenous pathogens.

Samples from healthy sites on the gingivae harbor high

proportions of several Actinomyces taxa, most of which

can be considered to be associated with gingival health

(Socransky et al. t982; Dzink et al. 1988; Moore et al.

1991; Socransky and Haffajee L992). Actinomyces play a

significant role in the accumulation of dental plaque,



1018 Actinomyces and related genera

where their early colonization of the tooth surface and
specific interactions with other oral organisms contribute
to the composition of the community on the tooth
surface (Kolenbrander and London 1992; Kolenbrander
1993). A naeslundii genospecies I and 2 will coag-
gregate with a variety of other oral bacteria (Eifuku et al.
1990; Jenkinson et al. L993; Hsu et al. 7994), oral epithe-
lial cells, and salivary pellicles, via the type 2 fimbriae
which can show subtle structural variations (Stromberg

et al. 1992). The type 1 fimbriae on A. naeslundii geno-

species 2 also promote attachment to tooth surfaces
through interaction with acidic proline-rich proteins and
statherin (Gibbons et al. 1988) and collagen (Liu et al.
1991.). Data (Li and Bowden 1995) on in vitro biofilms
of A. naeslundll suggest that biofilms of these organisms
are significantly more resistant to removal by shear
forces than streptococci, suggesting a role for Actino-
myces in maintaining the integrity of oral biofilm
communities.

PATHOGENICITY AND VIRULENCE

Traditionally, actinomycotic infections in humans have
been viewed as mixed, involving predominantly A.
israelii and A. gerencseriae with A. naeslundii, A.
viscosus (A. naeslundil genospecies 2), and A. odontoly-
ticus playing minor roles (Slack and Gerencser 1975;
Bowden 1984; Schaal and Beaman 1984; Schaal 1986).
The lesions of actinomycosis occur most commonly in
the cervicofacial region, perhaps reflecting the oral
habitat of Actinomyces, although infections may occur at
any site in the body (Schaal 1986; Leslie and Garland
199I). A. meyeri and some of the more recently
described Actinomyces spp. can also be isolated from
abscesses in different areas of the body.

The pathogenesis of actinomycotic infections is based
on the concept of an endogenous etiology with hemato-
genous spread of the organisms from the oral cavity
(Bowden 1984). However, it now seems likely that A.
israelii can persist in the genital tract of healthy females
(Persson and Holmberg 1984a) and this could be the
source of the organism for infections at this site.
Although some of the more recently described Actino-
myces spp. are isolated from mixed infections (e.9. A
turicensis, A. radingae), they can also occur alone (Sabbe

et al.  1999).

Actinomyces spp. have also been proposed to have a
role in two widespread human diseases, root surface
caries, and periodontal disease. There is an extensive
Iiterature on the bacterial etiology of periodontal
diseases (Holt and Bramanti 1991; Moore et al. 1991;
Socransky and Haffajee 1992) and although some Acti-
nomyces spp. may be found in higher numbers in asso-
ciation with lesions, the majority are not suggested to
play a direct role (Dzink et al. 1988; Moore et al. 1991).
In periodontal diseases, Actinomyces spp. are thought to
contribute to plaque development and perhaps through

the increase in plaque mass, to gingivitis. Also, through

coaggregation they promote colonization of the gingival

crevice by gram-negative anaerobic putative periodontal

pathogens (Slots and Gibbons 1978; Ellen et al. 1988). In

root surface caries, Actinomyces spp. are found in

samples from lesions (Bowden L990; van Houte et al.

1,994) and one experimental model has shown that Acti-

nomyces spp. can dominate the flora of lesions in root

tissue (Nyvad and Kilian 1990).

Infections resembling actinomycosis occur in a variety

of animals (Slack and Gerencser 1975; Schaal 1986),

although the causative organisms have not always been

isolated. The most well known is bovine actinomycosis

or 'lumpy jaw'; the major pathogen is ,4. bovis, bui A.

israelii can cause bovine infections. A. viscosus has been

reported to cause infections in cats and dogs, although

A. hordeivulnerls seems to be particularly associated

with canine actinomycosis. Although A. suis (Ludwig

et al. 1992), previously E. suis, is a well known pathogen

in pigs, it has phenotypic characters distinct from the

original description by Franke (1973). Another porcine

pathogen, A. hyovaginalls, has been described from

purulent vaginal discharges and aborted fetuses (Collins

et al.  1993).

Experimental infections have been produced in a wide

range of animals (Slack and Gerencser 1975), but mice

seem to be the most reliable in terms of susceptibility

(Behbehani and Jordan 1982). A guinea pig groin

(Grenier and Mayrand 1983) and implanted chamber

models (Figdor et al. 1992) have been used to study

infections with ,4. israelii. This organism will usually

produce lesions typical of actinomycosis, but the mice

may not die and the infection usually resolves. A.

naeslundii, A. viscosus, and A. odontolyticus may

produce abscesses in mice, but they are less aggressive

than A. israelii. A. viscosus and A. naeslundii have been

associated with periodontal tissue destruction and root

caries in experimental infections.

Those Actinomyces that have been tested in experi-

mental animals cannot be regarded as particularly viru-

lent pathogens. There has been considerable discussion

on the role that ancillary organisms may play in enhan-

cing the virulence of Actinomyces. Some studies have

suggested nutritional interactions (Mayrand and

McBride 1980), others that the granules of Actinomyces

play a protective role (Jordan and Kelly 1983; Figdor

et al. 1992) or that gram-negative organisms enhance the

survival of Actinomyces (Jordan et al. 1984). In one

study of experimental mixed infections, A. israelii was a

component of mixtures of bacteria that produced

abscesses, but it was not essential for abscess formation

(Grenier and Mayrand 1983).
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BIFIDOBACTERIUM

GENUS DEFINITION

Bffidobacterium spp. arc pleomorphic gram-positive rods
showing true and false branching. They are nonmotile and
nonsporing. Most species are strictly anaerobic; they grow
between 20 and 45"C with optimum growth at 38"C. The
organisms are aciduric, but killed by heat at 60'C in 5 min.

They ferment various carbohydrates with production of

acetic and lactic acids in the ratio 3:2. CO2is not produced.

Glucose metabolism is characteristically and exclusively

by the fructose-6-phosphate shunt. There is no proteolytic

activity. They do not form oxidase, indole, or H2S and are

generally nonpathogenic to man and animals. Bifido'

bacterium spp. are normal flora of the mouth and intestine.

The G + C content of the DNA is approximately 60

molh . The type species is .Brf d o b a c t e r ium b ifi dum'
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INTRODUCTION AND HISTORICAL
PERSPECTIVE

The first member of this genus to be recognized was
isolated from infants' stools by Tissier (1900), who called
it Bacillus bffidus. The classification of the bifidobacteria
has presented difficulties, but most workers consider that
the bifidobacteria should be classed in a genus of their
own, as suggested by Orla-Jensen (1924). This has been
confirmed by phylogenetic studies that have demon-
strated that the bifidobacteria are confined to a single
deep cluster within the phylum Actinobacteria (Cole
et al. 2003). Furthermore, all the bifldobacteria share the
property peculiar to them among the nonsporing gram-
positive anaerobes of degrading glucose by the fructose-
6-phosphate shunt. Species definitions have been the
subject of extensive revision. There are currently 28
species, ten of which have been isolated from humans.
Bifidobacteria make up a high proportion of the bacteria
in the gut flora of human infants and adults. The protec-
tive effects of bifidobacteria against enteric infection and
cancer are now widely appreciated and the inclusion of
bifidobacteria in probiotic products is widespread.

HABITAT

Bifidobacteria are found in the human mouth, the lower
gut of humans and animals, and in sewage; they are
occasionally isolated from clinical material.

MORPHOLOGY

A wide variety of cell morphologies are displayed and
even a single strain may appear different under different
cultural conditions. The classic bifid club-shaped protu-
sions are shown by most species under conditions of
nutrient limitation. Otherwise, morphologies range from
the large, curved, irregular-shaped cells of B. bifidum
and the palisade arrangement of Bifidobacterium angu-
latum to the characteristic starJike clusters of Bifido-
bacterium asteroides. Although it has been suggested
that species identification is possible by examination of
cell morphology (Scardovi 1986), this is not recom-
mended without substantial experience of the genus.

ULTRASTRUCTURE

Electron microscopic examination of the ultrastructure
of B. bifidum and Bifidobacterium adolescentis rcvealed
some unusual features (Novik et al. 1,994). Strains of
both species exhibited an intracytoplasmic membrane
complex containing lamellar, myelinJike, and vesicular
structures. There were also numerous polysaccharide
and polyphosphate inclusions. Ultrastructural reorgani-
zation was seen in ageing cultures with hypersynthesis of
cell wall material, an increase in complexity and volume

of the intracytoplasmic membrane complex together
with structural changes to the nucleoid.

CU LTURAL CHARACTERISTICS

Most species are strict anaerobes, but a few species,
isolated from animals or bees, will tolerate 02 in the
presence of added CO2, growing in 90 percent air + 10
percent CO2.

METABOLISM

Biochemically, one of the more striking features of bifi-
dobacteria is the formation of acetic acid in addition to
lactic acid during the fermentation of glucose. This prop-

erty, and the failure to form detectable gas, separate the
bifidobacteria from the heterofermentative group of
Iactobacilli (Beerens et al. 1957). The absence of
propionic acid from the products of fermentation sepa-
rates Bifidobacterium from Propionibacterium. Glucose
is utilized by the fructose-6-phosphate shunt, and detec-
tion of fructose-6-phosphate phosphoketolase is the
most reliable test for assigning an organism to this genus
(for method, see Scardovi 1986). Urease production is
uncommon among human isolates, but ureolytic strains
occur in all species. Animal strains of Bifidobacterium
longum are most often strongly ureolytic. The catalase
reaction is usually negative, but some oxygen-tolerant
strains liberate 02 from H2O2 when grown in air + L0
percent CO2. Strains do not reduce nitrate. Many of the
bifidobacteria isolated from the human gut are able to
hydrolyze cholic acid and conjugated bile acids such as
sodium glycocholate and sodium taurocholate (Drasar

and Hill 1.974;Ferrari et al. 1980).

CELL WALL COMPOSITION; ANTIGENIC
STRUCTURE

Studies of cell wall murein of bifidobacteria have shown
that the amino acid composition of the peptide side chains
can be useful in species identification. However, other
chemotaxonomic techniques, such as the analysis of cellular
fatty acids and phosphoglycerides are not able to differ-
entiate species (Exterkate et al. 197 l;Y eerkamp 1971).

The antigenic structure is complex and most workers
have found a fairly high degree of strain specificity by
agglutination reactions. The antigens taking part in these
reactions are heat stable; the results are the same whether
living or boiled organisms are used for the preparation of
antisera. Unlike the lactobacilli. bifidobacteria do not
seem to contain an extractable precipitinogen.

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Bifidobacteria are uniformly susceptible to benzylpeni-
cillin, the macrolides and lincosamines, chloramphenicol
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and vancomycin, but are usually resistant to the amino-
glycosides, nalidixic acid, and metronidazole.

CLASSIFICATION

Study of the DNA composition reveals a G + C content

of 57-64 mol%, thus clearly differentiating the genus

from Lactobacillus (33-53 percent G + C) and Propioni-
bacterium (57-68 percent G + C). Substantial revision of
the classification has taken place in recent years, based

on phenotypic data augmented by genetic studies
including phylogenetic analysis of 165 rRNA and other
gene sequences and DNA:DNA relatedness. B. bifidum
and B. adolescentis have been shown to form distinct
genetic groups. The species, B. dentium, B. angulatum,
B. catenulatum, and B. pseudocatenulatum, which are
difficult to distinguish from B. adolescentis on the basis
of fermentation patterns, are genetically distinct from
each other and from B. adolescenrfu. The species B.

longum, B. infantis, and B. sais have been unified as a

single species, B. longum, divided into three biotypes
(Sakata et al. 2002). At present, 28 species in all are
recognized (Table 42.1). Of these, ten (8. bifidum, B.
breve, B. gallicum, B. longum, B. adolescentis, B. catenu-
latum, B. dentium, B. angulatum, B. pseudocatenulatum,

and B. scardovii) have been isolated from the human
mouth, feces, urine, or vagina; L2 other species have
been found in the intestines and feces of other verte-
brate animals, including pigs, cattle, chickens, and
rabbits. Three species are unique to the intestine of the
honey bee, two species have been found only in sewage

and one species has been isolated from an anaerobic
digester.

Two species, B. inopinatum and B. denticolens,
isolated from human dental plaque were proposed by
Crociani et al. (1996) but were subsequently found, on
the basis of HSP60 gene sequence relatedness, to each
represent novel genera, and were therefore transferred
to the genera Scardovia and Parascardovia, respectively
(Jian and Dong2002).

LABORATORY ISOLATION AND
IDENTIFICATION

The nutritional requirements of bifidobacteria are still
imperfectly known. Since the discovery that milk stimu-
lated the growth of B. bifidum, considerable attention
has been given to the study of 'bifldus factors' in human
milk, but these studies have added little to our knowl-

edge (Poupard et al. 1973). Bifidobacteria are very
heterogeneous in their requirements for growth factors

and vitamins; riboflavin and pantothenate are the most
common requirements, but nicotinic acid, pyridoxine,

thiamine, folic acid, and p-aminobenzoic acid may also

be needed (Scardovi 1986). Most species are able to use
ammonium salts as the sole source of nitrogen, but some

Tabfe 42.1 Current species of 'Bifrdobacterium'

Species

B. adolescentis

B. angulatum

B. catenulatum

B. gallicum

B. longum

B. bifidum

B. breve

B. pseudocatenulatum

B. dentium

Typical sites of isolation

Human adult feces

Human adult feces, sewage

Human adult and infant feces

Human adult feces

Human adu l t  and in fan t
feces, vagina

Human adu l t  and
infant feces, calf  feces

Human infant feces,
human vagina, calf  feces

Human adu l t  and in fan t
feces, calf feces

Human dental caries, feces,
vagina, miscel laneous
human in fec t ions  inc lud ing
abscesses, and wound
infections

Human adu l t  c l in ica l  mater ia l

Human dental caries

Human dental caries

Bov ine  rumen

Bov ine  rumen

Bovine rumen, pig feces

Bovine rumen, pig,
and calf  feces

Bovine rumen, pig feces

Chicken, rat,  rabbit feces

Chicken feces

Chicken feces

Bee intestine

Bee intestine

Bee intestine

Pig feces
Rabbit feces

Rabbit feces

Rabbit feces

Sewage

Sewage
Anaerobic digester

B. scardovii

Pa rasca rdovi a denticol ens

Scardovia inopinata

B. merycicum

B. ruminantium

B. boum

B. thermophilum

B. pseudolongum

B. animalis

B. gallinarum

B. pullorum

B. asteroides

B. indicum

B. coryneforme

B. choerinum
B. cuniculi
B. magnum

B. saeculare

B. minimum
B. subtile

B. thermacidophilum

species isolated from animals will not grow in the

absence of organic nitrogen.

Many different media have been devised for isolating

or enumerating the bifldobacteria in feces and sewage.

The media contain a carbohydrate such as glucose,

lactose, fructose, or maltose and complex mixtures of

peptones, yeast extract, growth factors, and reducing

agents. Antibiotics, particularly aminoglycosides, have

been used to improve selectivity, but no universally

satisfactory selective medium is at present available.

Nonselective media that give good growth of the strains

present in the habitat being studied are to be preferred
(see Scardovi 1981).

Fermentation tests have been used traditionally to

distinguish individual species. However, some species
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such as B. longum, B. dentium, and B. adolescenlls show
similar patterns of sugar fermentation and this method
cannot be used reliably for identification purposes.
Biavati et al. (1982) showed that the comparison of
protein profiles of soluble whole-cell proteins, using
sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (SDS-PAGE), was a reliable method for the identi-
fication of species. Members of a single species have
identical or nearly identical protein patterns. This
method has been widely used subsequently both for
identification and as a method for the preliminary char-
acterization of new strains for classification purposes.
Molecular methods have also been employed for this
purpose. Oligonucleotide probes, designed from 165
rRNA sequence data, have been shown to be specific for
B. adolescentis, B. breve, and B. longurz; probes for B
bifidum showed specificity adequate for the identifica-
tion of isolates from human material (Yamamoto et al.
1992). Extension and refinement of these approaches
should permit rapid and even automated identification
in the foreseeable future.

Although fermentation tests with simple sugars do
not al low discrimination of species (Gavini et al.
1991), the use of complex carbohydrates has been
shown by Crociani et al. (1994) to discriminate
between species commonly isolated from human speci-
mens (Table 42.2).

Isoenzyme patterns (of transaldolases and 6-phos-
phogluconate dehydrogenases) have proved useful for
characterizing species of Bifidobacterium. Antisera
against purified transaldolases have been used to distin-
guish groups of species from different habitats (Sgorbati

and London 1982). Furthermore, B-galactosidase electro-
phoretic patterns successfully differentiated animal and
human species of bifidobacteria and were more discrimi-
natory than numerical analysis based on 45 tests in a
comparative study (Roy et al. 1.994).

Table 42.2 Key for differentiation of Bifidobacterium species of
human origin (Crociani et al 1994)

Substrate

ROLE IN NORMAL FLORA OF HUMANS

Bif,dobacteria are reported to play an important regula-

tory role in the large intestine, controlling pH and
protecting against infection by exogenous pathogens,

particularly in infants (Modler et al. 1990; Saavedra et al.

1994). lt has further been proposed that bifidobacteria

may offer protection against cancer, not only of the

lower gut but also at other body sites (Reddy and

Rivenson 1993). These flndings have led to considerable

interest in the use of bifidobacteria in probiotics and a
number of dairy products, which include bifldobacteria,

are being developed (Isolauri er al.2002).

The species most often found are: in babies, B

longum and B. breve, and in adults, B. adolescentis, B

longum, a;ad B. pseudocatenulatum (Dehnert 1951 , 1961

Reuter 1963; Beerens et al. 1980; Biavati et al. 1984;

Mitsuoka 1984). B. dentium is part of the normal oral

flora and can be isolated readily from dental plaque
(Biavati  et al.  1982).

PATHOGENICITY AN D VIRULENCE
FACTORS

B. dentium, S. inopinata, and P. denticolens are associated

with dental caries and periodontal disease although

whether they play a pathogenic role in these diseases is

unknown (Scardovi and Crociani 1974;Moore et al. 1983;

Crociani et al. 1996). B. dentium has also been isolated

from clinical specimens obtained from a variety of sites.

These are principally mixed infections, typically abscesses

or wound infections around the head and neck area or

the lungs. B. dentium can probably be classed as an

opportunist pathogen like many other members of the

oral microflora. Other bifidobacteria that have been

isolated from clinical material, albeit rarely, include

B. longum, B. adolescentis, B. breve, and B. scardovii,

recovered from abscesses, urinary tract infections, and

septicemia (Darbas et al. l99l; Hoyles et aL.2002).

B I FI DO BACTERI U M B I F I D U M

B bifidum is common in the feces of breast-fed and

bottle-fed infants and in the feces of adult humans and

animals. It is nonpathogenic to man and laboratory

animals. The G + C content of DNA is c. 60.1 mol%

and DNA-DNA homology studies show B. bifidum to

be a distinct species related to, but separate from, other

bifidobacteria. It is a slender bacillus, approximately

4 pm long and 0.7 pm wide, with tapering, pointed ends.

Arranged in pairs end to end, with the distal ends
pointed and the proximal ends swollen, they generally

lie parallel to one another, rarely intertwined. Two or

three bacilli often radiate from a single point, forming a
Y-shaped structure; clubbed forms and forms ending in

knobs are not uncommon. Thev are often arranged

a-t--F o-G Ar Ga Gu Am

+ +

Suggested species

B. longum
B- breve
(8. pseu docatenu I atu m)
B. Iongum
B. bifidum
B. dentium

B. adolescentis
(8. pseudocatenu latu m)
B. catenulatum

+

+

+

d-L-F, d-L-fucose; D-G, D-glucuronate; Am, amylopectin; Ar,
arabrnogalactan;  Ga, gastr ic  mucin;  Gu, gum guar
Species in parentheses is less likely B angulatum, B gallicum, and B
scardovii are not included because of the low number of strains available
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in palisades or Chinese letters. The general appearance
is not unlike a diphtheroid bacillus. In culture, its
morphology varies with the medium. Its characteristic
appearance is that of a highly pleomorphic bacillus
showing irregularly clubbed forms with branching often
at both ends. Geniculate forms, forms ending in knobs,
forms with lateral buds, bladder forms, and candle-flame
forms may be seen. The absence of chain formation and
long filaments is noteworthy. The species is nonmotile
and nonsporing, stains uniformly in young cultures, but
in older cultures irregular or granular staining is not
uncommon. It is gram-positive in young cultures; later
gram-negative forms appear. B. bifidum is non-acid fast.
For a description of the morphology with illustrations,
see Orla-Jensen (1943), Dehnert (1957, 1961), and Scar-
dovi (1986).

Ammonium salts are utilized as sole source of
nitrogen, but good growth is obtained on peptone-yeast

extract-glucose agar with added cysteine and Tween 80
(Scardovi 1981). No growth occurs on nutrient agar. On
glucose agar and human milk agar incubated anaerobi-
cally, colonies are usually low convex, grayish-brown,

lenticular or ovoid, 0.5-2 mm in diameter, showing
under the microscope a delicately granular structure, a
brownish opaque center, a finer translucent periphery
and a finely crenated edge. In glucose broth growth is
moderate; in 3 or 4 days the organisms fall to the
bottom of the tube, forming an abundant loose flocculo-
granular deposit, easily disintegrated on shaking. Very
slight or no growth occurs at 20'C; optimum tempera-
ture is 38-39'C; upper limit is 45'C. Optimum pH is 6.5-
7.0. The organism grows only in the absence of Oz; COz
is beneficial. Growth is improved by extracts of liver,
yeast, and feces (Orla-Jensen 1943). Some strains are
stimulated by 'bifidus factor' present in human milk.
The organism requires riboflavin, nicotinic acid, folic
acid, and p-aminobenzoic acid for growth; it is stimu-
lated by Tween 80.

Glucose, lactose, and galactose are fermented; in addi-
tion. most strains ferment fructose and some attack
sucrose, maltose, or melibiose. The addition of Tween
80 improves reliability of fermentation reactions. D-
Lactic acid and acetic acid are the main end-products of
metabolism. Oxidase, catalase, urease, indole, and H2S
are not produced, nitrate is not reduced, and arginine is
not hydrolyzed.

In fluid cultures the organisms often die within 3 days.
They are killed by heat at 55"C in 30 min and at 60"C in
5 min. They are resistant to acids; for preservation they
should be subcultured weekly or freeze-dried.

The antigens are, as yet, incompletely studied. Cells
are agglut inated by sera prepared against l ive or heat-
ki l led organisms. The organism belongs to immunolo-
gical specif ici ty group B on the basis of i ts reaction
with anti transaldolase sera (Sgorbati  and London
\982).

EUBACTERIUM

GENUS DEFINITION

Eubacteria are uniform or pleomorphic gram-positive

rods, motile or nonmotile, and nonsporing. They are

strictly anaerobic and grow between 30 and 37'C. They

may ferment various carbohydrates or peptone to

produce mixtures of organic acids; gas is usually

produced. They do not produce:

1 the large amounts of propionic acid characteristic of

Propionibacterium

2 more acetic than lactic acid as does Bifidobacterium

3 lactic acid as the sole major product like Lactoba'

cillus, or

4 the mixture of succinic and lactic acid formed bv

Actinomyces.

Some species are proteolytic; indole and H2S may be

produced. The G + C content of the DNA is 30-50

mol%. The type species is Eubacterium limosum.

INTRODUCTION AND HISTORICAL
PERSPECTIVE

The first members of this genus to be described were

isolated from the feces of man by Eggerth (1935), who

assigned them to the genus Bacteroides as a temporary

expedient. The genus Eubacterium was described by

Pr6vot (1938). Since then, it has become a genus of

convenience in that, as implied by its description above,

it has become a repository for nonsporing gram-positive

anaerobic bacilli that do not correspond to other, better

defined, genera. Eubacterium therefore currently encom-

passes a wide variety of organisms which fall into a

number of phylogenetic clusters. Consequently, exten-

sive taxonomic revision of the genus is required.

HABITAT

Eubacterium species are found in the mouths and intes-

tines of humans and animals, in the rumen, in abscesses

and soft tissue infections. in the environment in soil and

in extreme conditions.

MORPHOLOGY

The cell morphology is extremely variable, ranging from

small coccobacilli to large filamentous bacilli. Cells often

stain gram-variable.

CU LTURAL CHARACTERISTICS

Growth is extremely variable but in the main eubacteria

tend to be fastidious and manv species are extremely
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slow growing. Eubacterium spp. found in clinical
specimens can be isolated on complex media suitable for
anaerobes (Moore and Holdeman Moore 1986). Extended
incubation of at least 7 days is required by the majority of
species. All eubacteria are strict anaerobes; some are
extremely sensitive to oxygen and require pre-reduced and
anaerobically sterilized media for growth. The growth of a
number of species found in the mouth and in clinical speci-
mens is enhanced by the inclusion of arginine or lysine, or
both, in culture media (Hill et al. 1987).

METABOLISM

As might be expected given such a diverse group, meta-
bolism is extremely variable. Saccharolytic, nonfermen-
tative, and proteolytic species have been described. A
wide variety of patterns of production of volatile and
nonvolatile fatty acids is seen. Some species reduce
nitrate. Eubacterium budayi and Eubacterium tenue
produce lecithinase (Moore and Holdeman Moore
1986). Some rumen strains such as Eubacterium cellulo-
solvens, Eubacterium uniforme, and Eubacterium xylano-
philum can degrade fiber (van Gylswick and van der
Toorn 1985, 1986). E. limosum is a versatile organism
that can degrade amino acids, lactate, and methanol;
conversely, this species can grow autotrophically on
hydrogen and carbon dioxide or just carbon monoxide
(Genthner et al.  1981; Genthner and Bryant 1982). For
the majority of species, however, metabolic pathways
are unknown.

CELL WALL COMPOSITION; ANTIGENIC
STRUCTURE

The chemical composition of cell wall peptidoglycans

shows wide variation between species and includes meso-
diaminopimelic acid direct, ll-diaminopimelic acid-glycine
types, and a type where peptide bridges are connected to
the n-glutamic acid residue (Andreesen 1992), although
relatively few species have been examined.

SUSCEPTI BILITY TO ANTIM ICROBIAL
AGENTS

Within the phylum Firmicutes, Eubacterium species

are intimately associated with the clostridia, which them-

selves comprise a genus of considerable complexity. The

only criterion for the placing of a species in Eubacterium

or Clostridium is spore formation by the latter.

However. individual lines of descent include both

sporing and nonsporing species. The reason for this is

unknown. Either spore formation is a feature that has

emerged a number of times throughout evolution or

nonsporrng specles carry sporulation genes that are

either dormant or nonfunctional.

In recent years, a number of new species have been

proposed for previously unnamed taxa. In addition, a

number of new genera, including Bulleidia, Mogi-

bacterium, and Shuttleworthia, have been proposed for

groups of species formerly classifled as Eubacterium.

These changes are summarized in-fable 42.3.Indeed, it

has been suggested thal Eubacterium sensu s/rlcfo should

be restricted to E. limosum, E. barkeri, and E. callanderi

(Willems and Collins 1996). At present, there are 43

species in the genus and, therefore, all but the three

species mentioned above (and possibly E. angustum and

E. aggregans) will be reclassified into either existing, or,

more commonly, novel genera. A number of the present

species are sufficiently different from their nearest rela-

tives to warrant the proposal of monophyletic genera

which will add considerably to the complexity of the

classification of the Firmicutes.

Within the Actinobacteria, Eubacterium lentum

has been renamed Eggerthella lenta withitt the family

Tabfe 42.3 Recently proposed species and taxonomic changes to
Eubacterium and related genera

Current nomenclature

Actinobaculum suis

Atopobium fosser

Bulleidia extructa

Col I i nse I Ia ae rofaci e ns

Crypto bacteri u m cu rtu m

Dorea formicigenerans

Eggerthella lenta

Eubacterium aggregans

Eubacterium infirmum

Eubacterium minutum

Eubacterium sulci
Filifactor alocis

Holdemania filiformis

Mog i bacte ri u m d ive rsu m

M og i bacteri u m neg lectu m

Mogibacterium pumilum

Mogibacterium timidum
Mogibacterium vescum
Pseudoramibacter

alactolyticus

Sh uttleworth ia sate//es
Slackia exigua

Previous nomenclature

Eubacterium suis

Eubacterium fosser

New species
Eu bacte ri u m aerofaciens
New species
E ubacteri u m fo rm ici genera ns

Eubacterium Ientum

New species

New species

Eubacterium tardum
Fusobacterium sulci
Fusobacterium alocis

New species
New species
New species
New species
Eubacterium timidum

New species
Eu bacteri u m a I actolyti cu m

New species

Eubacterium exiguum

In general, Eubacterium species are susceptible
major classes of antimicrobial agents. A
description of antimicrobial susceptibility by
given by Moore and Holdeman Moore (1986).

CLASSIFICATION

to all the

detailed

specles ls

The genus Eubacterium is extremely heterogeneous.
Phylogenetic studies have revealed that Eubacterium
species are widely distributed among the phyla Firmi-
cutes (low G + C gram-positive) and Actinobacteria
(high G + C) (Collins et al. 1994; Cheeseman et al. 1996;
Wade et al. 1999).
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Coriobacteriaceae (Wade et al. 1999). Also within this A substantial proportion of fresh isolates do not corre-
family are the new genera Slackia, Collinsella, and Cryp- spond to named species; there remain a large number of,
tobacterium. These genera are closely related to Atopo- as yet, unnamed taxa. 165 rRNA gene sequence analysis
bium, a genus which includes organisms that produce is recommended for definitive identification of described
Iactic acid as their major metabolic end-product and species and phylogenetic placement of novel taxa.
which were formerly classified as Lactobacil/as (see

Chapter 33, Streptococcus and Lactobacillus). ROLE lN NORMAL FLORA OF HUMANS

LABORATORY ISOLATION AND
IDENTIFICATION

Eubacterium spp. comprise a substantial part of the

normal flora of the mouth and large intestine (Finegold

et al.  1983).
Careful specimen collection, and strict anaerobic trans-
port, processing, and culture are undoubtedly important PATHOGENICITY AND VIRULENCE
as is the use of a good nutritious culture medium. Incu- FACTORS
bation for 7 days is recommended as many species are
slow growing. Identification of isolates can be difflcult Twenty-two species of this group have been isolated

because most species tend to be unreactive in conven- from infections; these include Collinsella aerofaciens,
tional biochemical tests. Schemes for the identification Eubacterium combesii, E. contortum, E. cylindroides, E.
of commonly encountered species are shown in limosum, E. saburreum, E. tenue, E. rectale, Eggerthella
Tables 42.4 and 42.5. lenta, and Pseudoramibacter alactolyticus; Eggerthella

Tabfe 42.4 Differential characteristics of saccharolytic Eubacterium and related species encountered in human infections

Nitrate Starch Esculin Metabolic end-
Species Lactose Maltose Mannose Sucrose Indole reduction hydrolysis hydrolysis products in PYGU

Bulleidia extructa - + - ND - a, L, (s)

Coll insel laaerofaciensV r ? V - V A,F,L
Eubacterium V + V - - + A.f
contortum

E.cyl indroides - + V V + a,B,L
E.  l imosum V -  V  +  A,B,L
E.mon i l i fo rme V +  V V -  a ,B ,L
E.mul t i fo rme +  -  +  -  -  +  ,  +  A ,B,L
E. rec ta le  +  +  V +  +  +  (a ) ,B ,L

E.sabur reum V V V +  +  -  r  a ,b , l
E. tenue A , f
Pseudoramibacter A, B, C
alactolyticus

a, acetic acid; b, butyric acid; c, caproic acid; f ,  formic acid, l ,  lact ic acid; ND, not determined; s succinic acid, V, variable reaction Capital letters indicate
malor prooucls
a) PYG, peptone yeast glucose broth

Tabfe 42.5 Differential characteristics of asaccharolytic Eubacterium and related species encountered in human infections

Arginine Nitrate Growth stimulated by Metabolic end
Species hydrolysis reduction arginine products in PYGa Rapid lD32A profile

Cryptobacterium curtum + i None 2000 0124/oO0
Eggerthella lenta + + - (a) 2000 0000 00
Eubacterium brachy - ib, iv, ic, (a, s) 0000 0000 00
E. combesii ND A, ib, B, iv, I ND
E. minutum B 0000 0120 01
E. nodatum * r a, B 0000 0000 00
E. saphenum - + a, b 0000 0000 00
E. sulci a. B 0000 0400 00
Mogibacterium timidum PAA 0000 0200 00
Slackia exigua + + None 2OOO 02h37 05

a, acet ic  acid;  b,  butyr ic  acid;  ib,  isobutyr ic  acid;  ic ,  isocaproic acid;  iv ,  isovaler ic  acid;  l ,  lact ic  acid;  ND, not  determined; paa,  phenylacet ic  acid;  s,  succin ic
acid; V, variable detection Capital letters indicate major products
a) PYG, peptone-yeast glucose broth
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lenta is the most frequently seen (Lewis and Sutter 1981;
Sutter et al. 1986). Eubacterium spp. are typically recov-
ered as part of a mixed flora from abscesses at various
body sites. There have been several reports of the isola-
tion of Eubacterium spp. from oral infections but
because, in general, they are slow growing and have
fastidious nutritional requirements, they have not been
widely studied (Downes et al. 2001). Moore et al. (1982,

1983) found that Eubacterium brachy, E. nodatum, E.
saburreum, Mogibacterium timidum, Pseudoramibacter

alactolyticus, and 17 unnamed taxa made up a significant
proportion of the subgingival microflora in chronic and
severe advanced periodontitis. Higher isolation rates
were reported by Uematsu and Hoshino (1992) who
found that the genus made up 54 percent of the anae-
robic flora of periodontal pockets. In addition, Eubac-
terium spp. are regularly isolated from carious dentine
and endodontic and periapical infections (Hoshino 1985;

Sundqvist 1992; Wasfy et al. 1,992; Sato et al. 1993).
Furthermore, oral asaccharolytic Eubacterium spp. are
found in infections at a range of non-oral sites, albeit
mainly in the head and neck region (Hill et al. 1987).

VIRULENCE FACTORS

The numerical associations between Eubacterium spp.
and oral infections are strong. However, whether these
bacteria play a causative role or merely colonize
diseased sites is unknown. Because the majority of oral
Eubacterium spp. have been described only recently,
little work has been carried out in investigating these
organisms for possible virulence factors. Since these
organisms are always found in mixed infections, they
may act in conjunction with other bacteria in the
degradation of host tissues.

EUBACTERIUM LIMOSUM

This organism is isolated from the intestine of humans
and vertebrate animals, including rats, poultry, and
fish, and from sewage-sludge and mud. It may be
isolated from wounds and abscesses. usuallv in mixed
culture.

E. limosum is a gram-positive, nonmotile, irregular,

club-shaped rod with occasional bifurcations; it may be
gram-negative in old cultures. Ammonium salts are used
as the main source of nitrogen. Good growth occurs on
peptone-yeast extract agar or in peptone-yeast extract
broth. Growth is often improved by the presence of
fermentable carbohydrate. On blood agar incubated

anaerobically, colonies are usually circular, entire,
convex, up to 2 mm in diameter and translucent or
slightly opaque. Growth in glucose broth is good, the
broth becoming turbid with a smooth or viscous deposit.
Slight or no growth occurs at 25"C; optimum tempera-
ture is 37"C; upper limit is 45'C. Glucose, fructose,
mannitol, erythritol, and ribose are fermented; some

strains attack maltose, mannose, and xylose. Acid and

gas are produced. Major end-products of metabolism are

acetic, butyric, and lactic acids together with CO2 and

H2. Gelatin, but not meat, is digested by some strains.

Indole is not produced. Nitrate is not reduced. The

G + C content of DNA is 47 mol%.

For further information, see Moore and Cato (1965)

and Moore and Holdeman Moore (1986).

EGGERTHELLA LENTA

Eggerthella lenta is isolated from human feces and from

blood, postoperative wounds, and abscesses, commonly

in mixed culture. It is a gram-positive, nonmotile cocco-

bacillus. Growth is limited by the availability of arginine.

On blood agar incubated anaerobically, colonies are

circular. entire. 0.5-2 mm in diameter. Growth in

glucose broth is moderate with a slight sediment. Carbo-

hydrates are not fermented. Energy is obtained by the

arginine dihydrolase pathway (Sperry and Wilkins 1976).

Acetate is the major end-product of metabolism with

trace amounts of lactate and succinate. Bile acids and

corticosteroids are metabolized. The ability to metabo-

Iize digoxin may be clinically significant (Dobkin et al.

1e83).
For more information, see Moore et al. (1971) and

Moore and Holdeman Moore (1986).

PROP'ONIBACTERIUM

GENUS DEFINITION

Propionibacterium spp. are pleomorphic gram-positive

rods, 0.5-0.8 Fm in diameter by 1-5 pm in length. Cells

are club-shaped with one end rounded and the other

tapered, and typically arranged in short chains or

clumps. The species are anaerobic to aerotolerant and

grow optimally in a temperature range of 30-37'C. Most

isolates are nonmotile and catalase-positive. Carbohy-

drates are fermented with the production of large

amounts of propionic and acetic acids and lesser

amounts of isovaleric, formic, succinic, or lactic acids.

The G + C content of the DNA ranges from 57 to 68

mol%. Eleven species and two subspecies are recognized

(Table 42.6) with P. freudenreichii the genus type

specres.

INTRODUCTION AND HISTORICAL
PERSPECTIVE

The original Propionibacterium species were described

in cheese and dairy products by von Freudenreich and

Orla-Jensen in 1906. Other species have been subse-

quently isolated in other fermented products and

produce (e.g. silage, olives, orange juice). These species

are referred to as dairy propionibacteria. A second

group of Propionibacterium species, the cutaneous
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Table 42.6 Propionibacterium specles

Species

P. acidipropionici

P. acnes

P. australiense

P. avidum

P. cyclohexanicum

P. freudenreichii

subsp. freudenreichii

subsp. shermanii
P. granulosum

P. jensenii

P. microaerophilum

P. propionicum

P. thoenii

Source

lsolated from dairy products

lsolated on skin
lsolated from granulomatous

bovine lesions

lsolated on moist areas of skin

lsolated from spoiled orange

JU rCe
lsolated from dairy products

lsolated from sebum-rich areas
of  sk in

lsolated from dairy products
and s i lage

lsolated from ol ive mil l  waste
water

lsolated from mouth, intest ines,
and vag ina

lsolated from dairy products

pigmentation may appear after extended incubation. P.

avidum grow slightly faster on blood agar plates and

appear circular, white to light cream in color, and are

generally B-hemolytic on sheep, human, and rabbit

blood. P. granulosum grow better than P. acnes on

blood agar plates with 1 mm or larger colonies observed

after 2-3 days. Colonies appear white or grayish,

smooth, and circular. P. propionicum are short rods, 0.2-

0.8 x 1-5 pm with branching filamentous forms occa-

sionally observed. Very small, filamentous, rough or

smooth, white to gray-white colonies are observed on

blood agar.

CU LTURAL CHARACTERI STICS

P. acnes grows best on initial isolation in an anaerobic

atmosphere although poor growth can be observed on

media incubated in a CO2-enriched aerobic atmosphere.

Aerobic growth is improved following subculture. P.

avidum is anaerobic or microaerophilic when initially

isolated but can grow equally well in an aerobic or anae-

robic atmosphere after a few subcultures. P. granulosum

is anaerobic or microaerophilic, with poor or no growth

aerobically. P. propionicum is a facultative anaerobe

that grows best under anaerobic conditions with an

optimum temperature of 35-37"C. Growth is not

enhanced by carbon dioxide.

CELL WALL COMPOSITION

The cell wall peptidoglycan of P. propionicurn contains

either diaminopimelic acid (DAP) or lysine (Charfreitag

et al. 1988). Most cutaneots Propionibacterium species

possess cellular L-DAP, but a minority of P. acnes and

P avidum have meso-DAP. The G + C mol% of dairy

propionibacteria is 65-68 molTo; however, the skin

species tend to be lower: P. acnes 57-60 rnol"/", P'

avidum 6243 mol"/", P. granulosum 61-63 mol%, and

P. propionicum 63-65 mol%. The chief fatty acids are

C1s unsaturated (Moss et al. 1967; Cummings and Moss

19e0).

LABORATORY ISOLATION AND
IDENTIFICATION

Propionibacterium species are generally slow-growing

and require incubation for 2 or more days in an anae-

robic atmosphere before growth is observed. Growth is

best on blood supplemented agar media or enriched

broth cultures. Differentiation of cutaneous specres can

be accomplished with a limited number of tests

(Table 42.7). Demonstration of catalase production in P.

acnes reqluires exposure of the colonies to oxygen for

30 min before testing.

species, have been isolated on the surface of the skin

and, less commonly, on mucous membranes. The four

species in this group, P. acnes, P. avidum, P. granu-

losum, and P. propionicum, are associated with human

colonization and disease.

HABITAT

P. acnes is one of the most common microbes on the

surface of the human skin, appearing after puberty in

the lipid-rich areas of the skin surface. The primary site

of growth is the sebaceous gland (Leeming et al. 1984)

and initiation of colonization is most probably the result

of changes in the skin lipid composition, especially in

the balance of the C1s saturated and unsaturated lipids

(Nordstrom and Noble 1985; Patel and Nobel 1.993). P.

granulosum is also found in the sebaceous glands in

post-pubescent individuals but generally in much lower

concentrations compared with P. acnes. P. avidum
prefers the moist areas of the skin (e.g. axillae, groin)

and is much less commonly isolated in the lipid-rich skin

areas. P. propionicum is a normal inhabitant of the

mouth and vaginal surface.

MORPHOLOGY

P. acnes are 0.3-1.3 x 1.0-10 ;rm pleomorphic club-

shaped rods when grown in broth (e.g. peptone yeast

glucose (PYG) broth). The cells typically appear in irre-

gular clumps commonly referred to as 'Chinese letter'

arrangements. Colonies after growth for 2-3 days on

blood agar plates are small (0.5 mm), circular, translu-

cent to opaque, and typically white to gray, although



1032 Bifidobacterium, Eubacterium, and Propionibacterium

Table 42.7 Differential characteristics of cutaneous Propionibacterium specles

Species

P. acnes
P. avidum
P. granulosum

P. propionicum

Catalase Acid from Hydrolysis of Indole Reduction of
nitrate HemolysisSucrose

+
+
+

Maltose Esculin Gelat in production

+ +
+ +

+

+

+

PATHOGENICITY, DISEASE, AND
VIRULENCE FACTORS

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

The presence of P acnes in sebaceous glands is impor-
tant in the pathogenesis of acne vulgaris, although the
mechanism has not been fully determined. P acnes
produces a variety of hydrolytic enzymes including
proteases, neuraminidase, hyaluronidase, and lipases,
which stimulate a localized inflammatory response. For
example, lipase hydrolyzes triglycerides in sebum and
frees fatty acids that can act as irritants to induce inflam-
mation (Smith and Williams 1984). With the presence of
inflammatory cells in the surrounding dermis, erythema-
tous papules, pustules, and cysts characteristic of acne
are produced (Greer 1985). Other factors that might be
important in the inflammatory response involved in acne
include the activation of complement, production of
serum-independent chemotactic factors, and stimulation
of lysosomal enzyme release from neutrophils (Brooks
and Frazier 1991). The success in treatment of acne
vulgaris has been correlated with decreasing the amount
of sebum produced, decreasing the amount of hyperker-
atosis within the follicular ducts and decreasins the
numbers of P. acnes within the follicles.

P. acnes has also been associated with a variety of
other clinical conditions including endocarditis involving
both native and prosthetic valves, central nervous system
shunt infections, chronic meningitis, brain abscess,
subdural empyema, contact lens-associated conjuncti-
vitis, endophthalmitis, dental and oral infections, pleur-
opulmonary infections, septic arthritis, osteomyelitis,
and a number of other infections. The most common
predisposing factors or conditions in patients with P.
acnes rnfections other than acne vulgaris are the
presence of foreign bodies, diabetes mellitus, and prior
surgery or other trauma.

The other species of propionibacteria are primarily
associated with opportunistic infections. P. granulosum
has been found in lesions of the skin and deeper tissues
and has been associated with septicemia in immunocom-
promised patients (Branger et al.  1987), although i ts role
in disease is more difficult to define P. avidum has been
occasionally reported from deep lesions such as splenic
abscess (Dunne et al.  1986), and P. propioniumhasbeen
associated with infections of the lacrimal dtct (Brazier

and Hall  1993; Csukas et al.  1993).

Prior to the use of topical antibiotics for the treatment
of P. acnes infections, most strains were susceptible to
macrolides, tetracyclines, penicillins, and cephalosporins.
Resistance to aminoglycosides was commonplace
(Hoffler et al. 1980). Following the introduction of
topical tetracyclines, macrolides, and clindamycin for
treatment of P. acnes skin infections, there was a sharp
rise in resistance to these antibiotics (Leyden et al. 1983;
E,ady et al. 1993). Currently, 30 percent of strains are
resistant to erythromycin and more than 15 percent are
resistant to tetracycline. The mechanism of antibiotic
resistance has not yet been determined, but does not
appear to reflect the acquisition of genes from other
organisms. Nevertheless, erythromycin resistance is
phenotypically indistinguishable from that of the
majority of bacteria where resistance is due to methyla-
tion of the 23S ribosomal RNA. because most resistant
P. acnes strains are inducibly or constitutively resistant
to macrolide, lincosamide, and streptogramin B antibiotics
(Eady et al.  1989a, b).
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GENUS AND SPECIES DEFINITIONS

The genus Clostridium has traditionally been classified

as anaerobic or aerotolerant rod-shaped, fermentative

bacteria that form endospores and obtain energy for
growth by fermentation. The spores are usually wider

than the vegetative organisms in which they are formed,

imparting spindle shapes, the characteristic clostridium

forms. The genrs Clostridium is a large and diverse
group of prokaryotes. A variety of taxonomic methods

including mol% guanine and cytosine (G+C), DNA

homology, and 165 rRNA studies (Cato et al. 1986; Cato

and Stackebrandt 1989; Johnson and Francis 1975) indi-

cates that the genus Clostridium, as currently classified,

is an extremely heterogeneous group of bacteria char-

acterized by their anaerobic metabolism and spore

formation. The ninth edition of Bergey's manual of

systematic bacteriology (Cato et al. 1986) listed 83

species in the genus Clostridium. The most recent tabu-

lation of Clostridium species has brought the number to

177 (DS}i4Z 2003). Collins et al. (1994) suggested that

five new genera of spore-forming rods be named: Calor-

mator, Filifactor, Moorella, Oxobacter, and Oxalo-

phagus. Clostridium has become one of the largest

bacterial genera in numbers and diversity of species and

is clearly in need of taxonomic refinement (Collins et al.

1994; Finegold et al. 2002b). A difficulty in resolving the

heterogeneity within the genus is that 165 rRNA gene

sequences do not appear to be adequate alone in distin-

guishing genera, and it is difficult to find genetic and

phenotypic characters that enable rapid discrimination

among genera and species.

In Collins et al.'s comprehensive paper (1994), 165

rRNA gene sequences of 129 clostridia and 69
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representative species of other low G+C content gram-
positive genera were used for delineation of relatedness.
The analysis of the 165 rRNA gene sequences indicated
that the 'clostridia' divided into 19 clusters. Most of the
medically important species including neurotoxigenic C.
botulinum, C. baratii, C. butyricum, and C. tetani reside
in cluster | (Clostridium group I), which is very similar
to the rRNA group I of Johnson and Francis (1975).
Other clostridia causing intestinal or wound infections
such as C. difficile, C. histolyticum, and C. sordellii
reside in different clusters. Three 'clostridial' clusters
make up 70 percent of the normal fecal flora of humans
(Finegold et al. 2002b). These include the C. coccoides
subgroup rRNA cluster XIVa, the C. leptum subgroup
rRNA Cluster IV, and the Clostridiun subgroup XIX
(Finegold et al.2002b; Collins et al. 1994). It is unknown
if many of the species in these groups have the genes
and capacity to produce clostridial neurotoxins. Classifi-
cation based on genetic and protein relatedness may be
good indicators of the evolutionary relationships of
bacterial groups (Goodfellow and O'Donnell 1993), but
it is often not practical to use these methods for routine
and rapid identification of pathogenic organisms
including clostridia that produce neurotoxins. Most
investigators will continue to classify clostridia that
produce neurotoxins into only a few species because of
the characteristic mode of action and medical impor-
tance of these toxins. Recently, the genomic sequences
of various clostridia have been published (Bri.iggemann
et al. 2003; Nolling et al. 2001; Shimizu et al. 2002), and
several other genome sequences are in progress, which
should facilitate an understanding of the clostridia.

Overall, the genus Clostridium has a wide range of
G+C mol% content of 22-55 mol%, whilst the toxigenic
species have a much narrower range of G+C content of
24-29 mol"/" (Hatheway 1990, 1993; Hatheway and
Johnson 1998). The clostridia have common phenotypic
properties that have traditionally defined the genus.
Designation of a bacterial isolate in the genus C/os-
tridium has traditionally depended on the presence of
four primary phenotypic characters (Hatheway and
Johnson 1998; Hippe et al. t992)i (1) the presence of
endospores; (2) an anaerobic energy metabolism not
involving electron transport with oxygen as an acceptor;
(3) inability to reduce sulfate to sulfide; and (4) a gram-
positive cell-wall structure. They generally stain gram-
positive, but some strains show a weak or negative
Gram stain reaction particularly in later stages of
growth. The peptidoglycans of neurotoxigenic clostridia
that have been examined is linked by zeso-diaminopi-
melic acid (Cummins and Johnson 1971; Schleifer and
Kandler 1972; Weiss et al. 1981). C. botulinum and C.
tetani arc anaerobic heterotrophs, and many strains
vigorously ferment proteins and carbohydrates. The do
not perform a dissimilatory sulfate reduction, and this
character separates them from Desulfotomaculum.'fhe
genus Clostridium was first proposed by Winslow et al.

(Willis 1969, 1990) and adopted in the first edition of
Bergey's manual of determinative bacteriology in 1923.
The type species of the genus is Clostridium butyricum
(Cato et al.  1986).

One of the most interesting features of the clostridia
is their production of a wide diversity of biologically
active proteins, many of which have roles in diseases of
humans and animals. The clostridia produce more kinds
of protein toxins than any other genus of microorgan-

isms (van Heyningen 1950) and more than 20 toxins
have been identified (Hatheway 1990). At least 15

species of Clostridium are known to produce protein

toxins. These agents include neurotoxins, lipases, lecithi-
nases, hemolysins, enterotoxins, cytotoxins, collagenases,
permeases, necrotizing toxins, proteinases, hyalur-

onidases, DNases, ADP-ribosyltransferases, neur-

aminidases, and some others that are simply known as
'lethal toxins' (Hatheway 1990; Hatheway and Johnson
1998; Rappuoli and Montecucco 1997). C. botulinum
and C. tetani produce characteristic neurotoxins (BoNT

and TeNT) of extraordinary potency, and are the most
poisonous toxins known with lethal doses of 0.2-1. nglkg,
or as little as 0.1-1 pg being required to kill an adult
human (Gill 1982; Gunnison and Meyer 1930; Hatheway
1990; Lamana 1959; Morton 1961; Schantz and Johnson
1992; Schantz and Sugiyama 1974). The oral lethal

dose may be much higher (Arnon et al. 2001).
These neurotoxins are responsible for the characteristic
disease syndromes of botulism and tetanus in humans
and many animal species. In contrast to many other
pathogens, C. botulinum and C. tetani canse true toxe-
mias whereby the produced neurotoxin is solely respon-
sible for the pathogenic effects. Botulinum and tetanus
neurotoxins both affect the nervous system, causing
either a flaccid paralysis (botulism) or a spastic paralysis
( tetanus ).

HISTORICAL BACKGROUND OF THE
PATHOGENIC CLOSTRIDIA

The observation that microorganisms or 'animalcules'

could exist in the absence of air was probably first
made by Leeuwenhoek (Willis 1969; Dobell 1960). The
development of the field of anaerobic bacteriology,

however, is usually attributed to Pasteur, who in 1861
discovered anaerobiosis by observing that butyric acid
fermentation occurred in the absence of oxygen (Pasteur

1861a, b, 1863a, b; see Willis 1969 for review). Pasteur
noted that the anaerobic fermentation was due to a rod-
shaped organism that he called 'Vibrion butyrique,'
which likely corresponds to the organism Clostridium
butyricum, the type species of the genus Clostridium.
Endospores were discovered independently by Ferdi-
nand Cohn and Robert Koch in 1876. soon after
Pasteur had made microbiology famous (Keynan and
Sandler 1983). The clostridia were initially classified in
the genus Bacillus because of their cylindrical shape and
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formation of endospores, but in 1880 a new genus,

Clostridium, was proposed by Prazmowski (1880) for

the anaerobic spore-forming organisms (Cato and

Stackebrandt 1989).

In the Iate 1800s, species of Clostridium pathogenic

for animals and humans were discovered by several

investigators (see Willis 1969). Although tetanus was

known for thousands of years since the time of Hippo-

crates and the ancient Egyptians (reviewed in Bleck

1991), the demonstration that the causative agent was

transmissible in tissue from an infected to an uninfected

animal was reported in 1884 (Carle and Rattone 1884).

C tetani was subsequently isolated in 1889 (Bytchenko

1981; Kitasato 1889, 1891; Kobel and Marti 1985).

Tetanus was demonstrated to be an intoxication caused
by a protein neurotoxin (Trzzoni and Cattani 1890a, b).

Similarly, the disease botulism was known for several

hundred years as sausage poisoning (Kerner 1,8t7, 1,820,
1822; see Ergbuth (1998) and Kessler and Benecke

(1997) for historical accounts) before the organism C.
botulinum and properties of its neurotoxin were discov-

ered in a remarkable bacteriological investigation of the

disease that occurred during a funeral wake (van

Ermengem 1897). The investigations by van Ermengem

and the isolation of Bacillus botulinus (Clostridium botu-
linum) is a classic study in the field of clostridial patho-

gens and their toxins. During the late 1800s and early
1900s, seminal investigations were made on vanous

aspects of the clostridia. These included the demonstra-

tion that tetanus, botulism, and certain other clostridial

diseases were caused by exotoxins, investigations of the
clinical diseases, and physiology of neurotoxin action

(Adams et al. 1969; Bleck 1991; Burgen et al. 1949;

Dickson 1918; Drachman 1971.; Duchen 1971; Kao et al.
1976; Montecucco and Schiavo 1995; Tulloch, I9I9-20)

and the classic study on immunization to tetanus
(Behring and Kitasato 1890). The association of botu-

lism poisoning with various foods was also established
(CDC 1979; Dewberry 1950; Kempner L897; Leighton
1.923; Meyer 1931, 1956, 1973; Meyer and Eddie, 1951;

Meyer and Gunnison 1929), and that neurotoxigenic

clostridia formed resistant endospores of considerable

significance to the control of these diseases (Bauer and
Meyer 1926; Bengston 1923, 7924; Bulloch 1938; Burke

1919; Fildes 1925, t927). In the mid-tolate 1900s, it was

established that botulism could also manifest from

wound and intestinal infections (Chia et al. 1986; Cher-

ington and Ginsburg 1975; Davis et al. L951; Dolman

1964; Hall 1945; Henry L91,6-17; Midura and Arnon
1976; Pickett et al. 1976; Robertson 1915-16; Smith
1977). Remarkably, botulinum toxin has recently gained

notoriety as a pharmaceutical for treatment of a myriad

of diseases (Borodic et al. 1996; Brin et aI.2002; Caya
2001; Drachman I97I; Ergbuth 1998; Jankovic and

Brin 1991; Jankovic and Hallett 1994; Johnson 1999b,

1999c; Schantz and Johnson 1992: Scott 1989; Scott et al.

1973). The potentially evil use of botulinum toxin as a

bioterrorism agent has also been considered recently

(Arnon et aI.2001; Caya200L).

Anaerobic bacteriology developed slowly during the

early 1900s, partly due to the difficulties in isolation,

purification, and identification of anaerobes (see Willis

1969, 1.977). Mclntosh and Fildes (1916) invented the

anaerobic jar, which enabled agar plating and manip-

ulation of anaerobes as well as the isolation of single

colonies. In the wars of the early-to-mid 1900s, the

frequent occurrence of serious anaerobic infections

prompted the isolation, identiflcation, and study of

pathogenesis of many anaerobes, mainly using the

anaerobic jar. The use of jars did not permit the study

of certain very strict anaerobes, and Hungate in the

late 1940s and 1950s developed the roll-tube technique

for isolation of highly oxygen-sensitive anaerobes from

the rumen (Hungate 1969). This technique works well

for isolation of highly sensitive anaerobes, but is rather

tedious and thus not practical for routine use in most

clinical laboratories. Later. anaerobic cabinets and

glove boxes were developed (Johnson 7999ai Levett

1991; Willis 1977), which enabled traditional bacter-

iological manipulations to be performed. The study of

anaerobes still presents problems to contemporary

microbiologists (Bittner 1980; Fernandez and Ciccarelli

1999; Hatheway 1988; Johnson 1999a; Poston 1995;

Willis 1977). Isolation of many anaerobes in pure

culture is often difficult, as anaerobes often exist in

habitats involving mixtures of microbes, and cultures are

difficult to purify to a single organism. Many anae-

robic cultures tend to become contaminated and must be

meticulously maintained. Modern molecular biology and

genetic methods routinely applied to aerobes and facul-

tative anaerobes have not been developed in most

groups of strict anaerobes. Several texts and reviews

provide useful descriptions of materials and methods for

culture and study of clostridia involved in disease,

including C. botulinum and C. tetani and their character-

istic neurotoxins (Balows et al. 1988; Cato et al. 1986;

CDC 1998a; Fernandez and Ciccarelli 1999; Habermann

and Dreyer 1986; Hatheway and Johnson 1998;

Holdeman et al. 1977; Johnson 1999a; Levett 7991';

Moore et al. \987; Rappuoli and Montecucco 1997i

Wil l is 1969, 1977).

Early studies of clostridia were stimulated mainly by

the association of the clostridia with human and animal

infections and food poisoning. The genus was subse-

quently found to accommodate many organisms that

have no obvious role in human or animal disease. Many

of these organisms are of importance in nutrition and

ecology as components of the intestinal tract, soils and

muds, and other anaerobic environments. Several

species are of biotechnological interest because of their

ability to convert abundant substrates such as cellulose

into industrially important organic solvents, acids, and

other compounds (Bahl and Diirre 2001; Minton and

Clarke 1989).
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MILESTONES IN THE UNDERSTANDING
OF BOTULISM AND TETANUS

Botul ism

Although anecdotal evidence suggests that botulism
occurred in ancient cultures (Smith 7977). the disease
was first described in Germany by Muller (1735-93) and
by the poet and noted physician Justinius Kerner (1786-
1862) (Kerner 781,7, 1820, 1822; see Dewberry 1950;
Dickson 1918, Kessler and Benecke 1997, for reviews).
In Germany, raw 'blood sausages' caused disease in 174
individuals and 71 deaths in a disease characterized by
muscle paralysis and suffocation. The disease was
referred to as sausage 'botulus' poisoning. During the
period 1815-'1,822, Kerner showed experimentally that
poison developed within the sausage and that exclusion
of air was required for the poison formation. Kerner
enriched a fatty substance from decomposed sausages
that produced symptoms of botulism and death in
animals, which he suggested as the toxic agent. Liebig
(1843; cited in Dewberry 1950) suggested that the
disease was due to a 'ferment'. and Heller in 1953
suggested that a microscopic vegetative mold was
responsible for the disease (Dickson 1918). Botulism was
often referred to as Kerner's disease followins these
investigations (Meyer 1956).

A theory was also advanced that botulism was caused
by putrefactive amines, but these substances failed to
produce the disease in animals. Nauwerck in 1886 (cited
in Dickson 1918) suggested that the toxic compounds
were of bacterial origin and he isolated three bacilli
from sausage that were proteolytic and putrefactive.
Following the investigations in Germany, a disease with
similar symptoms was recorded in Russia and Denmark
from the consumption of fish, termed 'icythism.'

Although numerous theories were proposed for the
cause of botulism. its nature remained obscure until
investigations by the Belgian microbiologist Emile
Pierre van Ermengem.

In 1895, van Ermengem isolated an anaerobic bacillus
from a ham implicated in a botulism outbreak that
occurred at a funeral (van Ermengem 1897). He showed
that on culturing the bacillus it produced a very potent
toxin that was released into the medium. His success in
isolating the anaerobe and demonstrating the extra-
cellular nature of the toxin was a triumph and repre-
sentative of the sophisticated nature of bacteriology in
Europe at the time. Van Ermengem was uniquely quali-
fied to elucidate the etiology of paralytic botulism: he
had been a student of the eminent phyiologists Claude
Bernard and Ranvier, and had also trained with Robert
Koch (Bulloch 1938). Van Ermengem clearly established
the etiology of botulism by isolation of 'Bacillus botu-
linus' from the ham and the spleens and large intestines
of persons who had died from the food poisoning. He

also showed that a cell-Jree substance was solely respon-

sible for the disease syndrome. Kempner (1897) subse-
quently showed that van Ermengem's cultures produced

a substance that on injection in an inactive form gave

rise to antitoxin in the blood of goats. This was the first

evidence that antitoxin to botulinum toxin could neutra-
lize toxicity and prevent death.

Van Ergengem's and Kempner's seminal investiga-

tions established several principles of botulism that
remain valid today: (1) food-borne botulism is an intox-

ication and not an infection caused by Clostridium botu-

linum; (2) the toxin is produced in food by a specific
organism 'Bacillus botulinus;' (3) the toxin is not inacti-

vated by digestive enzymes; (4) the toxin is labile to heat

and alkali but is stable in acidic conditions; (5) the toxin
is not produced in food with sufficient salt or acid; (6) C.

botulinum produces heat-resistant endospores; (7)

animals vary in their susceptibility to botulinal toxin;

and (8) animals can develop immunity to the botulinal
toxins by exposure to inactive toxin or toxoid.

Subsequent outbreaks of botulism indicated that there
were at least two types of C. botulinum, designated A
and B (Smith 1.977). ln the 1920s, Bengston (1923,1924)

isolated C. botulinum from fly larvae (Lucilia caesar and
L. sericata) that produced a botulinum neurotoxin anti-
genically distinct from types A and B. She noted that
chickens which ate these fly larvae died of a paralytic

disease characterized by inability to keep their head

erect - 'limber neck.' In the 1920s, a toxigenic organism
was isolated from diseased cattle that resembled the fly
larvae strains but which had antigenic differences

(Seddon 1922). These strains were designated type C.
An organism was isolated in 1927 in South Africa from
cattle carcasses which produced a serologically distinct
toxin from the previously described types. It was desig-
nated type D (Smith 1977). Type E was isolated from

canned fish in Russia (Gunnison et al. 1936), and has
been frequently isolated from marine and freshwater

sediments (Dolman and Iida 1963). Type F C. botulinum
was initially reported in Copenhagen, Denmark in
1958 from home-made liver paste implicated in an
outbreak involving five persons, three of which had

severe botulism and one died (Moeller and Scheibel
1960). Type F has rarely been reported to cause human

botulism (Hoffman et al. 1982; Midura et al. 1972;

Green et al. 1983; Hatheway L995; Johnson and Good-
nough 1998). The properties of C. botulinum type F was

described by Dolman and colleagues (Dolman and
Murakami 1961), and type F was suspected in an infant
botulism case (Hoffman et al. 1982). Gim6nez and
Ciccarelli (l97oa, b) reported another distinct serotype

from soil which was designated type G. C. botulinum
type G was reported from infants that died from infant
botulism in Switzerland (Sonnabend et al. 1981, 1985,
1987), but this finding has not been supported by subse-
quent studies. Type G is the only serotype not impli-

cated in human or animal botulism. C. botulinum strains
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that produce more than one serotype of toxin or that

contain 'silent' or unexpressed genes have been isolated

with increasing frequency (Franciosa et al. 1994;

Gim6nez and Ciccarelli 1978; Hutson et al. 1996;

reviewed in Franciosa et al. 2003; Gim6nez and

Gim6nez 1993; Hatheway 1995; Johnson and Bradshaw

2001; Quinn and Minton 2001).

Studies in the 1960s and 1970s indicated that C. botu-

linum colld be separated into different ecological and

physiological groupings (Cato et al. 1986; Dowell and

Dezfulian 1981; Gunnison and Meyer I929a, b;

Hatheway and Johnson 1998; Hauschlld1992; Holdeman

1970; Holdeman and Brooks 1970; Holdemar et al. l97l;

Lynt et al. 1982; Moore et al. 1966; Popoff 1995), and

this has remained as a major means of classification of

C. botulinum. C. botulinum was initially categorized into

three physiological groups on the basis of cultural, sero-

logical, and biochemical characteristics (Holdeman and

Brooks 1970). The isolation of an organism that

produced a botulinum-like toxin not neutralized by any

of the known botulinum antisera and having distinct

phenotypic characteristics (Gim6nez and Ciccarelli

l97oa, b) prompted Smith and Hobbs (1974) to add a

fourth phenotypic group within C. botulinum

(Table 43.1).

Categorization of C. botulinum in four physiological

groups (I-IV) has been widely accepted (Hatheway

1988; Quinn and Minton 2001; Popoff 1995; Smith 1977;

Smith and Sugiyama 1988). The groups have been

demonstrated to be distinct genetically by various

methods including DNA hybridization (Cummins and

Johnson 1971; Johnson 1973; Johnson and Francis 1975;

Lee and Riemann 1970a, b; Nakamura et al. 1.97'1 ,1983;
Suen et al. 1988a, b; Wu et aL. 1972), pulsed field gel

electrophoresis (PFGE) (Hielm et al., 1998a, b; Lin and

Johnson 1995), multilocus enzyme electrophoresis

(Altwegg and Hatheway 1988; Bories et al. 1993; Cato

et al. L982a), sequencing of genes encoding IRNA

(Campbell et al. t993; Collins et al. t994; Collins and

East 1998; East et aL.1996; Hutson et al.1993,1993-94;

Willems et al. 1993), and gene arrangements within the

toxin gene clusters (Dineen et al. 2003; Hauser et al.

1995; Johnson and Bradshaw 2001; Kubota et al. 1998;

Quinn and Minton 2001). In a phylogenetic perspective.

Tabfe 43.1 Clostridia producing botulinal neurotoxins

Organism

Group I C. botul inum

Group ll C. botulinum

Group l l l  C. botul inum

Group lV C. botulinum

Toxigenic C. baratii

Toxigenic C. butyrium

Botulinal neurotoxin types

A , B , F
A F E

C T ,  D

G

F

E

these groups would certainly form separate species, but

the taxonomic description Clostridium botulinum has

been retained because of its distinct ability to produce a

characteristic neurotoxin of extraordinary potency.

This grouping is also supported by metabolic and

structural properties including nutritional requirements

(Belokopytov et al. 1982; Kindler et al. 1956; Mager et al.

1954; Malizio et al. 1993; Patterson-Curtis and Johnson

1992: Whitmer and Johnson 1988), resistance to salt and

acidity and other environmental and food components
(Anniballi et al. 2002; Glass and Johnson 2001; Hammer

and Johnson 1988; Hutchinson 1992; Odlaug and Pflug

1978; Ohye and Scott 1957; Raatjes and Smelt 1979;

Lynt et al. 1982; Sugiyama and Sofos 1988; Townsend

et al.1954), spore heat resistance and germination prop-

erties (Broussolle et al. 2002; Ito et al. 1968; Lund and

Peck 2000; Lynt et al. 1'975; Scott and Bernard 1982;

Setlow and Johnson 2001), tolerance to air (Meyet 1924;

Whiting and Naftulin 1992), minimum growth tempera-

ture (Eklund et al. 1976; Smith and Sugiyama 1988),

endproduct formation (Mead 1971; Moore et al. 1966;

Moss et al. 1'970, 1980; Oguma et al. 1986; Smith and

Sugiyama 1988), and toxin regulation. The four groups

also have distinctive surface antigen relationships (Batty

and Walker 1966; Glasby and Hatheway 1983' 1984a' b;

Lynt et al. 1.967; Solomon et al. 1969,1971; Walker and

Batty 1964) and by the morphology and host range of

bacteriophages and antibacterial spectra of bacteriocins

(boticins) (Dineen et al. 2000; Eklund et al. 1988;

Graham 1978: Hall and Peterson 1922; Kafiter et al.

1966; Kiritani et al. 1973; Lau et al.1974; Mahony 1979;

Smith 1975).
In recent years, organisms that produce more than

one serotype of botulinal toxin or that carry genes for

unexpressed toxin genes have been isolated (Hatheway

19951 Hutson et al. \996 Johnson and Bradshaw 2001;

Quinn and Minton 2001). Neurotoxin formation in C.

botulinum has been reported to be unstable (Gunnison

and Meyer 1929b; Lewis and Hill 1947; Schantz and

Johnson 1992: Takumi et al. 1980; Townsend 1929), and

the genes of the neurotoxin gene complex can be asso-

ciated with mobile elements in certain serotypes

(Eklund et al. 1987, 1989; Hauser et al. L992, 1995;

Quinn and Minton 2001; Zhort et al. 1993). Organisms

Related nontoxigenic clostridial species

C. sporogenes, C. putrificum

Nontoxigenic derivatives of type B, E (no species
designation)

C- novyi, C. oedematiens

C. argentinense, C. subterminale, C. hastiforme,
some Baci I I us p i I ifo rm is

Typical C. baratii strains

Typical C. butyricum strains
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resembling Clostridium baratii, and, Clostridium butyr-
icum producing botulinum-like neurotoxins have been
isolated from infants with botulism (Aureli et al. 19g6;
Hall et al. 1985; Hatheway 1995; McCroskey et al. 1986,
1991; Suen et al. 1988b). The isolation of neurotoxigenic
C. butyricum and C. baratii have recently been obtained
from wider geographical regions and have been asso-
ciated with food-borne as well as infant botulism (Anni-
balli et aL.2002; Chaudry et al. 1998; Fenicia et al.1999,
2002; Harvey et al. 2002; Meng et al. J,999 paisley et al.
1995; Tsukamoto et al. 2002;Wang et aI.2000). Arypical
toxin variants have been isolated, mainly from human
cases of intestinal botulism (Hatheway et al. 19g1;
Hatheway and McCroskey 1989; Tabita et al. 1990,l99l;
Griffin et al. 1997) but also from foods (Goodnough,
Malizio, and Johnson, unpublished data). The species of
clostridia producing botulinum neurotoxins are listed in
Table 43.1 and the association of C. botulinum and C.
tetani with disease in humans and animals is summarized
inTable 43.2.

An important landmark in the understanding of
botulism and tetanus were the isolation and character-
ization of the responsible neurotoxins. Botulinum
neurotoxin was initially isolated as paracrystals by two
groups working independently in the army biological
laboratories at Fort Detrick (Abrams et al. 1946; Duff
et al. 1957; Lamanna et al. \946). Later, considerable
evidence accumulated to show that the toxic substance
was actually a protein complex comprised of several
proteins, which could be separated into toxic and
hemagglutinin fractions (DasGupta et al. 1966
DasGupta and Boroff 1967; DasGupta 1989; Sugryama
1980). The type A neurotoxin was later isolated as
a single, pure protein by ultracentrifugation under
alkaline conditions (Schantz 1964; Schantz and Johnson
1992; Wagman and Bateman 1953; Wright 1955) and
subsequently by column chromatography (DasGupta
et al. 1966) and type E by Kitamura (see Simpson 1971).
Methods for purification of the seven serotypes of
botulinum neurotoxin have been reviewed (Malizio et al.
2000; Rappuoli and Montecucco 1997; Sugiyama 19g0;
Schantz and Johnson 1992). In a classic study, Burgen
et al. (1949) showed that botulinum neurotoxin acts
at the neuromuscular junction of motorneurons and
prevents release of acetylcholine, thus causing deinner-
vation. Drachman and collaborators used this character-
istic to conduct a fascinating series of experiments
showing that botulinum neurotoxin was an excellent tool
for research on the nervous system (Drachman 1971).
Drachman obtained his neurotoxin from Edward J.
Schantz at Fort Detrick and later at the University of
Wisconsin for his studies (Drachman 1971: Schantz
and Johnson 1997; Johnson 1999b. c). In turn. Schantz
provided Alan B. Scott of the Smith Kettlewell
Eye Research Institute in San Francisco with crystalline
botulinum toxin complex for his pioneering studies on
the use of botulinum neurotoxin for the treatment of

strabismus and eventually a myriad of neuronal diseases
(Brin et al. 2002; Scott et aL. 1973; Scott 1989; Schantz
and Johnson 1992, 1997). Its characteristics and utility
as an ideal blocking agent were described by
Drachman and Scott (Drachman 1971; Scott 1989;
Johnson 1999b, c).

In the late 1980s and through the 1990s, the nucleo-
tide and amino acid sequences of the genes encoding the
various serotypes of botulinum neurotoxins and their
associated nontoxic proteins comprising the toxin gene
cluster as well as the nucleotide and amino acid
sequence of tetanus neurotoxin were revealed and
compared (reviewed in Collins and East 1998;
Henderson et al.1997; Lacy and Stevens 1999; Niemann
1991; Popoff and Marvaud 1999; Quinn and Minton
2001). These sequences provided valuable insights into
the mechanisms of the toxins, which had remained enig-
matic for many years. The analysis of the nucleotide and
amino acid sequences revealed that the light chain
contained a zinc-binding motif characteristic of a class of
zinc-metalloproteases (Niemann 1991; Schiavo et al.
1992;Montecucco and Schiavo 1995; Wright et al. 1992).
This discovery led to the remarkable finding that botu-
linum and tetanus neurotoxins selectively cleave core
neuronal proteins, and this cleavage prevented release of
neurotransmitters (reviewed in Humeau et aI.2000; Lalli
et al. 2003; Montecucco 1995; Turton et al. 2002;
Rossetto et al. 2003). Until this discovery that botulinum
and tetanus neurotoxins were proteases, their mode of
action had been a mystery. Recently three-dimensional
structures have been obtained for botulinum neurotoxins
types A and B and for the carboxy terminus region of
tetanus neurotoxin, H6 (Lacy et al. 1998; Swaminathan
and Eswaramoorthy 2000; reviewed in Lalli et aL.2003;
Turton et al. 2002). These structures have been extre-
mely useful in understanding the mechanisms of
receptor binding, catalysis, trafficking into neurons, and
for the rationale design and testing of inhibitors. Inter-
estingly, the discovery that botulinum and tetanus
neurotoxins were zinc-metalloproteases stimulated
research into this catalytic mechanism for other toxins,
including the discovery that anthrax lethal factor is also
a zinc metalloprotease (Ascenzi et al. 2002; Duesbery
et al. 1998; Kochi et al. 1994; Pannifer et al. 2001).
Certain evolutionary families of zinc-metalloproteases
(Rawlings and Barrett 1995) are well established to be
involved in the virulence of various bacterial pathogens
(Alouf and Freer 1999; Finkelstein et al. 1983; Hdse and
Finkelstein 1993; Rossetto et al. 2003; Schiavo et al.
2000).

Tetanus

In ancient times, physicians noted a relationship
between wound infections and a vivid disease character-
rzed by spasticity, violent movements, and death
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(reviewed in Bleck 1989, 1991; Bytchenko 1981; Cook
et al. 2001). The disease syndrome is referred to as the
seventh case in the Edwin Smith Surgical Papyrus, which
described a patient with a penetrating skull wound who
showed trismus and nuchal rigidity (Bleck I99l;
Breasted 1930). Hippocrates and his contemporary
Aretaues also described tetanus and its manifestations
about 30 centuries ago. Galen implicated nerves in the
disease and in motor function by showing that cutting a
nerve ln tetanus stopped the contractions but paralyzed
the innervated muscles (Bleck 1991). In his 1824 text-
book, Sir Charles Bell included a vivid illustration of a
tetanus patient (Bell 1824). Sir William Gowers
provided a concise description of the disease in 1988
'Tetanus is a disease of the nervous system characterized
by persistent tonic spasm, with violent brief exacerba-
tions. The spasm almost always commences in the
muscles of the jaws and commences in the muscles of
the neck and jaw, causing closure of the jaws (trismus,
lockjaw) and involves the trunk more than those of the
Iimbs. It is always acute in onset, and a large proportion
of those who are attacked die' (Gowers 1888. cited in
Bleck 1991).

The etiology of tetanus remained a mystery until 1884,
when Carle and Rattone (1884, see Bytchenko 1981)
demonstrated that infected tissue from a diseased animal
could cause the disease in a healthy animal that was
subsequently infected. Nicolaier (1884, 1886) showed
that inoculation of soil into mice, guinea pigs or rabbits
caused a syndrome that closely mimicked human
tetanus. He noted the presence of long thin bacilli in the
wounds and pus of the inoculated animals. He also
noted that bacilli were occasionally observed in the
sciatic nerve sheath and spinal cord. C. tetaru was
first reported in pure culture in 1889 by Kitasato in
Berlin (Kitasato 1889). He showed that the heating
of pus at 80'C for 45-60 min to destroy vegetative
organisms facilitated the isolation of a pure culture
by plating on gelatin and incubating in a hydrogen
atmosphere. Faber (1890, cited in Finegold i998)
showed that cell-free extracts caused tetanus-like symp-
toms on injection into laboratory animals. These studies
and those of Tizzoni and Cattoni (1890a, b) provided
evidence that a cell-free toxin (tetanus neurotoxin;
often referred to as tetanospasmin) was responsible
for the disease. Behring and Kitasato (1890) discovered
an immune response to inactive toxin, and in the
1920s Glenny and Ramon (Glenny et al. 1926, 1932;
Ramon and Lem6tayer 1934, 1935) independently
discovered that the toxin treated with formalin caused
inactivation, and on administration to animals, elicited
an lmmune response. The prevention of tetanus intox-
ication by vaccination is one of the great discoveries of
medicine. Vaccination has proved to be extremely effec-
tive in preventing tetanus intoxication in humans and
animals. Recently, the genomic sequence of one strain
of C. tetani has been determined, which has led to

considerable insights into the pathogenicity and
physiology of the pathogen (Briiggemann et al. 2003).

The primary habitat of C. tetani is soil, which serves as
the reservoir for infection of wounds and in the intest-
inal tract of humans and animals. Although feces, parti-
cularly from horses, has been considered as a major
habitat of C. tetani. studies have indicated that the stools
are only a vehicle of passage (see Hatheway and
Johnson 1998). Tetanus neurotoxin was isolated at about
the same time as botulinum neurotoxin (Pillemer et al.
1948). Unlike botulinum neurotoxin, tetanus neurotoxin
does not appear to occur naturally as a complex with
nontoxic proteins (Robinson 1988; Robinson and Hash
1982). Since evidence suggests that the nontoxic proteins
associated with botulinum neurotoxin protect the toxin
in the gastric route (Kozaki et al. 1974; Oguma et al.
1995; Sugii and Sakaguchi 1975; Sugii et al. I977a, b;
Sakaguchi et al. 1981; Ohishi et al. 1977), their absence
in tetanus toxin may explain partly why it is nontoxic by
the oral route. Probably, other factors such as lack of
intestinal receptors also contribute to the lack of tetanus
oral toxicity. Methods for production of tetanus neuro-
toxin and the isolation of the high-producing 'Harvard'

or 'Massachusetts' strain for production of toxoid were
pioneered by Mueller, Miller and collaborators at
Harvard (Latham et al. 1962; Mueller and Miller 1942,
1945, 1948,1956). Formulation and testing as a vaccine
and elicitation of cellular immunity were studied by
various groups and was prompted by the need for
protection of troops during war periods (Willis 1969;
Middlebrook and Brown. 19951 Galazka and Gasse
lees).

Tetanus neurotoxin has a similar nucleotide and
amino acid sequence, mechanism of action, and struc-
tural characteristics as botulinum neurotoxin (Lalli et al.
2003; Niemann 1991; Schiavo et al. 2000). However,
tetanus neurotoxin has the unique ability of being retro-
gradely transported to the spinal cord, where it accumu-
lates in the horn of the gray matter (Lalli et al. 2003). In
the spinal cord it prevents the release of inhibitory
neurotransmitters, leading to the harrowing spasticity
characteristic of tetanus. Elegant research is currently
being conducted on trafficking and its mechanism of
action (reviewed in Lalli et aI.2003).

CLASSI FICATION OF NEUROTOXIGENIC
CLOSTRIDIA

This section describes various taxonomic and physiolo-
gical properties of pathogenic Clostridium with an
emphasis on C. botulinum and C. tetani. The description
is not restricted entirely to these species since patho-
genic members of the genus Clostridium have common
characteristics, and C. botulinum is actually an assem-
blage of different species of clostridia that form a char-
acteristic neurotoxin. Therefore, C. botulinum is an 'arti-

f,cial' species defined predominately by its ability to
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produce the characteristic botulinum neurotoxin, and
the taxonomic grouping does not have a phylogenetic

basis. C. botulinum actually comprises at least four

species. Defining the diverse array of botulinogenic

species as C. botulinun is based on the medical signifi-

cance of botulinum neurotoxin and its importance rn

disease. During the past 10-15 years, traditionally
nonpathogenic clostridia have also been isolated that
produce neurotoxins with high homology to botulinum
neurotoxin (see section entitled Botulism). These

include neurotoxigenic strains of C. butyricum that
produce a neurotoxin very similar to that from C. botu-

linum type E and strains of C. baratii that produce a

type F-similar neurotoxin. Neurotoxigenic C. butyricum

and C. baratii strains have mostly been isolated from

cases of infant botulism, but toxigenic C. butyricum and

C. baratii have also been isolated from diverse
geographic environments and associated with food-

borne botulism (Anniballi et al. 2002; Fenicia et al. 19991.
Harvey et al. 2002; Meng et al. t999; Chaudry et al.

1998; Paisley et al. 1995; Tsukamoto et al. 2002;

Wang et al. 2000). Cases of infant botulism due to

neurotoxigenic C. butyricum were recently associated
with Clostridium difficile colitis (Fenicia et al. 2002;

Schechter et al. 1999). The isolation of neurotoxigenic C.

butyricum and C. baratii stggest that the genes en-

coding the neurotoxin gene complex (Johnson and
Bradshaw 2001; Dineen et al. 2003; Quinn and Minton

2001) can be transferred to various Clostridium species.

In contrast to C. botulinum, C. tetani appears to be a

fairly homogenous species. Thus, it is conceivable that

the clostridial neurotoxin genes have been, and will be,

transferred to additional species of Clostridium that

await discovery. The neurotoxigenic clostridia isolated to

date and producing botulinum or tetanus neurotoxln are
listed in Table 43.2. Certain evidence suggests that

neurotoxigenic clostridia in the intestinal tract of

humans may be involved in neurological diseases such as

autism (Finegold et al. 2002a), but these organisms await
discovery.

HABITATS OF PATHOGENIC CLOSTRIDIA

The pathogenic clostridia are widely distributed in

nature, but they have two principal habitats, the soil and
the intestine of humans and animals (Beland and
Rossier 1973; Smith 1978; Smith and Hobbs 1974; Smith
and Williams 1984; Willis 1969). Several clostridia

including pathogenic species appear to be common inha-

bitants of the intestinal tract of humans and animals, and
25-38 intestinal species have been reported depending

on the survey (Finegold et al.2002b; George and Fine-
gold 1985). Clostridia have also been isolated from
gastric and duodenal specimens (Finegold et aI.2002a,

b). C. tetani is frequently found in human feces, but C.

botulinum is rarely isolated from this source (Easton and

Meyer 1924) except in infants with botulism (Arnon

1995,2004; Hatheway 1,995). C. tetani and C. botulinum
are also found in most soils worldwide that have been
surveyed (Dodds 1993; Hauschlld 1992; Smith and
Williams 1984; Willis 1969). It has been suggested that

the main habitat of many clostridia is the intestines of
animals and their presence in soil is due to fecal contam-
ination. It is more likely that the primary habitat is soil;
that they are digested together with plant foods
harvested from the soil, and that some of them have
adapted temporarily or permanently to the intestinal
canal as a habitat. As a result of being predominant in

soil, certain clostridia frequently occur in dust, milk, and
sewage.

Interestingly, the worldwide distribution of C. botu-
linum differs in regions according to their toxin type and
physiology. For example, proteolytic strains (Group I) of
C. botulinum type A occur at a higher frequency in the
western United States, whilst proteolytic type B occurs
predominately in the eastern United States (Dodds 1993;
Hauschild 1992; Popoff 1995; Smith and Sugiyama 1988).

Nonproteolytic type B (Group II) predominate in
western Europe. Type E is predominately associated
with aquatic habitats including muds and brackish
waters (Dolman and Iida 1963; Hatheway L995; Johnson
and Goodnough 1998). C. botulinumlC. argentinense
producing type G neurotoxin has only been isolated
from soils in Argentina. The ecological factors that
determine the distribution of C. botulinum spores in
nature are largely unknown. The distribution of different
serotypes of C. botulinun worldwide has been reviewed
(Hauschild 1992; Popoff 1995; Johnson and Goodnough
19e8).

PHYSICAL AND METABOLIC
PROPERTIES OF PATHOGENIC
CLOSTRIDIA INCLUDING C, BOTULINUM
AND C. TETANI

Staining reactions

C. botulinum and C. tetani stain readily with the usual

dyes (see Hatheway and Johnson 1998; Paik 1980; Willis
1977). Considerable irregularity is noticeable in the
depth of staining, especially in cultures that are more
lhan 2 days old. Occasionally, metachromatic granules

or points of more intense coloration are seen, especially
when acetone is used for discoloration. In young cultures
(<8 h), the bacilli usually stain uniformly gram-positive.

On extended culture they may lose this property, and
can be readily discolorized with ethanol. In the early
stages of spore formation, the position of the spore is

often marked by a region of intense staining; as it
matures, however, the spore presents a colorless center

surrounded by a peripherally stained ring. For initial

staining of the organisms in the laboratory, Gram's
stain is most commonly used. Clostridia are considered
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gram-positive organisms, and have a gram-positive cell-
wall structure, although some strains show the positive
(violet) staining reaction only in young cultures (less
than 12 h), and sometimes identification must be made
without this observation. Often, Gram-stained smears of
pure cultures show a mixture of positive and negative
organlsms.

Spores

The formation of resistant endospores is a common trait
of C. botulinum, C. tetani, and other neurotoxigenic clos-
tridia, although there is considerable variation in the
propensity by which it occurs. The spores are wider than
the vegetative bacilli and confer a distinctive appearance
according to the position in which they arise. In C. botu-
linum and C. tetani the spores are subterminal to
terminal giving the cells a club-shape or tennis-racket
appearance. Spores are easily visualized by phase
contrast microscopy as bright, refractile oval bodies in
the mother cell. In a Gram stain, the cells typically
stain but the spores do not acquire the stain and
appear as refractile bodies. Sporulation of neurotoxi-
genic clostridia has been reviewed (Setlow and Johnson
2001; Woods and Jones 1986), and relatively little is
known compared to other sporeformers, particularly
Bacillus sp.

Spores of most species can be readily produced in
chopped meat broth or agar (Dowell and Hawkins 1974;
Hatheway and Johnson 1998; Holdeman et al. 1977),blt
spores produced in these media are difficult to purify for
analyses. C. botulinum and C. tetani also sporulate in
clear, complex media such as trypticase-peptone-
glucose-yeast extract (TPGY) broth. Nutritional studies
showed that sporulation in C. botulinum type B (group
I) is stimulated by zinc (Kihm et al. 1988). Spores
produced in clear media can be purified to over 99
percent purity by density gradient centrifugation from
the clear media (Kihm et al. 1990). The clostridial spore
released from the mother cell is structurally distinct
from the vegetative cell in which they arise. Many clos-
tridial spores contain an outermost layer, termed the
exposporium, which often assumes a structurally
complex morphology (Setlow and Johnson 2001).
Underlying the exosporium is the spore coat, consisting
of unusual proteins with a high degree of cross-linking.
Beneath this layer is the spore cortex, consisting of
peptidoglycan-like polymers. The central region of the
spore, or the core, contains the spore's DNA, ribosomes,
enzymes necessary for growth and germination, and
deposits of divalent cations. The metal content of puri-
fied proteolytic C. botulinum type B spores is different
from metals in spores of Bacillus that have been
analyzed (Kihm et al. 1990). Overall, the spore structure
and components is similar to that in the better studied
Bacillus, but there are also clear differences that may be
associated with different resistance mechanisms than

those found in Bacillus. Proteolytic strains of C. botu-
linum can produce spores of high heat resistance and are
the most important spore-former in the public health

safety of thermally processed foods (Ito et al. 1968;
Lund and Peck 2000; Setlow and Johnson 2001). Certain
food regulations, such as the low-acid canned food laws,
are based on a'bot cook, 'commonly considered as rnac-

tivation of 12 logs of the most resistant (type A) C.
botulinum spores (Glass and Johnson 2001; Kim and
Foegeding 1993; Lynt et al. 1975; Setlow and Johnson
2001). Spores from nonproteolytic C. botulinum strains
(Group II), from types C and D (Group III), and type G
(group IV) are less heat-resistant than those of proteo-

Iytic (Group I) strains. The non-neurotoxic species C.
sporogenes, of which the spores have a higher heat resis-

tance than C. botulinum, has been used as a surrogate to
estimate the thermal process needed for a botulinum
cook (Setlow and Johnson 2001).

In addition to heat, clostridial endospores are resistant

to exposure to oxygen, chemical agents, irradiation,

heating, and drying (Kim and Foegeding L993; Lund and
Peck 2000; Setlow and Johnson 2001). They can be inac-
tivated with chlorine and with high concentrations of
hydrogen peroxide (Kim and Foegeding 1993). The

spores from Group I C. botulinum can survive boiling in
aqueous media and in foods for more than t h. This is
the reason that food-borne botulism can sometimes

occur with foods that have been heat processed. The

heat resistance of spores is often used to advantage in
isolation of clostridia from mixed cultures, as heating

kills vegetative flora, while the spores remain viable.
Treatment of cultures with 50 percent ethanol will also
inactivate most vegetative cells and will leave the spores
viable (Koransky et al. 1,978; Lilly et al. 1971). These

methods are often useful in purifying clostridia from
mixed or contaminated cultures.

The spore can remain in a dormant state for hundreds
or perhaps thousands of years (Keynan and Sandler

1983), but dormancy can be broken by various treat-

ments. The activation, germination, and outgrowth of
spores depend on several factors. Often a heat treatment
of 6G-80'C for 10-20 min is applied for activation. The
events that occur during heat activation are not known,
but heating is a good method to break dormancy and
facilitate subsequent germination. Cooked meat medium

containing soluble starch (CMGS) is recommended for

recovery of sporulated clostridia (Dowell et al. 1977a).
The starch can bind certain lipid and fatty acid compo-

nents of the medium and inoculum that can inhibit
germination. The addition of lysozyme to media can also

considerably increase the frequency of recovery, prob-

ably by substituting for germination enzymes that are
destroyed by heat treatments (Lund and Peck 2000).
The destruction of germination and other metabolic
processes by heating or other treatments such as irradia-

tion could be a cause of spores that are 'super'-dormant

and do not germinate for many years until they are in
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some manner shocked into a germinating vegetative
state.

Flagel la

C. botulinum and C. tetani are motile by peritrichous
flagella, but motility can be difficult to demonstrate,
especially in strains that have been laboratory subcul-
tures for years and in cultures that have entered into a
stationary phase. Young cultures in fluid medium, of 6-
24 h old, are the most suitable for demonstration of
motility. Motility may be observed by examining a drop
of culture overlaid with a coverslip under the micro-
scope using phase contrast or dark field illumination.
Alternatively, growth in an anaerobic tube of motility
medium (containing 0.5 percent agar) (Dowell et al.
1977a) w1ll show diffuse growth throughout the medium.
Flagella can be observed using Liefson's flagellar stain
(Dowell and Hawkins 1974, Paik 1980).

Cel l  wal ls

Clostridium species are classified as gram-positive organ-
isms and young cultures generally stain well, although
sometimes the Gram reaction is difficult to demonstrate.
The group I ('true clostridia') (Collins et al. 1994) have
a typical gram-positive cell wall structure and cultures
lack an outer membrane typical of gram-negative organ-
isms. This remains an important taxonomic criterion,
since members of the genus Sporomusa, also anaerobic
sporeformers, possess a gram-negative cell wall
(Andreesen et al. 1989). Certain other organisms
grouped with the clostridia also have a gram-negative
cell-wall structure (Finegold et aL. 2002b). In gram-posi-
tive organisms, the peptidoglycan usually accounts for
80-90 percent of the cell-wall components forming a
thick layer (Andreesen et al. 1989; Gottschalk 1986),
while it accounts for only about 10 percent in gram-
negative organisms and forms a relatively thin
surrounding layer. DL diaminopimelic acid (meso-DAP)
provides the crosslink in the C botulinum and C. tetani
strains for which it has been studied (Cato et al. 1986).
The predominate cell-wall sugars in C. tetani are glucose
and rhamnose (Cummins and Johnson 1971). The cell-
wall peptidoglycan of a type A C. botulinum strain was
found to contain glutamic acid, alanine, diaminopimelic
acid, glucosamine, and muramic acid (Smith and
Sugiyama 1988). The cell walls of other serotypes and
groups would be expected to vary since it is a very
heterogeneous species. The structure of the cell wall of
C. tetani has not been elucidated.

Capsules

Most Clostridium sp., including C. botulinum and C.
tetani, lack a capsule. A few clostridia have been shown

to bear a capsule, especially C. perfringens and C. buty-

ricum. Capsule formation is dependent on culture condi-

tions, and may occur predominately in media containing

serum or in the human or animal host. The serology of

the capsular polysaccharide antigens is diverse (Klotz

1965), and this diversity has been used for establishing a

common vehicle in outbreaks of food-borne disease

caused by clostridia (Hatheway and Johnson 1998;

Stringer et al. 1980).

Plasmids

Plasmids occur frequently in many Clostridium species,

including strains of C. botulinum and C. tetani (Finn

et al. 1984; Eklund et al. 1989). Most of the plasmids

are cryptic, and C. perfringens is the only pathogenic

clostridial species in which conjugative resistance plas-

mids (R plasmids) have been isolated and these gener-

ally carry a tetracycline resistance determinant (Rood

1998). A plasmid has been isolated that confers resis-

tance to macrolide-lincosamide-streptogramin B antibio-

tics (Rood 1998). These plasmids have been very useful

in developing genetic tools for the study of C. perfrin-

gens. It would be valuable to isolate conjugative plas-

mids from C. botulinum and C. tetani for the study of

their physiology and pathogenicity, but such studies have

not been pursued in depth and most plasmids detected

in C. botulinunz remain cryptic in function (Strom et al.

1984; Quinn and Minton 2001). Curing of the plasmids

has not revealed an association of plasmids and toxin

production in C. botulinura Group I and II, but loss of

plasmids is associated with absence of toxicity in Group

IV C. botulinumlC. argentinense producing type G

neurotoxin (Eklund et al. 1988; Zhou et al. 1995) and in

C. tetani (Finn et al. 1984; Laird et al. 1980). The asso-

ciation of plasmids with toxin production in C. tetani was

initially suggested by Hara et al. (1977), and it was later

shown that 52 toxin-producing strains of C. tetani

harbored a single large plasmid of about 75 Mda (Laird

et al. 1980). It was subsequently shown that the gene

encoding tetanus neurotoxin resided on the plasmid (see

Eklund et al. 1989 for review). Attempts to transfer the

toxigenicity from a toxic strain to a nontoxic C. tetani

strain were unsuccessful, suggesting that the plasmid

does not have conjugal properties. Studies have also

shown that the genes for type G neurotoxin in C. botu-

linum type G (C. argentinense) and associated nontoxic

proteins in the neurotoxin complex are harbored on a

plasmid (Eklund et al. 1988; Zhou et al. 1995). The type

G botulinum neurotoxin gene complex was demon-

strated to be harbored on an 81-Mda plasmid (Zhou

et al. 1995). The function of such large plasmids in C.

tetani and C. botulinum type G is not known. A gene

encoding a bacteriocin has been shown to reside on a

plasmid in strains of C. botulinum types A and B

(Dineen et al. 2000). A related plasmid containing a

boticin gene has also been demonstrated in C. botulinum
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type A strain ATCC 2502 that is being used for genome

sequencing. Plasmid profiles have been used for strain
identification of C. difficile (Cornillot et al. 1995) and
C. perfringens (Steinberg et al. 1987), but they have not
been reported to be useful in strain identiflcation of
C botulinum and C. tetani.

Bacteriophages

Many clostridia including neurotoxigenic species have
been demonstrated to harbor bacteriophages (Dolman

and Chang 1972; Eklund et al.  7976,1987, 1989; Inoue
and Iida 1968; Ogata and Hongo 1979). Research groups

in the United States and in Japan demonstrated that
bacteriophages mediated toxin production in C. botu-
linum types C and D (reviewed in Eklund et al. 1989;
Johnson 1997). This relationship between neurotoxin

and bacteriophages was established by curing of
phages by treatment with ultraviolet light, mitomycin

C, or acridine orange with associated loss of toxigenicity.
These nontoxigenic isolates were subsequently found
to be sensitive to bacteriophage infection, indicating

that they had lost immunity and thus loss of bacter-
iophage infection. The direct demonstration of toxigeni-
city and bacteriophage was demonstrated by reinfection
with phage and conversion to the toxigenic state
with restoration of toxin formation. Phage interconver-
sion of C. botulinum types C and D was also demon-
strated by phage-loss and crossinfection. After loss
of bacteriophages and toxicity from C. botulinum
types C and D, the resulting nontoxigenic strains
were indistinguishable, but both were demonstrated to
belong to the heterogeneous group of clostridia
comprising Clostridium novyi type A. Conversion of C.
novyi to toxigenicity by phage infection was also demon-
strated. The bacteriophage carrier state in C. botulinum
types C and D has been termed pseudolysogeny, refer-
ring to the observations that the prophage-bacterium
relationship is unstable and non-lysogens occur rather
frequently. This was further demonstrated by incubating
toxigenic cells in media containing antiserum raised
against the bacteriophages. After several transfers,
nearly the entire population had lost the ability to
produce neurotoxin (see Eklund et al. 1989; Johnson
1997).

The relation of phages to toxin production has not
been shown in other groups (including serotypes A, B,
E, F, G) of C. botulinum (Eklund et al. 1989; Johnson
et al. 7997). Although strains of C. botulinum in Group I
contain prophages, curing of strains with mitomycin C
and incubation in media containing acriflavine has not
been correlated with loss of toxigenicity. However,
introduction of the transposon Tn916 into C. botulinum
strain 62.4. (type A) led to strains that were tox and
had a large 32-kb deletion that included all the genes for
the neurotoxin complex (Lin and Johnson 1995; Johnson
et al.1997). These data suggest that the toxin locus can

be unstable and is potentially indicative of phage-medi-

ated loss of toxigenicity, particularly considering the

large size ()12 kbp) of the toxin gene complex locus.

Certain strains of C. botulinum in Group II lost their

ability to produce neurotoxin using the mitomycin C/

acriflavine treatment (Eklund et al. 1989). However,

these cured strains did not appear to be phage sensitive

and toxigenicity could not be restored by phage infec-

tion. This evidence for lack of correlation between

bacteriophage infection and toxigenicity is indirect, and

it is frustrating that phage-sensitive strains could not be

isolated.

It is likely that the genes encoding the neurotoxin

cluster can be transferred in nature because of the rela-

tively recent isolation of C butyricum sfiains and C.

baratii strains that produce neurotoxins E and F, res-

pectively (see previous citations in section entitled

Botulism). However, the analysis of genome structure

has not provided evidence for pathogenicity islands

that occur frequently in several bacterial pathogens

and have been associated with virulence gene transfer.

Since C. botulinum and C. tetani contain plasmids and

often numerous phages (Eklund et al. 1989; Johnson

1997), interspecies transfer may occur by mobilization of

these potential moveable elements. The isolation of

strains of C. butyricum and C. baratii that produced

botulinum-like neurotoxins supports the fact that

transfer occurs in nature, but the mechanism remains

obscure. Indirect evidence has been presented that

transfer of neurotoxigenicity can occur from C. butyr-

icum to a nontoxigenic C. botulinum E-like strain and is

probably mediated by either a plasmid or a defective

bacteriophage (Hauser et al. 1992, 1.995; ZhoLr et al.

1993). A gene encoding a bacteriophage-related lyso-

zyme has been detected in the vicinity of a toxin gene

cluster, lending indirect evidence that bacteriophages

may reside in the vicinity of the toxin gene cluster on

the chromosome (Quinn and Minton 2001). Thus, it may

be fruitful to further pursue the possibility of phage

transfer of botulinum neurotoxin senes in certain strains

of C. botulinum.

Bacteriocins

Bacteriocins are antimicrobial peptides or proteins

formed by bacteria which typically have inhibitory acti-

tivity against closely related species (Jack et al. 1995).

Bacteriocins and other uncharacterized antimicrobial

substances are produced by a number of clostridia

including C botulinum (Dineen et al. 2000; Eklund et al.

1988; Graham 1978; Hall and Peterson 1.922i Kautter

et al. 1,966; Kiritani er al. 1973; Lau et al. 1974; Mahony

1979; Smith 1975). Smith (1975) isolated strains of B.

cereus, C. sporogenes, and C. perfringens that produced

bacteriocins active against C. botulinum. The lantiobiotic

nisin, which is produced by strains of Lactococcus lactis

and is approved for certain food uses in the USA and UK,
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has bactericidal activity in vitro against certain serotypes
and strains oI C. botulinum (Glass and Johnson 200L).
Recently, a bacteriocin called boticin B was isolated and
characterized from C. botulinum 2138 (Dineen et al.
2000). DNA sequencing revealed the boticin B structural
gene, btcB, to encode a protein of 50 amino acids with a
calculated molecular mass of 5 138 Da. It had a narrow
spectrum of activity against C. botulinum 62A and a C
botulinum strain 588 Ab, which produces type A neuro-
toxin as its major toxin and type B in considerably less
quantities. The bacteriocin from 2138 was shown to
reside on an 18.8 kb plasmid. This is the first reported
bacteriocin to be isolated from a group I C. botulinum
strain, and it could have significance in the inhibition of
related clostridia in the intestine or in foods. Recently,
the strain C. botulinum ATCC 3502 whose genome rs
being sequenced, was shown to contain a -20 kb plasmid

that included a genes for a bacteriocin related to boticin B
(www.sanger.ac.uk/Projects/C_botulinum).

Antigenic structure

Antigenic structure has been evaluated as a means of
establishing a systematic method for identiflcation and
differentiation of strains of clostridia (reviewed in
Hatheway and Johnson 1998). With the advance in
molecular typing methods mainly involving DNA tech-
nologies such as PCR, PFGE, and nucleic acid hybridi-
zations, interest in the serological approach has dimin-
ished. The main groups of clostridial antigens that have
been studied are: (a) the antigens of the flagella and the
bacterial bodies, (b) capsular polysaccharides, and (c)

toxins or other factors found in culture flltrates. The use
of fluorescent antibodies (FA) was evaluated for conflr-
mation of infant botulism by identification of C. botu-
linum in patients' stools (Glasby and Hatheway 1983,
1984a). Since some strains of C sporogenes also reacted
with the antibodies, neurotoxin tests remained necessary
and largely negated any potential advantage of FA iden-

tification. Molecular typing methods largely relying on
nucleic acid methodologies and also specific lmmu-
noassays for clostridial toxins appear to offer more
general applicable approaches.

GROWTH PROPERTIES OF
C. BOTULINUM AND C. TETANI

General cultural methods for
C. botulinum and C. tetani

The isolation and identification of neurotoxigenic clos-

tridia presents certain practical difficulties (Bittner 1980;
Johnson 1999a; Willis 1969, 1977). Clostridia are anae-
robes and culturing requires reduced media to eliminate

oxygen and toxic oxygen metabolites and an anaerobic
environment for culture incubation such as an anaerobic

chamber. Prompt collection of foods or clinical samples

and rapid analysis is desired to prevent exposure to

oxygen and reduction in viability of clostridial cultures.

In general, C. botulinum and C. tetani are more sensitive

to oxygen than many other clostridia such as C. spor-

ogenes and C. perfringens. C. botulinum type C and the

related nontoxigenic species Clostridium novyi are more

oxygen sensitive than C. botulinum types A and B

(Meyer 1924). Oxygen sensitivity restricts the habitat of

vegetative cells to anaerobic environments, though

endospores may survive in aerobic environments. In

most environmental, food, and fecal samples, clostridial

endospores are often present. In samples containing

spores, competitor vegetative organisms can be elimi-

nated by heat or by ethanol or phenethyl alcohol
(Dowell et al. 1964, 1977a; Solomon et al. 1995). Incuba-

tion of the source materials at 60-80'C for 10-20 min is

also usually sufficient to select for clostridial spor-

eformers. However, certain types of C. botulinum have

heat-sensitive spores, and 50 percent alcohol treatment

can facilitate the isolation of these cultures (Dowell et al.

1964; Johnston et al. 1964; Solomon et al. 1995). Mixed

cultures are usually present in clinical specimens or

foods, and oxygen-utilizing bacteria and fungi will utilize

oxygen and provide an environment favorable for

growth of clostridia. When clostridia are enriched in

complex media from foods, fecal materials, or other

complex sources, they may be outgrown by competitor

organisms. Selective media have been useful for isola-

tion of proteolytic clostridia from these sources (CDC

1998a; Dezfulian et al. 198L; Dowell et al. 1977a, l98l;

Hatheway 1988; Mills et al. 1985; Willis 1977).

Difficulty may be encountered in obtaining and main-

taining pure cultures of neurotoxigenic clostridia. Strains

also tend to show genetic instability and variation in

phenotypic properties including decrease in toxin

production on repeated subculture in the laboratory

(Gunnison and Meyer 1929a; Lewis and Hill 1947;

Schantz and Johnson 1992). Newly isolated cultures

should be stored as pure cultures in cooked meat

medium preferably at -20 or -70"C. Toxin titers of C.

botulinum have been found to decrease with storage

under these conditions to levels that are unacceptable

for toxin purification (Schantz and Johnson 1994;

Lewis and Hill 1947). Nontoxigenic variants may

exhibit enhanced sporulation and changes in lysogeny

(Takumi et al. 1980). Subculturing in cooked meat

medium can help maintain or restore toxin titers. Main-

tenance of high toxin producing cultures can require

isolation of individual clones and testing for toxin

production by assay in mice. An immunologic method

was developed for qualitative assessment of toxin

production within individual colonies (Goodnough et al.

ree3).
C. tetani and C. botulinum generally grow optimally at

30-37"C, although certain strains of C. botulinum in
group II (nonproteolytic strains of serotypes B, E and F)
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can grow at temperatures as low as 3-4'C (reviewed in
Hauschild 1992, ICMSF 1980, 1996, 1998; Glass and
Johnson 2001). The optimum pH of growth for both
species is about 7.0-7.4. C. botulinum and C. tetani will
grow in liquid media from which oxygen has been
removed such as by boiling or autoclaving, and which
contain a reducing agent such as cysteine, thioglycollate,
or metallic iron. For growth on solid media, an anae-
robic environment is required such as an anaerobic
chamber containing an atmosphere of 80-85 percent
nitrogen, 5-10 percent carbon dioxide, and an initial
concentration of hydrogen of 10 percent. Since concen-
trations of hydrogen near to 10 percent can be explosive
if ignited, the initial level should not exceed 10 percent.
In practice, the 10 percent level rapidly decreases as it
reacts with oxygen to form water in the presence of a
palladium catalyst (Johnson 1999a). Other methods of
anaerobic culture on solid media can be employed such
as anaerobic jars or Hungate tubes, but it is difficult to
manipulate colonies in these systems. On solid media,
growth can be relatively slow, and sometimes takes the
form of a thin, effuse, often spreading film, which may
be difficult to distinguish from the underlying medium,
particularly with C. tetani. Film formation and swarming
is promoted by moisture on the plates and low concen-
trations of agar. In particular, C. tetani tends to swarm
or spread rapidly over a moist agar surface. C. tetani
inoculated into the condensation of water of an agar
slant, or laterally on a blood agar plate, in the course of
a day spreads over the entire plate and the film is often
so thin that were it not for its dentate spreading edge it
might escape detection. Advantage may be taken of this
property for isolation of the organism (Fildes 1925;
Willis 1969, 1971). 'lhe 

spreading can be inhibited by
increasing the concentration of the agar (e.g. 2.5-4
percent) (Dowell et aL. 1977a), by certain chemicals, or
by the addition of agglutinating antibody to the medium
(Wil l is 1977;Wil l iams and Wil l is 1970).

Routine isolation methods for pathogenic C. botu-
linum and C. tetani have been described (Dowell and
Hawkins 1974; Dowell et al 1977a; Hatheway 1988;
Willis and Hobbs 1959; Willis 1969, 1977). Briefly, C.
botulinum and C. tetani can be isolated from environ-
mental samples, clinical specimens, and foods by heat
treatment at 60-80'C for 10-20 min to select for spores,
followed by incubation in a suitable rich broth such as
cooked meat medium t0.5 percent glucose, reinforced
clostridium medium. or TPGY broth. For certain
saccharolytic clostridia including Group I-III C. botu-
linum, it is often helpful to add 0.5 percent glucose. Indi-
vidual colonies can be isolated on various solid media
including TPGY, reinforced clostridium medium, cooked
meat medium +0.5 percent glucose and starch, or blood
agar plates. Selective media for toxigenic clostridia are
based on the relative lack of inhibitory activity of certain
antimicrobial agents against clostridia compared to other
microbial groups. Inhibitors selective for clostridia

include polymyxin B, neomycin, and crystal violet (Willis

1990), phenylethyl alcohol (Dowell et al. 1964), cyclo-

serine (Hauschild and Hilsheimer 1974), and trimetho-

prim/sulfamethoxazole (Dezfulian et al. 1981; Mills et al.

1985). A selective agar medium (CBI) containing cyclo-

serine, sulfamethoxazole, and trimethoprim was devel-

oped for isolation of proteolytic C. botulinum from

human feces (Dezfulian et al. 1981). Modifications, espe-

cially the incorporation of thymidine phosphorylase, were

recommended to suppress nonbotulinum fecal flora and

facilitate more rapid isolation of C. botulinun (Mills et al.

1985). Initial presumptive identification of neurotoxigenic

clostridia can include several of the following tests (CDC

1998a; Dowell and Hawkins 1974; Dowell et al. 1977a;

Hatheway 1988; Holdeman et al. 1977;Willis 1977):

o cell morphology, Gram stain reaction, and size and

the shape and position of mature endospores in the

mother cell;
o biochemical reactions including lecithinase, lipase,

proteolysis, indole formation;
o activity of metabolic pathways for utilization of

specific carbohydrates as energy sources;
o volatile fatty acid endproducts determined by gas

chromatography or high pressure liquid chromato-
graphy; and

o determined assay of neurotoxicity in mice with the

use of proper controls.

For consistent identification, standardization of the
growth conditions and the use of reference strains is

recommended.

Many solid media are satisfactory for the study of

colony morphology of clostridia including TPGY agar,

blood agar, egg yolk agar, reinforced clostridial agar and

other media that are rich in peptones, vitamins, and

other nutrients. C. botulinum and C. tetani have nutrient

requirements for numerous amino acids, and vitamins
(Cato et al. 1986; Feeney et al. 1.944; Whitmer and

Johnson 1988). The growth of certain types of C. botu-

linum (e.g. type A) is stimulated by sugars, but C. tetani

does not utilize sugars as carbon and energy sources and
grows well on media lacking carbohydrate such as

nutrient agar and blood agar. Most strains of C. botu-

linum Groups I-III form colonies after 24-48 h that are

2-8 mm in diameter with a translucent or semiopaque

appearance and a rhizoid periphery (Cato et al. 1986;

Holdeman et al. 1977). They sometimes have a raised

colony center with a yellowish color. Colonies are gener-

ally gray in color with a matt to semiglossy surface

(Batty and Walker 1966; Smith and Williams 1984;

Willis 1969, 1977). As colonies of clostridia develop, the

morphology changes depending on the conditions and

the medium. Eventually, colonies of C. botulinum often

take on an irregular shape. On blood agar, colonies are

2-6 mm in diameter, often irregular in shape with a
rhizoid periphery, translucent to semiopaque, usually

with a granular or ground glass occurrence, and are
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beta-hemolytic (Cato et al. 1986; Willis 1969, 1977). C.
botulinum type G generally form smaller and more
translucent colonies, are more oxygen sensitive, and may
form a spreading film (Hatheway and Johnson 1998).

Cooked meat medium (often supplemented with 0.5
percent glucose and/or starch) (CMGS), TPGY broth,
and reinforced clostridial broth are good liquid media for
vegetative growth and formation of spores (Ciccarelli et al.
7977; Hatheway and Johnson 1998). C. botulinum and C.
tetani arc generally observed microscopically as large,
rod-shaped organisms, but the morphology of different
strains can vary widely. Depending on the strain and
culture conditions, the size varies and they can form pleo-
morphic shapes. The length of C. botulinum and C. tetani
cells in liquid media is variable depending on media and
conditions and can vary from about 3-8 prm in length and
0.6-I.4 pm in breadth (cato et al.  1986;Wil l is 1969, 1977).
Long filamentous forms up to 20 pm are often observed.
The vegetative bacilli are straight to slightly curved, their
sides parallel, and their ends rounded or somewhat trun-
cated. Often they occur as single rods, but both species
also frequently occur in pairs or in chains. As the cultures
enter into stationary phase they can form their character-
istic neurotoxins, and this process is associated with exten-
sive autolysis in certain serotypes and strains. Depending
on the nutritional and culture conditions, the organisms
can form endospores that distend the sporangium, and
this is followed by lysis and release of free, phase-bright
endospores. When spores are present, C. botulinum and
C. tetani show a distended subterminal sporangium, often
described as a 'tennis racket' or 'drumstick' shape
(Hatheway and Johnson 1998). Toxin production appears
to be distinct or even antagonistic from sporulation, and
strains used for toxin formation and for vaccine produc-
tion generally have a nonsporulating phenotype (Schantz
and Johnson 1992). Photomicrographs of smears of cells
and colonies are presented in Figure 43.1.

Specific culture media are useful for determining
phenotypic characteristics of C. botulinum (Cato et al.
1986; Hatheway 1988; Holdeman et al. 1977). Egg yolk
agar is useful for detecting lecithinase and lipase
enzymes secreted by C. botulinum and related organisms
(Nagler 1939; McClung and 

-toabe 
1947; Willis 1969,

1977). Lecithinase (phospholipase C) is indicated by the
appearance of an insoluble, whitish-opaque pearly layer
surrounding the colonies in the agar. Lipase reaction
appears as an iridescent sheen on the surface of the
colonies. Like other phenotypic tests, many other
members of the genus Clostridium produce colonies with
similar colony appearance. Many strains of C. botulinum
and C. tetani ate strongly proteolytic. Proteolysis is
detected by digestion of chopped meat particles (CDC
1998a; Holdeman et al. 1977) or by digestion of casein in
skim-milk plates (Hatheway 1988, 1995). In all biochem-
ical tests, it is necessary to use positive controls to vali-
date the method. Compilations of media and conditions
for culture of clostridia are available (Cato et al. 1986:

CDC 1998a; Dowell et al. 1977a; Holdeman et al. 1977;

Johnson 1999a; Willis, 1977). For an earlier illustrated

description of the morphological and colonial appear-

ance of the pathogenic anaerobes see Batty and Walker
(1966) .

Identiflcation of C. botulinulr? requires demonstration

of the presence of botulinum neurotoxin (CDC 1998a;

Hatheway 1988; Gim6nez and Gim6nez 1995; Johnson

and Goodnough 1998), but this feature has not been

required for C. tetani, as nontoxigenic strains of this

species are allowed. Furthermore, from a clinical

perspective, the diagnosis of tetanus generally relies on

symptoms alone (Donadio et al. l97l; Bleck 1989, 1991;

Cook et al. 2O0l; Hsu and Groleau 2001). Methods for

mouse bioassay and typing of botulinum neurotoxin,

including pitfalls in the techniques, have been described

(Boroff and Fleck 1966; CDC 1998a, Hatheway 1988;

Gim6nez and Gim6nez 1995; Schantz and Kautter 1978).

International standards are extremely useful for typing

of C. botulinum (Bowmer 1963; Schantz and Kautter

1978), but these are presently not available and efforts

should be made to prepare new standard antitoxin (and

toxin) preparations. Neurotoxin production in strains of

C. botulinum and C. tetani can be lost or diminished in

titer on repeated culture (Lewis and Hill 1947: Schantz

and Johnson 1992; Goodnough et al. 1993). Gunnison

and Meyer (1929b) conducted an extensive study of

isolates of C. botulinum of types A, B, C, and D from

various regions of the world. They emphasized that since

the toxin-producing property of a strain may diminish, a

classification based on physiological behavior possesses

many advantages. They also emphasized that the flnal

identification of C. botulinum should be made with

toxin-antitoxin neutralization. They found that colony

morphology was not characteristic of any specific type of

C. botulinum. Gunnison and Meyer (I929a) also demon-

strated that proteolysis and fermentation endproducts

from sugars varied among the types. Moore et al. (1966)

demonstrated that fermentation endproducts are useful

in the identification of Clostridium species. Proteolysis,

lipase reaction, fermentation endproducts, and toxin-

antitoxin neutralization are primary tests used today for

the identification of neurotoxigenic clostridia. In recent

years, the classification of clostridia has increasingly

relied on molecular techniques, particularly PFGE (Lin

and Johnson 1995; Wang et al. 2000), and sequencing of

genes encoding rRNA or interspatial regions (Finegold

et al. 2002b; Lane et al. 1985; Olive and Bean 1999;

Wilson 1995), but a more encompassing approach may

be desired to define a bacterial lineage or species
(Rossell6-Mora and Amann 2001).

PHYSIOLOGY OF C. BOTULINUM AND
C. TETANI

Clostridia are anaerobic organisms that do not possess

cytochrome oxidase or oxygenases (Andreesen et al.
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F igure43.1  Photomicrographs(xc  1500)o f  somerepresenta t ivespeoesofC los t r id ium. (a)C botu l rnumtypeA,24hCMGS,Gram
staln, (b) C botulinum type A,72 h EYA, gram staln; (c) C botulinum type B (nonproteolytic),72 h EYA, Gram stain; (d) C botulinum
type E, 24 h CMGS, Gram stain; (e) C tetani, 4 day EYA, phase contrast; (h) C botulinum type B, 4 day EYA, phase contrast,
(i) C botulinum type E, 4 day EYA, phase contrast; (j) C tetani, 4 day EY, phase contrast; (k) C perfringens, 24 h CM, Gram stain;
(l) C perf ringen s, 24 h Schaedler agar, Gram staln, (p) C subterminale , 28 h BAP, Gram stain, (q) C argentinese, 72 h EYA, gram
stain; (r) C innocuum, 24 h thioglycollate broth, Gram stain (Continued over)

(m)
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Figure43.1 Photomicrographs(xc 1500)of somerepresentativespeciesofClostr idium (Continued)(s)C septicum,24hCM
methylene b/ue (t) C chauvoei, methylene blue) (from Hatheway and lohnson 1998)

1989; Decker et al. 1970'. Gottschalk 19861 Thauer et al.
1977). They derive their energy for growth by fermenta-
tion of organic compounds and by ion transport mechan-
isms rather than by oxidative processes involving oxygen
(Andreesen et al. 1989). In classical clostridial fermenta-
tion processes, organic compounds serve as the terminal
electron donor and also as the terminal electron
acceptor (Andreesen et al. 1989; Morris 1975, 1976;
Gottschalk 1986). This metabolism leads to the accumu-
lation of reduced organic products. Traditionally, ATP
was believed to be formed in clostridia solely by
substrate level phosphorylation, and not by a respiratory
process involving electron transport. Clostridia do not
carry out dissimilatory sulfate reduction in which sulfate
serves as an anaerobic electron acceptor, referred to as
anaerobic respiration in certain bacteria such as Desulfa-
tomaculum (Decker et al. 1970). Interestingly, the recent
genome sequence of C. tetani shows the presence of the
genes for a membrane-bound electron transport chain
that were also identified previously in the genome of C.
perfringens (Shimizu et al. 2002). It appears to have
similar properties of the Rhodobacter capsulafas-specific
nitrogen fixation system as well and to the NADH-
ubiquinone oxidoreductase present in many aerobic
pathogens such as Vibrio cholerae, Salmonella typhyi-
murium, Yersinia pestis, and Haemophilus infl.uenzae,
where it acts as a Na*-translocating NADH dehy-
drogenase. However, since quinones apparently are not
present in clostridia, it was postulated that the electron
transport chain, if functional, could be involved in amino
acid degradation (Briiggemann et al. 2003). It was also
surprising to find abundant genes related to sodium ion
transport and their extensive involvement in inter-
mediary metabolism. C. tetani is unusual in that a
vacuolar (V)-type ATPase appears to be the primary

source for ion-motive force at the cytoplasmic
membrane, and it did not possess the F6F1-type ATPase
common in many other bacteria including C. perfringens

and C. acetobutylicum. Thus, a mainstay of energy meta-
bolism rn C. tetani is the hydrolysis of ATP formed
during fermentative metabolism by the V-type ATPase
to generate a Na*-motive force at the membrane. This
sodium ion gradient would be used to drive various
metabolic processes.

Since clostridia cannot use molecular oxygen and only

thrive in its absence, they usually are unable to cope

with oxygen or toxic oxygen derivatives (reactive oxygen

species (ROS)). The clostridia, in general, lack certain

protective enzymes such as catalase, although low levels

of superoxide dismutase have been detected in certain

strains (Morris 1975, 1976). In addition to being toxic to

essential cellular components, oxygen may interfere with

metabolism by oxidizing NADH through reactions cata-

lyzed by NADH oxidases which many clostridia possess

in substantial quantities (Andreesen et al. 1989). For

many clostridia, oxygen seems to be bacteriostatic

instead of bacteriocidal. Agar plate cultures of C. buty-

ricum or certain types of C. botulinum can be removed

from the anaerobic chamber for an hour or more, and

growth of colonies will resume when they are rgturned

to the chamber. Sometimes oxygen resistance is attrib-

uted to the recalcitrance of the spores, noting the

normal presence of clostridia in soils and the viability of

spores in dust carried by the wind. For germination and

growth, spores or vegetative cells of most clostridia

require a diminished oxygen level. Some attribute the

inhibitory effect of oxygen to an increased oxygen reduc-

tion potential (E6), because many anaerobic bacteria can

grow in the presence of air provided a sufficiently low E6

is established in the medium. Such conditions are

achieved by the use of reducing substrates, some of which

act mainly by absorbing oxygen, others by establishing a

low E6 after molecular oxygen has been nearly depleted

or removed by physical means (Willis 1990). However,

Morris (1975) pointed out the unreliability of E5

measurements in culture media and showed evidence that

the inhibitory effect is possibly more dependent on

oxygen than on E5 (Morris 1975). Media for culturing the

clostridia usually contain reducing compounds such as

cysteine, thioglycolate, glutathione, sulfites, or reduced

iron compounds. Cooked meat medium, in addition to

providing many essential nutrients and an environment

conducive to sporulation and spore germination of vege-

tative clostridia, maintains anaerobic conditions through

the binding or inactivation of oxygen by inherent

compounds including hematin and sulfhydryl reducing

compounds which bring about a negative oxidation

reduction potential (Willis 1990). In many natural
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environments such as foods. associated facultative or
aerobic microflora will rapidly utilize oxygen, thus
creating a reduced environment conducive to growth of
clostridia in media and in foods (ICMSF 1980; Glass and
Johnson 2001; Johnson 1999a; Larson and Johnson 1999).

Metabolism of carbohydrates, proteins,
and nucleotide bases

Many clostridia have a strong capability to breakdown
and catabolize many polymeric compounds including
polysaccharides and proteins. Polysaccharides may be
broken down to their sugar constituents, which are then
utilized by the Embden-Meyerhof-Parnas pathway
(Andreesen et al. 1989; Gottschalk 1986). Fermentation
endproducts formed through the central intermediate of
pyruvate are acetate, butyrate, lactate, and ethanol
(Holdeman er aL. 1,977). Other alcohols such as isopro-
panol, butanol, and 1,2-propanediol may be formed by
some species under certain conditions. Proterns are
digested by proteolytic clostridia (including C. tetani and
most serotypes of C. botulinum) and serve as a source of
amino acids. The clostridia are diverse in their utiliza-
tion of these as energy sources, as is evidenced by the
variety of enzymes involved and the variety of metabolic
endproducts (Holdeman et al. 1977). Certain amrno
acids are fermented singly, and can serve as sole carbon,
nitrogen, and energy sources (Andreesen et al. 1989;
Gottschalk 1986; Thauer et al. 1977). However, the
fermentation of amino acids has traditionally been
described as taking place in pairs with one serving as
electron donor and the other as electron acceptor in
what is known as the Stickland reaction (Stickland 1934;
Gottschalk 1986). The electron donor loses one carbon
while the electron acceptor maintains its original carbon
chain length. In general, alanine, leucine, isoleucine,
valine, histidine, tyrosine, phenyalanine, and tyrosine
serve as electron donors; and glycine, proline, hydro-
xyproline, ornithine, and arginine as electron acceptors
(Andreesen et al. 1989; Gottschalk 1986). However,
some amino acids such as leucine, phenylalanine, and
tryptophan can serve as either donor or acceptor for
certain organisms. Straight chain amino acids are
converted to isobutyrate, isovalerate, and isocaproate.
Phenylalanine is converted to phenylpropionate, pheny-
lacetate, and phenol, while tyrosine and tryptophan are
metabolized to their hydroxyphenyl and indole equiva-
lents, respectively (Andreesen et al. 1989; Gottschalk
1986). Although these schemes have traditionally been
believed to be the main pathways for fermentation of
amino acids, the recent elucidation of the genome
sequence suggests a very different paradigm for the cata-
bolism of amino acids in C. tetani and likely other clos-
tridia. In this revised general pathway for the fermenta-
tion of amino acids, they are mainly transported into the
cell by Na+ gradient mediated force, and most of the
individual amino acids are then converted to pyruvate.

The electrons are disposed of through oxidation of

reduced ferredoxin and an electron transport system
(Briiggemann et al. 2003). The roles of these different

systems in amino acid catabolism and energy generation

remains to be firmly established. Many clostridia can

ferment purines and pyrimidines. The catabolism of

these nucleotide bases follows pathways through conver-

sion to glycine and b-alanine intermediates, respectively,

and then to acetate and related endoroducts.

DESCRIPTIONS OF THE SPECIES
C. BOTULINUM, C. TETANI, AND OTHER
NEUROTOXIGENIC CLOSTRIDIA

General description of C. tetani

C. tetani is one of the best known clostridia because it is

the cause of the vivid disease referred to as tetanus
(Adams et al. 1969; Bleck 1989, 1991; Faber 1890). It

was probably flrst isolated by Kitasato from a patient

with tetanus in 1889 (Kitasato 1889, 1891; Bytchenko

1981). Its physiological properties have been described
(Smith 1975; Holdeman et al. 1977; Willis 1969, 1977).

The mol% G+C content of the DNA is 25-26 percent

(Cummins and Johnson I97l). h is a strict anaerobe,

and will grow on the surface of agar media only in an

anaerobic environment. On the basis of 165 rRNA gene

homology, the organism is placed in the clostridial ribo-

somal RNA cluster 1 (Johnson and Francis 1975), and is

closely related to C. cochlearium (Collins et al. t994).

The bacilli are 0.5-1..7 x 2.1-18.1 pm and often possess

terminal endospores that give the sporing cells a drum-

stick appearance. Cells in cultures older than 24 h may

appear gram-negative. C. tetani is motile by peritrichous

flagella. Optimal growth occurs at 37"C, and little or no

growth occurs at 25 or 42'C. Growth may not be

apparent until after 48 h and may appear as a film

rather than as discrete colonies because of the organ-

ism's vigorous motility and swarming. Media containing

3-4 percent agar arc more conducive to formation

of discrete colonies. On blood agar, the colomes are

4-6 mm in diameter, flat, translucent, gray with a matt

surface, showing a narrow zone of clear (B-type) hemo-

lysis. Colonies have irregular and rhizoid margins (Cato

et al. 1986; Finegold 1998; Willis 1969, 1977). On clear

media such as nutrient agar, colonies have a granular or
ground glass appearance when viewed in transmitted

light. Colonies do not form an opalescence or pearly

layer indicative of lipase activity on egg yolk agar.

Most common biochemical tests for C. tetani are nega-

tive. Sugars are not fermented; milk and other protein

complexes such as cooked meat are not digested.

Neither lecithinase nor lipase is produced and nitrate is

not reduced. Gelatin is slowly liquefied, requiring 7 or

more days for complete liquefaction. Hydrogen

sulfide and indole are produced. Cultures grown in
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peptone-yeast extract broth cultures show endproducts
of acetic, propionic, and butyric acids (Holdeman et al.
1977). Spores generally survive moderate heating (75-

80"C for 10 min), but are usually destroyed after 100'C
for t h (Adams et aL.7969; Eckmann 1967).

C. tetani is similar culturally and biochemically to C.
cochlearium and organisms identifled as C. tetanomor-
phum, bfi all three species could be clearly distin-
guished on the basis of DNA homology (Nakamura et al.
1979). Nontoxigenic strains of C. tetani have been found
that correlate well with toxigenic strains by phenotypic
and DNA comparisons, and may have lost the plasmid
bearing the gene encoding tetanus toxin. Soluble
proteins show different patterns (Cato and Stackebrandt
1989), but otherwise it is difficult to distinguish between
the two species without DNA comparisons. Bacter-
iophages have been detected in C. tetani (Prescott and
Altenbern 1967).

C. tetani is commonly found in soil samples in all parts
of the world. Surveys in Japan, Canada, Brazil, and the
USA have yielded 3O-42 percent positive samples
(Smith and Williams 1984). The organism is also
commonly found in human and animal feces and
different surveys have shown that C. tetani is present in
25-30 percent of human fecal specimens in China,
England, and the USA (Bauer and Meyer 1926 Ten
Broeck and Bauer 1,922; Tllloch I9I0-20). However,
recent studies on human fecal flora failed to find C.
tetani (George and Finegold 1985). Intestinal carriage
may be responsible for naturally acquired immunity to
the toxin (Veronesi et al. 1983; Griffin et al. 1997). Anti-
toxin, but not toxin, has been found in the serum of
animals experimentally colonized with C. tetani (Wells
and Balish 1983).

Since the clinical features of tetanus are so distinct
and recognizable, laboratory investigation of cases is
rarely done. However, studies have been performed to
show the level of antibodies in the blood of humans
immunized with tetanus toxoid (Gergen et al. 1995;
Middlebrook and Brown 1995). Few organisms involved
in tetanus have been thoroughly studied, and the strain
in which the genome is being sequenced (Bri.iggemann
et al. 2003) is a nonsporing strain that has been used for
toxoid production. Our knowledge of C. tetani is based
almost entirely on environmental isolates, or those
obtained from normal humans or animals. It would
be valuable to study strains from patients and animals
with tetanus, as such studies of clinical isolates could
reveal important and interesting bacteriological and
pathological information.

Culture and isolation

Culture and isolation of C. tetani from wound specimens
and environmental samples can be approached by the
same methods. Samples of infected tissues taken from

deep wounds of tetanus patients should be satisfactory,

although wound swabs may also be suitable. Cooked

meat medium to which starch has been added may be

superior to cooked meat + glucose since C. tetani does

not utilize glucose, and this might provide an unneces-

sary energy source that may be used by competing

organisms. Heat treatment for spore selection could be

used to advantage. Adams et al. (1969) recommended

inoculating three broth cultures, heating the flrst at 80'C

for 15 min, the second for 5 min, and no heating for the

third. Beland and Rossier (1973) suggested inoculating

soil samples after suspending in sterile saline; one

portion is inoculated without treatment, and the second

inoculated after heating at 60"C for 10 min. After rncu-

bating for 2 days at 37"C, the broth cultures are inocu-

lated on to a small area on one side of a blood agar

plate. The plates are incubated anaerobically at 37"C,

and observed at 24 and 48 h for swarming growth. The

bacteria at the leading edge of the swarming growth are

picked and inoculated into chopped meat broth. After

incubation, the cultures are observed microscopically,

tested for tetanus neurotoxin. and examined for

physiological characters.

C. tetanitoxins

C. tetani produces two proven toxins, tetanus neurotoxin

or tetanospasmin, and an oxygen-labile hemolysin

known as tetanolysin (Adams et al. 7969; Bleck 1991;

Cook et al. 2001; Finegold 1998; Mitsui et al. 1980). The

structure, genetics, and cell biology of tetanus neuro-

toxin have been well studied and excellent reviews are

available (Bizzint 1979; Habermann and Dreyer 1986;

Lalli et al. 2003; Matsuda 1989; Montecucco 1995;

Popoff and Marvaud 1999; Robinson and Hash 1982). In

the analysis of the genome of C. tetani, Briggemann

et al. (2003) described other putative virulence-related

genes including collagenase, fibronectin-binding protein,

a putative PAF acetylhydrolase, a periplasmic immuno-

genic protein, myosin-cross-reactive antigen, virulence

factor MviN, internalin A homologue, and surface layer

proteins. Many of these genes were proposed as viru-

lence factors on the basis of their homology with viru-

lence factors from other bacterial pathogens. The gene

for tetanus neurotoxin is carried on a large plasmid

(Laird et al. 1980; Eklund et al. 1989; Briiggemann et al.

2003), and some strains identifled as C. tetani lack the

plasmid and are nontoxigenic. Although nontoxigenic

strains are allowed in the species, unequivocal speciation

of isolates as C. tetani requires demonstration of toxi-

genicity. Toxicity and neutralization tests can be

performed by intramuscular injection of 0.1 ml of

culture supernatant into the rear leg muscle of a mouse;

a second mouse is injected with a mixture of 0.1 ml of

supernatant and 0.1 ml of tetanus antitoxin (Gill 1982;

Payling Wright 1955). A positive culture will cause the
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development of a rigid paralysis in the injected muscle,
with subsequent progression of the paralysis into the rest
of the musculature of the body. No paralysis should be
observed with antitoxin neutralized samples, unless the
quantity of toxin in the sample is greater than the
neutralizing capacity of the antitoxin. Test animals
should be euthanized as soon as a conclusive judgment

can be made of paralytic signs. It is estimated that the
human lethal dose of tetanus and botulinum neurotoxins
are 0.2-0.5 ng/kg (Gill 1982; Payling Wright 1955;
Schantz and Johnson 7992), and extreme caution is
needed in handling these toxins.

Tetanolysin is related functionally, serologically, and
in nucleotide sequence to streptolysin-O and the
oxygen-sensitive hemolysin of a variety of other organ-
isms including C. peffingens (perfringolysin-O), and
Liste ria monocyto genes (Bernheim er I97 6; Briiggemann
et al. 2003). Purified tetanolysin-O has a molecular mass
of 48 A 3 kDa and appears to have several isoforms
based on pI (Lucain and Piffaretti 1977;, Mitsui et al.
1980). Some of the isoelectric point variation may be
due to differences in charge between oxidized and
reduced forms of the same molecule (Cowell et al.
1976). This group of hemolysins lyses a variety of cells
such as erythrocytes, polymorphonuclear leukocytes,
macrophages, fibroblasts, ascites, tumor cells, HeLa
cells, and platelets (Bernheimer 1976). Lytic activity is

reversibly inhibited by mild oxidizing conditions such as
aeration or low concentrations of hydrogen peroxide,

and reactivated by thiol reagents such as cysteine,
reduced glutathione, or thioglycollate. The active toxin
has an affinity for cholesterol and related sterols, and its
lytic and lethal activities are inhibited by these
compounds. Hardegree et al. (1971) showed in vivo

effects of tetanolysin after intravenous injection into

animals. In mice, pulmonary edema rapidly developed,

followed by death. In rabbits and monkeys intravascular
hemolysis was noted. Monkeys showed electocardio-
graphic changes and a decreased heart rate indicating a
cardiotoxic effect of tetanolysin. It is debatable if this
toxin plays a role in C. tetani infections. The levels of
tetanolysin produced by the organism in vivo is
unknown, and serum that contains cholesterol is known
to inhibit its activity in vitro.

General description of C. botulinum

C. botulinum and associated neurotoxigenic clostridia
produce seven distinct serotypes of neurotoxins, A, B,
Cr, D, E, F, and G. Although these clostridia differ
widely in phenotypic and genetic relatedness, they all
have the common property of producing a characteristic
neurotoxic protein (DasGupta 1989; Smith and
Sugiyama 1988; Sakaguchi 1983; Sugiyama 1980). The
human lethal dose of botulinum neurotoxin is estimated
to be as little as 0.1-0.5 ng/kg (Dolman 1,964; Gill 1982;

Meyer and Eddie 1951; Morton 1961; Schantz and
Johnson t992) and extreme caution is needed in working
with the organism and its toxins (CDC 1998a; Malizio
et al. 2000). The demonstration of botulinum toxicity by
the mouse bioassay (Schantz and Kautter 1978) is essen-
tial to identify toxigenic strains (Hatheway 1988; Schantz
and Johnson 1992; Solomon et al. 2001). In addition to
demonstration of neurotoxicity and neutralization by
serotype-specific antitoxins, the organsism has tradition-
ally been identified and differentiated on the basis of the
cultural and physiological characteristics. C. botulinum
was originally divided into three metabolic groups by
Holdeman and Brooks (1970), but with the discovery of
C. botulinum type G (C. argentinense) (Gim6nez and
Ciccarelli l970a,b), a fourth metabolic group was added
(Suen et al. 1988a). Organisms in groups I-III are
motile, produce lipase as demonstrated on egg yolk agar,
liquefy gelatin, and ferment glucose. C. botulinum type
G (C. argentinense, Grotp IV) are nonsaccharolytic and
proteolytic. Within the species C. botulinum, there exists
variation from strain to strain and there is no character-
istic morphology for distinguishing between physiolo-
gical groups or toxin types. The basic properties of the
Groups I-IV of C. botulinum and the neurotoxigenic
organisms C. butyricum producing Elike neurotoxin and
C. baratii producing Flike neurotoxin are presented in
Table 43.1.

Groups of C. botulinum

GROUP l: C. BOTULINUM TYPE A, PROTEOLYTIC
STRAINS OF TYPES B AND F

The GC content is 26-28 mol% (Cummins and Johnson

1971; Johnson and Francis 1975; Lee and Riemann

I970a, b). The genome size of C. botulinum type A

(strain 62,4.) was initially estimated as 4 039 t 40 kbp as

determined by pulsed field gel electrophoresis (Lin and

Johnson 1995), whilst the genome size of Hall strain A

(ATCC 3502), has been reported as 3 886 916 bp by

genomic sequencing (www.sanger.ac.uk/Projects/C_botu-

linum). Although strains are commonly referred to by

their source of isolation (e.g. Beans B, Beluga E) or by

the person who isolated the strain (e.g. Hall A (Hall

1945)), different strains with this same acronym can

show marked differences in genetic composition

(Johnson and Bradshaw 2001; Lin and Johnson 1995)

and caution must be exercised in assuming that strains

described by the same acronym are identical. In fact,

studies have shown considerable genetic variation in

strains such as 'Hall A' (Lin and Johnson 1995). It

would be valuable to have defined international refer-

ence strains for each serotype and group, preferably with

their genome sequence known for comparative studies.

In TPGY broth cells are straight to slightly curved

rods, 0.6-1.4 x 3.0-20.2 pm, and are motile by peri-

trichous flagella. Spores are oval and subterminal and
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swell the rod. Sporulation is stimulated by zinc in the
medium (Kihm et al. 1988) and the cells can accumulate
high concentrations of transition metals compared to
Bacillus sp. (Kihm et al. 1990). Colonies on blood agar
are 2-6 mm in diameter, grayish, often irregular with a
rhizoid perimeter, and are B-hemolytic. Group I C. botu-
linum have been isolated from soils. marine and fresh-
water sediments, foods, and the intestinal contents of
humans, animals, birds, and fish. The incidence of spores
in the environment shows an intriguing geographical

distribution (Dodds 1993; Hauschild 1992; Johnson and
Goodnough 1998; Popoff 1995).

Early studies suggested lhat C botulinum and C. spor-
ogenes coluld not be distinguished phenotypically. They
were also demonstrated to share surface antigens
(Gunnison and Meyer I929a, b). C. botulinum type A
and proteolytic strains showed high DNA homology
with certain strains of C. sporogenes (Lee and Riemann
1970b; Wu et al. 1972). The two species also share many
phenotypic properties. Later investigations showed that
the DNA homology of two colony types of C. spor-
ogenes differed in their DNA homology to C. botulinum
(Nakamura et al. 1977). The DNA from strains forming
circular or crenate colonies with matt to semi-glossy
surface was 8L percent or more homologous to type A
C. botulinum (strain ,4.190), whilst those forming umbo-
nate and rhizoidal colonies sporulated readily and the
DNA differed from C. botulinum by 30-40 percent. C.
botulinum and C. sporogenes also differ in cellular elec-
trophoretic patterns (Cato et al. I982a), cellular fatty
acid content (Ghanem et al. 1991), chromatographic
profiles of trimethylsilyl derivatives of whole cell
hydrolysates, and sensitivity to lysins and mitomycin C
(Kiritani et al.1973).

Nutritional growth factors required for C. botulinum
types A and B are arginine and phenyalanine (high

concentrations) and biosynthesis concentrations of
methionine, leucine, valine, isoleucine, glycine, histidine,
tryptophan, tyrosine, and the vitamins pyridoxamine, p-
aminobenzoic acid, biotin, nicotinic acid, and thiamine
(Kindler et al. 1956; Whitmer and Johnson 1988). The
ten required amino acids can be replaced with proteins
by virtue of the organism's ability to synthesize
proteases. Growth is stimulated by fermentable carbohy-
drates including D-fructose, D-glucose, glycerol, maltose,
pyruvate, sorbitol, sucrose, and starch (Whitmer and
Johnson 1988). The aromatic amino acids phenylalanine,

tyrosine, and tryptophan are reduced to phenylpro-
pionic, p-hydroxyphenylpropionic, and indolepropionic
acids (Elsden and Hilton 1978, 1979). Arginine is the
organic nutrient required in highest concentrations by
group I C. botulinum and strongly represses toxin and
protease formation in C. botulinum types A and B
(Patterson-Curtis and Johnson 1989, 1992). Arginine
promotes toxin formation by C. botulinum in moderately
acidic foods (Malizio et al. 1993; Patterson-Curtis and
Johnson 1992) and probably also protects the bacterium

against environmental stresses including acidity and high
osmolarity (Patterson-Curtis and Johnson 1992).

Fermentation products include acetic and butyric
acids, hydrogen gas, and smaller quantities of propionic,
isobutyric, isovaleric, and propyl, isobutyl, butyl, and
isoamyl alcohols (Cato et al. 1986). The major acids are
derived from carbohydrate fermentations and the minor
components primarily from amino acid utilization.
Ethanol, butanol, and deaminated amino acids including
propionate, isobutyric, isovaleric, and hydroxycinnamic
acids are produced in the appropriate culture conditions
(Elsden et al. 1976; Elsden and Hilton 1978, 1979; Moss
et al. 1970). C. botulinum type A and proteolytic type B
possess a very active NAD+-glutamate dehydrogenase
which is involved in amino acid utilization. release of
ammonia, generation of a-ketoglutarate for biosynthesis,
and protection against osmotic stress (Hammer and
Johnson 1988).

The optimum temperature for growth of Group I C
botulinum is 35-40'C. and the minimum and maximum
are 10 and 48'C, respectively (these and other physiolo-
gical parameters are reviewed in Glass and Johnson
(2001), Hobbs (1976), Kim and Foegeding (1993), Smith
and Sugiyama (1988), and ICMSF (1996)). Most strains
grow poorly below 15-20"C. The minimum pH for
growth is 4.6-4.7 (Townsend et al. 1954) and the
maximum is 8-9. Some reports indicate that C. botu-
linum type A can grow in laboratory media containing
high levels of soya or milk protein at pH <4.6 (Raatjes
and Smelt 1979). Growth or toxin formation has not
been detected in commercial foods at pH <4.6. Fungi
can catabolize organic acids in certain foods such as
tomatoes (Huhtanen et al. 1976; Meyer and Gunnison
1929; Odlang and Pflug 1978, 1,979), raising the pH and
enabling C. botulinum to grow in foods that had an
initial pH less than 4.6. Acidification of a food can
require several days for acid to equilibrate throughout
the food (Sugiyama and Sofos 1988). The minimum A*
for growth of Group I C. botulinum is 0.94, or a brine
content of 10 percent. As with the other environmental
constraints, only rare strains will grow at A* 0.94. Envir-
onmental constraints interact, and inhibitory conditions
can be obtained in foods by combining subinhibitory
levels of pH, salt, and other factors such as preservatives
(Lynt et al. 1982; Glass and Johnson 2001; Rhodehamel
et al. 1992; Sugiyama and Sofos 1988). The critical level
of oxygen that will permit growth of group I C. botu-
linum is l-2 percent (Meyer 1924; Whiting and Naftulin
1992),but this depends on other conditions such as A*
and pH.

Group I strains of C. botulinum associated with food-
borne botulism and those associated with infant botu-
lism in Japan have distinct genetic characteristics in their
toxin complexes (Dineen 2003; Kozaki et al. 1974;
Johnson and Bradshaw 2001; Sakaguchi et al. 1990;
Tabita et al. 1990, 1991). The infant botulism strains
initially characterized from Japan did not produce
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hemagglutinin and were reported to have a toxin
complex comprised only of neurotoxin and nontoxic
nonhemagglutinating protein (NTNH). Surpisingly, they
showed lower infective doses when fed orally to infant
mice even though they lacked the protective hemagglu-
tinin component. The infant strains more readily colo-
nized infant mouse intestines and more rapidly produced
toxin intraintestinally than food-borne strains. In
contrast to the Japanese strains responsible for infant
botulism, most C. botulinum strains from California
causing infant botulism produced hemagglutinin (Tabita

et al. 1990). Strain Kyoto-F, from infant botulism in
Japan, was found to be closely related to C. botulinum
from food-borne botulism, having 165 rRNA similarity
of approximately 99.9 percent, but the amino acid
sequences of the two neurotoxins had approximately 10
percent sequence divergence (Willems et al. 1993).
However, the toxin complexes from strains that contain
the classic type A complex including hemagglutinin
(type I) (Johnson and Bradshaw 2001; Dineen 2003)
differ in their structure from complexes derived from
strains lacking hemagglutinin (type II), and the neuro-
toxins differ considerably in their amino acid sequence
(-190 amino acids). Recent evidence shows that they
also have structural differences that affect their neutrali-
zation by monoclonal antibodies produced against type I
(unpublished data from E.A.J.'s laboratory).

C. botulinum has resistance and growth properties

that require precautions to prevent it from growing in
low acid foods (pH >4.6 and A* >0.85) (Glass and
Johnson 2001; Lund and Peck 2000; Setlow and Johnson
2001). Spores of group I C. botulinum have heat resis-
tances ranging from Dl2lC = 0.03-0.23 min (ICMSF

1980) and D100'C -30 min (Esty and Meyer 1.922;
Setlow and Johnson 2001; Smith and Sugiyama 1988).
Certain strains of C. sporogenes produce spores with
higher heat resistance (maximum Dl21"C -1-2 min)
than C. botulinum. and these strains can be used to
determine the heat treatment required for obtaining a
12D inactivation or total lethality (F0) as is recom-
mended for shelf-stable low acid foods in cans, glass jars,

or pouches. The required treatment for achieving Fs of a
food from C. botul inum spores is c. 3 min at I2lC or
higher (Setlow and Johnson 2001). The commercial
processing of certain foods is less than a F6 of 3 min
since other factors control their safety from C. botu-
linum (Rhodehamel et al. 1992; Sugiyama and Sofos
1988). Although used as a surrogate, caution must be
exercised in concluding that growth of C. sporogenes tn
foods and its resistance properties will be identical to
group I C. botulinum. In designing a process or food
formulation to control C. botulinum, challenge studies
using C. botulinum in the food should be performed to
assure safety (Glass and Johnson 2001).

Organisms inhibiting C. botulinum or destroying its
toxins in culture have been isolated from soil (Hall

and Peterson 1922; Kautter et al. 1966; Smith 1975).

C. perfringens, C. sporogenes, and Bacillus spp. have

been shown to be inhibitory. Bacteriophages active on

group I C. botulinum have also been isolated (Dolman

and Chang 1972; Ogata and Hongo 1979; Smith 1977)

but they have not been linked to toxin production or

other phenotypic properties in group I C. botulinum
(Eklund et al. 1989). Bacteriocins have been demon-

strated in group I C. botulinum thal inhibit other

strains in this group (Kautter et al. 1966; Dineen et al.

2000).

GROUP ll: C. BOTULINUM TYPE E AND
NONPROTEOLYTIC TYPES E, B, AND F

The 'Bacillus botulinus' originally isolated by van

Ermengem (1897) was probably nonproteolytic C. botu-

linum type B (Group II) as indicated by van Ermen-

gem's report and subsequent studies of Meyer and

Gunnison (1929). The G+C content of group II C. botu-

linum is 2729 molY". The molecular size of genomic

DNA does not appear to be available at this time.

Cells in TPGY are straight rods, 0.8-1.6 x 1.7-15.7 prn,

and are motile by peritrichous flagella (Cato et al.

1986). Spores are oval, subterminal, and generally

swell the rod. Spores of type E have characteristic

appendages and an exosporium, while spores of

type F have an exosporium but lack appendages.

Spores are readily obtained from C. botulinum type E,

but are more difficult to obtain from nonproteolytic

types B and F. Prolonged culture in cooked meat

medium often yields spores in these strains. Colonies on

blood agar are grayish, 1-5 mm in diameter, have

mottled or mosaic internal appearance, and a rhizoid or

irregular margin.

Cultures are saccharolytic and weakly or nonproteo-

lytic. Gelatin is liquefied but casein or meat particles are

not digested. Growth of Group II C. botulinun is stimu-

fated by fermentable sugars. C. botulinum type E

requires glucose or another carbohydrate energy source

for growth and does not utilize arginine or intact protein

as a source of energy (Whitmer and Johnson 1988). C.

botulinum type E can use fructose, glucose, maltose,

mannose, o-ribose, sorbitol, sucrose, and starch as

energy sources (Whitmer and Johnson 1988). C. botu-

linum type E requires biosynthesis levels of seven amino

acids (histidine, isoleucine, leucine, tryptophan, tyrosine,

valine, and serine), adenine, and six vitamins (biotin,

thimaine, pyridoxamine, folic acid, choline, and nicota-

mide). This organism utilizes ammonia as a nitrogen

source, although growth is stimulated by organic nitro-
genous nutrients, especially glutamate and asparagine.

Neurotoxin formation was strongly repressed by trypto-
phan in a minimal medium (Leyer and Johnson 1990).

The nutritional requirements of nonproteolytic C. botu-
linum type B unexpectedly differed from those required

by C. botulinum type E. In contrast to type E, nonpro-

teolytic type B required arginine and did not grow in a

minimal medium that supported growth of type E
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(Whitmer and Johnson 1988). Its nutritional require-
ments were more closely related to proteolytic strains of
C. botulinum type A and B. The primary fermentation
products of group II C. botulinum are butyric and acetic
acids and hydrogen gas.

The optimum temperature for growth of Group II C.
botulinum is 25-30'C, and the minimum temperature for
growth of types B and E is 3-4'C (Dolman and Iida
1963; Eklund et al. 1,967; Lynt et al. 1,982; Ohye and
Scott 1957). Most strains grow very poorly below -7'C.

The minimum pH for growth is 5.0 and the maximum
-8. The minimum A* for growth of Group II C. botu-
linum is 0.97, and growth is inhibited by 5 percent brine.
Growth is also inhibited by bile. Spores of Group II C.
botulinum have relatively low heat resistance compared
to Group I. Spores of C. botulinum l7B had a D82.2"C
ranging from 1.49 to 32.2 min depending on the strain
(Scott and Bernard 1982;Lynt et aI.1982). Strains of C.
botulinum type E had D77"C ranging from 0.77 to
1.95 min (Ito et al. 1968) and D80'C ranging from 0.33
to 1.8 min. Scott and Bernard (1982) reported that they
were able to obtain spores of a specific strain of C. botu-
linum type E with aD82.2C greater than 4 9 min. Little
is known of the factors contributing to heat resistance of
C. botulinum spores, though their composition is prob-
ably different from spores of Bacillus (Kihm et al. 1990).
Spore recovery can be enhanced by using lysozyme in
the recovery medium which substitutes for lytic enzymes
that are denatured during heating (Lund and Peck
2000).

Cultures in group Il C. botulinum share somatic and
spore antigens (Lynt et aL. 1967,1982), and agglutination
to fluorescent antibody tests have been useful for
identifying type E (Lynt et al. 1982; Nakamura et al.
1956; Walker and Batty 1964). Similarities in somatic
antigens have been useful in identifying nontoxigenic
'botulinum-like' strains similar to types A, B, and
E (Lynt et al. 1982). Antisera to somatic antigens of
type E and nonproteolytic strains of types B and F
cross-reacted with somatic antigens of these three
types but not with type A or proteolytic strains of types
B and F. Similarly, antisera to type A and the proteo-
lytic strains of types B and F cross-reacted among each
other but not with group II strains. The antigens from
groups I and II also did not cross-react with other
species of clostridia examined. Similar results were
found for spore antigens (Lynt et al. 1,982; Solomon et al.
1971), which differ from antigens on the surface of
vegetative cells.

Strains of C. botulinum type E were reported to be
inhibited by C. perfringers, while nontoxigenic strains
were resistant (Smith 1975). Kautter et al. (1966)

showed that type E-like organisms were antagonistic to
C. botulinum type E and caused their lysis. Proteolytic
strains of C. botulinum types A, B, and F were resistant.
Two classes of inhibitory substances were partially puri-
fied and characterized (Kautter et al. 1966). One inhibi-

tory factor was heat stable, dialyzable, inactivated by

trypsin, and had a molecular weight less than 30 000 Da.

Another inhibitory factor was less heat resistant and was

reported to have a molecular weight of 4 x 107 Da. A

bacteriocin-like substance was isolated from a nontoxi-

genic type E-like strain which was proposed to resemble

a defective phage (Lau et al. 1974). Bacteriophages have

been isolated from non-proteolytic C. botulinum

(Sugiyama and King L972). The isolation of nontoxi-

genic C. botulinum E-like strains has facilitated the

study of neurotoxin gene transfer that probably occurs

in nature. In one such study, the transfer of neurotox-

igenicity from C. butyricum to an E-like strain was

observed, and probably occurred through infection by a

defective bacteriophage carrying the toxin genes (Zhou

et al.1993).

Clostridium butyricum strains that produce a neuro-

toxin neutralizedby type E antitoxin were isolated from

infant botulism cases in Rome, Italy (Suen et al. 1988b),

and several isolates have subsequently been discovered

in various geographical regions (Anniballi et aI.2002;

Chaudry et al. 1998; Fenicia et al. 1999,2002; Meng et al.

1997, 1999; Tsukamoto et al. 2OO2; Wang et al. 2000).

DNA homology studies have shown that the isolated

cultures are toxic variants of normally nontoxigenic C.

butyricum. The isolation of toxigenic C. butyricum

strains indicate that the genes encoding the botulinum

neurotoxin complexes can be transferred to normally

nontoxigenic species. Defective bacteriophages (Zhou

et al. 1993) and/or plasmids (Hauser et at.7992,1995)

may be involved in the interspecies transfer of the genes

for botulinum neurotoxin and complexing proteins. Such

interspecies transfers of toxin genes could have consider-

able significance for the food industry and medical

microbiology. More research is needed to elucidate the

mechanisms of toxin gene transfer and molecular

mechanisms of loss of toxigenicity in groups I, II, and IV

of C. botulinum and rn C. tetani.

GROUP ttt: CLOSTRIDIUM BOTULINUM TYPES C
AND D

The mol% G+C content of the DNA is 26-28. Cells in
TPGY broth appear as straight rods, 0.5-2.4 x 3.0-
22I pm and are motile by peritrichous flagella. Spores
are oval, subterminal, and distend the cell. Surface colo-

nies are circular, slightly raised and irregular, grayish

white, with a mottled or mosaic internal appearance

(Cato et al. 1986). On egg yolk agar certain strains of C.

botulinum type C, and particularly the related organism

C. novyi, produce a yellowish opacity surrounding the

colonies due to lecithinase activity. This opacity is distin-

guished from lipase as it extends beyond the pearly zone

located over and immediately around the colonies

(Holdeman and Brooks 1970). This colonial pattern is

similar but the lecithinase activity is less pronounced

than observed in C. novyi.
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C. botulinum types C and D and related nontoxigenic
strains comprise a heterogenous group that are phylo-
genetically related according to DNA sequences
encoding rRNA (Collins et al. 1994; Collins and East
1998; Hutson et al. 1993), whilst some strains have only
38 percent DNA relatedness (Lee and Riemann 1970a).
Cultures of C. botulinum type C and D exhibit an inter-
esting cross relation of bacteriophage sensitivity. Bacter-
iophages determining toxin production can cross-infect
the two serotypes and strains cured of specific bacter-
iophages no longer producing toxin (Eklund et al. 1989).
Holdeman and Brooks (1970) recognized that toxicity
was unstable in C. botulinum type C and that nontoxi-
genic strains were indistinguishable from C. novyi type
A. Two genetically different groups have been recog-
nized in C. botulinum type C (Lee and Riemann 1970a;
Nakamura et al. 1983). C. botulinum type C Stockholm
had high genetic relatedness to C. novyi type B and C.
haemolyticum. The four additional C. botulinum type C
strains tested, all isolates from marine sediments. had
low homology with C. botulinum type C Stockholm and
C. novyi and C. haemolyticum but >91 percent

homology with C. botulinum type C 85-8. The two C.
botulinum type C groups also had different cultural
properties (Nakamura et al. 1983; Oguma et al. 1986).
The Stockholm group digested milk and produced

indole and 85-8, but not the Stockholm group,

fermented melibiose and galactose. Both groups
produced lecithinase activity that was neutralized by
antitoxin serum raised against C. novyi. C. botulinum
type C could be distinguished from C. novyi by patterns

of protein banding following gel electrophoretis (Cato

et al. 1982a). Oguma et al. (1986) classified 11 toxigenic
strains of C. botulinum types C and D and ten nontoxi-
genic derivatives into four groups based primarily on
sugar fermentation profiles. The resulting groups were
identical to the classification proposed for grouping by
antigenicity of converting phages (Oguma et al. 1976b).

Cultures within group III are weakly nonproteolytic
and they liquefy gelatin and some strains curdle casein
but they do not digest meat (Holdeman and Brooks
1970). Growth is stimulated by fermentable carbohy-
drates with a reduction in pH to 5.2-5.7 in PYG broth.
The group produces a unique pattern of endproducts
including acetic, butyric, and propionic acids from
glucose and lactate, acetic and butyric acids from pyru-

vate. C. botulinum type D and C novyi have the distinct
feature among tested anaerobes of producing propionate

as a major endproduct from lactate (Holdeman and
Brooks 1970). Strains of type C also catabolize glutamic
acid, glycine, arginine, aspartic acid, and some strains
convert threonine to propionate (Mead 1971). Lecithi-
nase, indole formation, and production of hydrogen
sulfide vary with the strains (Oguma et al. 1986).

Growth of group III C. botulinum can occur between
15 and 47"C, blt optimum growth occurs at 35-40'C.
Most strains do not grow below 25'C. The optimum pH

ranges for germination of spores is 6.2-:7.3 (Holdeman

1970), and like most neurotoxigenic clostridia, the

optimum is from 6.6-:7.2. Strains of C. botulinum type C

are inhibited by soil isolates of Bacillus, probably by

peptide antibiotics (Graham 1978).

Production of botulinal C1 and D neurotoxins is

dependent on bacteriophage infection (reviewed by

Eklund et al. 1989). The genes for C1 and D neurotoxins

are carried by pseudolysogenic bacteriophages (Eklund

et al. 1974, 1976, 1987, 1989; Inoue and Iida 1970;

Oguma et al. 7976a, b). Other genes encoding proteins

in type C and D botulinum toxin complexes (Inoue et al.

1996; Oguma et al. 1995; Sakaguchi 1983; Sugiyama

1980; Mutoh et al. 2003) including hemagglutinin

(Oguma et al. 1976a) and nontoxin nonhemagglutinin
(Hauser et al. 1993) are also associated with bacter-

iophage infection. For many years, C. botulinum type C

was designated C alpha and C beta on the basis of

complex toxin neutralization patterns found in early

studies (Gunnison and Meyer I929b). Owing to bacter-

iophage interconversion, strains of C. botulinum types C

and D can produce both C1 and D botulinal neuro-

toxins, and C2 and C3 toxins. Cultures that produce all

three toxins were referred to as C alpha strains, while

those producing only C2 were C beta strains. Curing

strains of their prophages yields cultures that make

either C2 or C3 toxins. The genes for C1 neurotoxin and

C3 exoenzyme are associated with bacteriophages

(Eklund et al. 1989; Hauser et al.1993). Because of the

varied nature and variety of toxins produced, species

and subspecies identification requires careful differentia-

tion by toxin neutralization with antitoxins raised against

highly purified toxins.

C. botulinum types C and D have frequently been

isolated from marine and freshwater sediments. occa-

sionally from birds and mammals not showing signs of

botulism, and in large numbers from wild or domestic

birds and their environment during outbreaks of botu-

lism (Eklund and Dowell 1987). Examination of isolates

suggests that marine and terrestrial groups of C. botu-

linum type C may differ in genetic and phenotypic prop-

erties (Segner et aI. 1,971). Animals vary in their suscept-

ibility to type C and type D botulinal neurotoxins, to C2

and C3 toxins, and to intestinal infection. Monkeys,

mice, and rabbits are very susceptible to type C botul-

inal toxin, and the lethal quantity in these animals

ranges from 0.4 to 1 ng (Gill 1982; Prevot and Brygoo

1953; Payling Wright 1955). C2 toxin has a unique struc-

ture as a binary toxin. It has cytotoxic activity in mice
(Eklund et al. 1989) and also causes massive pulmonary

edema in ducks. C2 toxin causes vascular permeability,

blood volume depletion, and fatal hypotension in mice

(Ohishi 1983; Simpson 1984). C3 toxin is an ADP-ribo-

syltranferase that acts on Rho protein, a member of the

RAS superfamily of signaling proteins (Chardin et al.

1989). Like many clostridial toxins, C1 and C2 toxins can

be activated by proteolysis (Sugiyama 1980).
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C. BOTULINUM GROUP lVl. C. ARGENTINENSE
(SIC C. BOTULINUM TYPE G), CERTAIN STRAINS
OF C. SUBTERMINALE AND C. HASTIFORME
(GROUP rV)

Group IV comprises organisms producing botulinum
neurotoxin serotype G. The organism originally isolated

by Gim6nez and Ciccarelli in 1969 from Argentinian

soils (Ciccarelli et al. 1977; Gimlnez and Ciccarelli

1970a, b) has phenotypic properties widely distinct from

other neurotoxigenic clostridia. C. botulinum type G was

later reported from soils in Switzerland (Sonnabend et al.

1981, 1987) and from necropsy specimens of four adults

and one infant. but its involvement in human or animal

botulism has not been confirmed. Glasby and Hatheway
(1983) initially showed a serologic relationship between

C. botulinum type G and some strains of C. subterminale

and C. hastiforme. C. subterminale resembles C. botu-

linum type G genotypically and phenotypically except

for neurotoxin formation. Later, Clostridium argenti-

nense (species novum) was proposed for organisms

related to type G C. botulinurer (Suen et al. 1988a). AII

C. botulinum type G isolates examined were closely

related to each other. Although toxigenic strains of C.

argentinense have only been isolated from Argentina,

nontoxigenic strains of the species have been obtained

from clinical specimens including wound samples and

blood cultures.

The G+C content of the DNA of C. botulinum type G

is 28-30 mol% (Suen et al. 1988a). The size of its
genomic DNA has not been determined. Cells in broth

are straight to slightly curved rods,0.5-2.0 pm wide and

1.6-9.4 pm long, motile by peritrichous flagella, and

gram-positive (Gim6nez and Ciccarelli, 1970a, b; Suen

et al. 1988a). Two colony types are observed on blood

agar, one type showing small (1-4 mm), smooth, shiny,

circular, or slightly irregular colonies. Another colony

type is large and rough, resembling a fried egg, but

this colony type is not phenotypically different from

the smaller variant (Ciccarelli et al. 1977). On rabbit

blood agar the colonies are B-hemolytic. The organism

has unusual phenotypic properties compared to other

neurotoxigenic clostridia and is weakly proteolytic

and asaccharolytic (Gim6nez and Ciccarelli l97oa, b;

Ciccarelli et al. 1977). The strain examined (strain

89) did not produce acid or gas from all sugars or carbo-

hydrates examined. The primary volatile acid end-
products were acetic, isobutyric, butyric, and isovaleric.

Pyruvate was assimilated and converted to ethyl alcohol

and acetate. Valine is converted to isobutyric acid,
leucine to isovaleric acid (Elsden and Hilton 1978),

lysine is utilized, and indoleacetic acid is produced from

tryptophan (Elsden and Hilton 1979). Abundant hydro-

gen gas, hydrogen sulfide, and hydroxyphenylacetic

acid are formed. This unusual complement of endpro-

ducts reflects the proteolytic and asaccharolytic metabo-

lism of C. arsentinense. C. botulinum tvoe G is also

negative for lecithinase and lipase, which is unusual
among the botulinal producing clostridia (Ciccarelli et al.
7977).

The organism produces very low titers of type G

botulinal toxin in culture (Gim6nez and Ciccarelli 1970a,
b: Nukina et al. 1988). The neurotoxin can be activated
by proteolysis (Nukina et al. 1988), has a molecular size
of 144 000 Da, and a specific toxicity of ca. 1 ^ 107

LD5s per mg in mice (Schiavo et al. 1994). The genes for

Clostridium botulinum type G toxin complex and for a

bacteriocin are on a plasmid (Eklund et al. 1988; Zhou
et al. 1995). Type G botulinum neurotoxin was lethal by
oral, intravenous, or subcutaneous routes to several

animals including monkeys, guinea pigs, chickens, and
mice (Ciccarelli et al. 1977). As with the other botu-
linum neurotoxin complexes, it was several hundred to

thousand times less toxic by the oral route as compared
to the intravenous route of administration (Ciccarelli

et aL.1977).

NONPATHOGENIC CLOSTRIDIA
DEMONSTRATED TO FORM NEUROTOXINS
SIMILAR TO C. BOTULINUM

Clostridium butyricum

C. butyricum is the type species of the genus Clostridium

(Prazmowski 1880) (Cato et al. 1986). The G+C content

ls 27-28 mol% and the optimum growth temperature 1s

25-37'C. The organism is mostly saccharolytic and uses

a wide variety of carbon compounds including ribose,

glycerol, mannitol, and lactate. It can also utilize certain

polysaccharides including starch and pectin. Compared

to many other clostridial species capable of producing

botulinum neurotoxin, it is relatively nonfastidious and

growth factors other than biotin are not required.

Fermentation endproducts include butyrate, acetate,

carbon dioxide, and hydrogen.

C. butyricum has traditionally been considered to be

nonpathogenic. However, two neurotoxigenic strains

were originally isolated from cases of infant botulism in

Rome, Italy (Aureli et al. 1986; McCroskey et al. 1986).

The detection and isolation of neurotoxigenic C. buty-

ricum (and C. baratii) was difficult and required consid-

erable persistence since the organisms could not be

obtained by cultural methods commonly used for C.

botulinum. Since the original isolation of neurotoxigenic

C. butyricum from Rome, Italy, additional strains have

been from infant botulism cases and from food-borne

botulism outbreaks in China and India as described

earlier. These data suggest that toxin gene transfer from

C. botulinum type E to C. butyriculn occurs at a higher

frequency than originally suspected. Strains of type E-

producing C. butyricum have been differentiated by

sequencing of a 165 rDNA region (Pourshaban et al'

2002). Plasmids have been detected in C. butyricum, and

the gene for the neurotoxin may be associated with a
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plasmid (Hauser et al. 1992) or a bacteriophage (Zhol
et al.  1993).

Clostridium baratii

Cells appear in broth as nonmotile straight rods, spores
round to oval and swell the cell. The G+C content is
28 mol"/", and the optimum growth temperature is 35-
40'C. The organism has shown phenotypic similarities to
C. perfringens and C. absonum (Cato et al. 1982b, 1986).
The organism does not digest casein or gelatin. Most
strains are nontoxigenic, although type F botulinal toxin
has been detected in rare isolates. It is primarily sacchar-
olytic and forms acetate, butyrate, and lactate as
fermentation endproducts. C. baratii has been isolated
from human wounds and infections, rat feces, and from
soil. Strains of C. baratii that produce type F botulinum
neurotoxin have been isolated from infants with botu-
lism and also from food-borne botulism cases (Aureli
et al. 1986; Hall et al 1985; Harvey et aL. 2002;
McCroskey et al. 1991; Paisley et al. 1995). The type F
neurotoxin produced by C. baratil has been partially
characterized (Gim6nez et al. 1,992).

CI ostri d i u m sporogen es

C. sporogenes was first described by Metchnikoff in 1908
(Metchnikoff 1908; Willis 1969). Although the organism
is considered nonpathogenic, it is of importance because
it shares many traits with group I C. botulinum and C.
putrificum (Anonymous 1999; Hatheway and Johnson
1998; Olsen et al. 1995). It is widely distributed, has
remarkable resistance properties, and has frequently
been isolated from wounds (Willis 1969). It may be the
most ubiquitous of all clostridia, present in soil, sewage,
dust, and in the intestinal tract of vertebrates. Spores
used within the food industry have a high heat resis-
tance, with aDl2lC exceeding 1 min, which is approxi-
mately five times that obtained from C. botulinum. It
can serve as a model organism for studies of heat resis-
tance in food systems. C. sporogenes shares common
surface antigens with C. botulinum and C. novyi (Poxton
1984). Phages have been demonstrated in C. sporogenes
(Betz and Anderson 1964), but it has not been reported
if they are related to phages from C. botulinum.

The G+C content of C. sporogenes is 26 mol/o, and
the optimum growth temperature is 35-40'C. The range
of carbohydrates used varies among strains, but all
strains ferment glucose to butyrate, acetate, ethanol,
carbon dioxide, and hydrogen. The organism requires
several amino acids and vitamins for growth in defined
media (Belokopytov et al. 1982; Whitmer and Johnson
1988). Many of the amino acids can be replaced by the
analogous L-a-hydroxy-acids (Belokopytov et al. 1982).
C. sporogenes has been important in understanding the
mechanism by which amino acids supply carbon and
energy to proteolytic clostridia. Like group I C. botu-

linum, C. sporogenes utilizes amino acids and sugars as
its primary sources of carbon.

CI ostrid i u m su btermi n ale

The G+C content is 28 mol%, and the optimum growth

temperature is 37"C. It is often difficult to obtain spores
from C. subterminale (and C. botulinum type G), but
they can be produced in cooked meat medium, on anae-
robic agar without egg yolk, or soil extract agar (Ciccar-

elli et al. 1977; Solomon et al. 1985). Spores are oval,
subterminal, and distend the cell. Strains are generally

negative for lecithinase and lipase which distinguishes
them from other clostridia capable of producing botul-
inal neurotoxin.

C. subterminale does not ferment carbohydrates but it
degrades proteins and amino acids. It oxidizes branched

chain and aromatic amino acids as sources of energy
(Elsden and Hilton 1978, 1979). Endproducts include
those typically obtained from amino acid fermentations

and include acetic, butyric, and isovaleric as major
products, with minor quantities of isobutryic, formate,
propionate, isocaproate, lactate, succinate, and phenyla-

cetate (Cato et al. 1986). Abundant hydrogen gas is
formed. A very active NAD+-dependent glutamate

dehydrogenase has been characterized from the
organism that is active in amino acid degradation
(Winnacker and Barker 7970). C. subterminale can be
distinguished from closely related C. hastiforme by spore
location and formation of large quantities of hydrogen
gas, and from C. botulinum type G by absence of a toxin
lethal to mice in culture broth.

BOTULINUM NEUROTOXINS

The outstanding properties of C. botulinum, C. tetani,

and neurotoxigenic C. butyricum and C. barati are their
ability to synthesize highly-specific neurotoxins of extra-
ordinary potency (estimated to be 0.1-0.5 ng/kg or 0.1-
L pg (approximately a0 U/kg) for a human by the IV or
IM routes, see earlier references). In nonhuman primate

studies, the oral lethal dose has been estimated to be 10-

70 pg for a 70 kg human (Arnon et al. 2001,; Maksymo-
wych et al.1999; Larson and Johnson unpublished data).
The actual quantity of botulinum neurotoxin to cause
intoxication is clearly debatable and depends on many
factors including the presence of food or alcohol in the
digestive tract, the nature of the toxin ingested, particu-

Iarly if it is associated with protective nontoxin proteins,

and the underlying health of the individual. Regardless,

botulinum neurotoxin has the distinct feature of being
extraordinarily toxic by the oral route compared to most
other protein toxins. Botulinum neurotoxin can also be
toxic by inhalation (van Holzer 1962; Johnson, personal

communication; Park and Simpson 2003). These proper-

ties of botulinum neurotoxin mandate that rigorous
safety precautions be employed in studying this group of
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toxins (CDC 1998a; Malizio et al. 2000 and references

therein).

Botulinum and tetanus neurotoxins comprise a family

of pharmacologically similar toxins that bind to periph-

eral cholinergic synapses and block acetylcholine release

at neuromuscular junctions (DasGupta 1989; Inoue et al.

1996; Lalli et al. 2003; Montecucco and Schiavo 1995;

Sakaguchi 1983; Schiavo et al. 2000; Simpson 1.971, l98l

Sugiyama 1980). Botulinum poisoning results in a char-

acteristic flaccid paralysis that may affect all peripheral

motoneurons (Hughes et al. 1981; Cherington 1990,

1998). Botulinum neurotoxins have also been reported

to affect sensory and autonomic neuronal activity (e.g.

Dressler and Benecke 2004; Jenzer et al. 1975). Botu-

linum neurotoxins are classified into seven serotypes (A,

B, Cr, D, E, F, and G) on the basis of neutralization of

toxicity by type-specific antibodies (Bowmer 1963;

Hatheway 1988; Gimenez and Gimenez 1995). As
previously discussed, these neurotoxins are the most

poisonous substances known, and animals vary in

susceptibility, with humans, horses, and guinea pigs

among the most sensitive to botulinum toxin (Gill 1982;

Morton 1961; Schantz and Johnson 1992; Whitlock and

Buckley 1997). Rats, carrion-eating birds such as

vultures (Kalmbach 1939), and certain other animals

that feed on rotting carcasses (Ortiz and Smith 1994a, b;

Reed and Rocke 1992) may be relatively resistant to
poisoning by oral ingestion of botulinal toxins. However,

these animals become poisoned when the toxin is

injected intravenously, suggesting that the toxin is

destroyed in the gastrointestinal (GI) tract or that recep-

tors for internalization into the lymph are lacking in the

gastric tract. Serotypes A, B, and E are mainly respon-

sible for human botulism, while animals are affected by

these and other serotypes (Table 43.2).

Tetanus neurotoxin and botulinum neurotoxins (sero-

types A-G) comprise the clostridial neurotoxin family.

The biochemistry, structure, pharmacology, and genetics

of the neurotoxins and the genes encoding the toxins

have been extensively reviewed (e.g. DasGupta 1989;

Lalli et al. 2003; Montecucco and Schiavo 1995; Saka-
guchi 1983; Sugiyama 1980; Schiavo et al. 2000; Simpson

1971,1987,1984; Turton et aL.2002) and only selected

aspects are described here, particularly comparative

aspects of botulinum and tetanus neurotoxins. Biologi-

cally active neurotoxins of C. botulinum and C. tetani

are dichain molecules of approximately 150 kDa in

molecular weight (Sugiyama 1980), which are produced

as single polypeptide chains of about 150 kDa that

undergo proteolytic cleavage during excretion or in the

extracellular milieu to generate the fully active dichain

molecule (DasGupta 1989; Sugiyama 1980). The fully

active toxin molecules are composed of two chains that

are termed the heavy chain (c. 100 kDa) and a light

chain (c. 50 kDa) that are covalently connected by a

disulfide bond. Although C. botuliruz,n produces seven

serologically distinct neurotoxins and C. tetani one

known serotype, they all have similar nucleotide

sequences and likely a common structure. The genes

encoding all seven serotypes of tetanus and botulinum

neurotoxins have been sequenced and the amino acid

homology has been shown to be between 30-60 percent

(reviewed in Niemann 1991; Lacy and Stevens 1999;

Popoff and Marvaud 1999; Quinn and Minton 2001).

The region of highest homology is in the middle of the

Iight chain. This region has been shown in every instance

to code for LxHExxH where the histidines in the

sequence are coordinated with one Zn*2 atom. This

zinc-binding motif is characteristic of metalloproteases

(Rawlings and Barrett 1995). Bacterial extracellular

zinc-containing metalloproteases are common in many

genera of bacteria and are a major class of virulence

factors and sometimes comprise or are associated with

hemagglutinins (Hiise and Finkelstein 1993). The

bacterial zinc-containing metalloproteases were

previously shown to be active on physiologically active

substrates including fibronectin, lactoferrin, collagen,

and mucin, and initially were discovered in the 1940s by

Sir Macfarlane Burnet (Finkelstein et al. 1983).

Although there was considerable precedent, the

mechanism of the neurospecific clostridial toxins were

more recently discovered in the 1980s, when it was

found that they cleaved neuronal proteins involved in

neurotransmitter release (Montecucco 1995; Schiavo

et aL. 1992; Wright et al. 1992; Montecucco and Schiavo

1995; Schiavo et al. 2000). Several other toxins and viru-

lence factors including the lethal factor of the anthrax

toxin complex are also zinc-metalloproteases (Ascenzi

et aL. 2002; Duesbery et al. 1998; Klimpel et al. 1994;

Kochi et aI.7994; Pannifer et al.200l).

Three functional domains have been identifled in

botulinum and tetanus neurotoxins (reviewed in Monte-

cucco and Schiavo 1995; Lalli et al. 2003). The carboxyl

terminus of botulinum heavy chain actually consists of

two subdomains and is responsible for receptor binding

to the neuronal cell surface (Lalli et al. 2003). The

binding to nerve terminals occurs at extraordinary affi-

nity contributing to their remarkable neurospecificity.

The nature of the receptors are only beginning to be

elucidated but probably include polygangliosides,

specific neuronal proteins, and probably lipid rafts

(Parton and Richards 2003; Lalli et al. 2003). The

distinct trafficking of botulinum and tetanus neurotoxins

implies that they bind to different receptor components

and undergo distinct mechanisms of internalization and

trafflcking. After binding to the neuronal plasma

membrane, botulinum and tetanus neurotoxins are

directed towards different regions of motor neurons.

Botulinum neurotoxins are probably endocytosed in

lipid vesicles and the light chain is released into the

cytosol of the cell via a translocation event through the

phospholipid vesicle membrane. The light chain of botu-

linum neurotoxin probably remains in nerve termlnus,

while tetanus neurotoxin is directed to the fast axonal
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retrograde transport system, and it is trafficked to the
motor neuron soma located in the spinal cord (Lalli et al.
2003). Tetanus neurotoxin, but not botulinum neuro-
toxins, can also enter hippocampal neurons through
synaptic vesicle recycling. In either location, tetanus and
botulinum neurotoxins act by similar modes of action
but with strikingly different physiological manifestations.
The light chains of botulinum neurotoxin and tetanus
toxin have been shown to be zinc endopeptidases
(reviewed in Schiavo and Montecucco 1995; Schiavo
et al. 2000; Turton et al. 2002; Lalli et al. 2003). In
nerves, these zinc-endopeptidases cleave core proteins
involved in trafficking and release of neurotransmitters
including VAMP/synaptobrevin, SNAP-25, and syntaxin
1 These proteins comprise the synaptic members of
proteins in the SNARE complex (soluble NSF (N-ethyl-
malemide-sensitive fusion protein) attachment protein)
that have a central role in membrane fusion events in
eurkaryotic cells (Lalli et aI.2003). The selective proteo-
lysis of these SNARE proteins causes a block of neuro-
transmitter release from neurons. In the case of botu-
linum neurotoxin, cleavage is believed to be mainly
responsible for inhibition of release of acetylcholine and
the characteristic flaccid paralysis, whitst with tetanus
neurotoxin, the release of inhibitory neurotransmitters
glycine and gamma-aminobutryic acid is stopped and
inhibitory interneurons are affected, resulting in the
characteristic spastic paralysis. However, these neuro-
toxins probably have secondary effects such as inhibition
of release of neuropeptides, stimulation of nerve growth,
and other pharmacological actions. Despite elegant
scientific investigations, much remains to be learned
about tetanus and botulinum neurotoxins. such as
secondary effects including relief of pain and inflamma-
tion by botulinum neurotoxins.

Botulinum neurotoxins are produced in culture media
and in foods as aggregates of neurotoxin and nontoxic
proteins that are noncovalently associated in protein
complexes (Johnson and Bradshaw 2001; Inoue et al.
1996; Kitamura et al. 1969; Kozaki et al. 1974; Mutoh
et al. 2003; Oguma et al. 1986; Ohishi 1983, 1984; Ohishi
and Sakaguchi 1974; Sakaguchi 1983; Schantz 1964;
Schantz and Johnson 1992; Sugii and Sakaguchi 1975;
Sugiyama 1980). These complexes also contain RNA
(Goodnough et al. 1993; Kitamura 2002). ln contrast,
tetanus neurotoxin is not known to be produced as a
complex with other proteins. Botulinum neurotoxin
complexes have been referred to as progenitor toxins
and the purified neurotoxin obtained through chromato-
graphic separation from the other associated proteins of
the complex. Toxin complexes have been described as M
for medium (235400 kDa), L for large (a50-500 kDa),
and LL for very large (900 kDa). These toxin complexes
vary in size from c. 900 000 daltons for type A LL toxin
complex to c. 300 000 daltons for the type B M complex
and type E complex, to 235 000 daltons for type F M
complex. However, the botulinum toxin complexes vary

according to the strain and method of purification and it

is likely that in their natural state they are more compli-
cated than often assumed in their composition, structure,
and pharmacological actions depending on the serotype
and evolutionary lineage. More research is needed to
adequately characterize the botulinum toxin complexes

that occur naturally in foods, the environment and clin-
ical samples.

Relatively little is known of the environmental and
nutritional factors that control the production of botu-
linum neurotoxins in C. tetani, C. botulinum (reviewed

in Johnson and Bradshaw 2001), and in neurotoxigenic

C. butyricum and C. baratii (Anniballi et al. 2002). It has
been demonstrated that amino acids in the culture
media are involved in the control of toxin formation and

activation in C. botulinun Groups I and IL In Group I

C. botulinum types A and B, arginine is important for
control of production and activation of botulinum
neurotoxin (Patterson-Curtis and Johnson 1989). In C.
botulinum type E (Group II), tryptophan and other
aromatic amino acids affect neurotoxin production
(Leyer and Johnson 1990). Recently, conditions

affecting production of type E neurotoxin in C. buty-
ricum were studied (Anniballi et al. 2002). Histidine-

containing peptides were shown by Mueller and collea-
gues (Latham et al. 1962; Mueller and Miller 1942, 1945,

1948, 1956) to be critical for production of tetanus
neurotoxin (also see Johnson and Bradshaw 2001;

Schantz and Johnson 1992). Much more research would

be valuable in this area for a basic understanding of
regulation of toxin synthesis, and also for the control of
neurotoxigenic clostridia in the intestine and in foods.

Studies on the molecular biology of neurotoxin produc-

tion and regulation as well as comparative genomic

studies could provide insight into the evolution of this
important and fascinating group of neurotoxigenic

clostridia and their characteristic neurotoxins.

DETECTION OF BOTULINUM AND
TETANUS NEUROTOXINS

Following enrichment and isolation of pure cultures
from foods or clinical specimens, identification of botuli-
nogenic clostridia initially involves the demonstration of
botulinum neurotoxin by bioassay in animals (Hatheway

1988; Schantz and Kautter 1978; Solomon et al. 1995,
2001). Foods, blood (serum), and stools should also be
examined for the presence of botulinum toxin (Solomon

et al. 1995). For toxin assay, centrifuged supernatatant
from 5- to 7-day-old TPGY or cooked meat broths is
injected intraperitoneally (IP) into mice and the animals

observed for signs of botulism periodically for up to 4
days. Symptoms of botulism are usually observed within
24 h and manifest as reduced mobility, ruffling of fur,
labored breathing, contraction of abdominal muscles,
followed by convulsions and death. Animals showing
these sisns in 2-24 h of iniection usuallv die within 48 h.
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The presence of botulinum or tetanus neurotoxin is

confirmed by neutralization with antitoxin and identified

to serotype by neutralization with a type specific anti-

toxin (Gimdnez and Gim6nez 1995; Hatheway 1988;

Solomon et al. 1995).

Complications are often encountered in the mouse

assay for botulinum toxin, particularly deaths caused by

nonbotulinal lethal agents. Fatalities occurring in less

than 2 h or after 48 h should be considered suspect and

the assay should be repeated. Fatalities from C. tetani or

other clostridia may be encountered if soil or sediment

samples are being examined. With foods or clinical

specimens, nonbotulinum deaths from infection or endo-

toxins may occur. These nonspecific deaths often take

place within a few hours of injection and mice do not

exhibit the typical signs of botulism. Generally, it is

possible to dilute out the nonspeciflc interfering agent

using a gelatin-phosphate buffer to an endpoint where

the nonspecific deaths are eliminated. Occasionally, a

specimen or culture fluid will contain more than one

serotype of botulinal toxin. Cultures which produce type

Cr neurotoxin may also produce type D neurotoxin in

small amounts and can also produce C2 toxin. There are

also occasional reports of strains that produce two toxin

types, in which one is at much higher titer than the

other. When two toxin types are present in the sample

being analyzed, it is necessary to neutralize the toxicity

with a combination of monovalent antitoxins. Since

botulinum neurotoxins are labile to heat (Woodburn

et al. 1979; Siegel 1993), heating with loss of activity can

also support that mice fatalities are caused by a heat-

labile protein toxin. Nonproteolytic strains of C. botu-

linum produce botulinum toxins in a less active,

unnicked form. These can be activated by a protease

such as trypsin to achieve full toxicity. In certain foods,

trypsinization can produce peptides exhibiting toxicity in

mice, and the activation reaction should be stopped by

adding soybean trypsin inhibitor after 30-60 min.

Botulinum neurotoxins can be quantitatively titered by

determining the dose required to kill 50 percent of

a population of test animals (Schantz and Kautter 1978).

This quantity is defined as 1 LD56 and is a statistical

measurement based on the number of animals in each test
group and the susceptibility of the test animals to the

toxin. Quantitation is usually done with 5-10 animals per

dilution using 50-100 mice and the results plotted logarith-

mically with percent death on the vertical axis and dilution

on the horizontal axis. The point at which the line

connecting the percent death at each dilution crosses 50
percent is the dilution that contains 1 LDsg per injection

volume (Schantz and Kautter 1978). From this curve the

number of LD5s in the original sample is calculated. This

method is both expensive due to the number of animals

used, and time-consuming as well. For these reasons other

methods of detecting botulinum toxin have been devised.

An alternative method of determining the quantity of

active botulinum toxin in a sample is the intravenous

time to death method (Boroff and Fleck 1966; Malizio

et al. 2000). This method involves injection of a sample

into the tail vein of an immobilized mouse. The time-to-

death is noted and converted to the number of intraper-

itoneal LD56 using a standard curve prepared using the

dilution to extinction method of Schantz and Kautter

(1973). The method is fast and relatively accurate (t20

percent). Drawbacks to this method are the preparation

of the standard curve and the need for a higher level of

technical expertise. The method is only applicable when

the quantity of toxin injected is within the linear portion

of the standard curve (1 > 106 to 5 x 103 LD50 per ml

of type A toxin). Standard curves are required for each

serotype of toxin since the time to death differs for

different serotypes (e.g. Malizio et al. 2000) and possibly

composition and structure of the complexes.

Various immunological and DNA-based methods

(primarily the polymerase chain reaction (PCR)) for

detection of toxin-reactive proteins of toxin genes have

been proposed as methods for detecting C. botulinum

organisms or its neurotoxins (Doellgast et al. 1993;

Ekong et al. 7995; Ferreira and Hamdy L995; Ferreira

et al. 2003; Hatheway and Ferreira 1996; Kozaki et al.

1989; Notermans and Nagel 1989; Szabo et al. 1994; Wu

et al. 1972). These methods often appear promising in

vitro and in culture media, but can result in inaccurate

or false-positive detection in clinical samples and foods

due to difficulties in sampling, extracting high quality

DNA, inhibition of antibody binding or PCR inhibition

by components in these complex matrices, and the

presence of extraneous reactive DNA. Immunologic

methods have the drawback of lack of sensitivity,

expense, cross-reactions between different serotypes,

and the detection of biologically inactive botulinum

toxin. The immunologic method that appears most

practical is the enzyme-linked immunosorbent assay

(ELISA) (Ferreira et al. 2003). The various ELISA

methods use an antibody or series of antibodies

specific for a given toxin serotype to capture and

label the toxin. PCR methods can have excellent sensi-

tivity and potential feasibility (e.g. Fach et aI. 1993;

Franciosa et al. 1996; Wu et al. 2001), but they have

drawbacks described above. Due to these drawbacks, it

is feasible that ELISA or PCR can complement the

mouse bioassay, but it is unlikely that these assays will

completely replace the mouse assay. Various groups are

developing automated biosensors for the rapid and

sensitive detection of botulinum neurotoxins, but these

need further development for demonstration of applic-

ability in cultural, environmental, food, and clinical

samples.

GENOMICS OF CT.OSTRIDIUM TETANI
AND CLOSTRIDIUM BOTULINUM

The genomic sequences of select

have recently been determined

Clostridium species

including C. tetani,
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C. perfringens, and C. acetobutylicum (Briiggemann et al.
2003; Shimizu et al.2002; Nolling et al. 2001) and others
are ongoing including Clostridium difficile and C. botu-
linum. The genome sequence for C. botulinum type A
(Hall A strain) is in progress at the Sanger Institute. The
genome sequence of a single strain of each Clostridium
species has been determined, and it is not clear if the
sequences will be representative of most strains, particu-
larly in C. botulinum and C. perfringens in which several
distinct groups of organisms occur within the species.
The analysis of the genomes have revealed interesting
features regarding the pathogenicity, spore formation,
and metabolism of the clostridia.

The complete genome sequence of C. tetani E88, a
variant of the famous Harvard or Massachusetts strain, a
nonsporulating strain long used for production of toxoid,
revealed several interesting features (Briiggemann et al.
2003). The genome was relatively small, consisting of a
2 799 250 bp chromosome encoding 2 372 orfs. The
strain also harbors a 78 052 bp plasmid (pCL1),
containing 61 orfs, including some involved in pathogen-
esis. The genes encoding tetanus neurotoxin, the positive
regulatory protein tetR, and a collagenase that could
destroy tissue are located on the plasmid. The chromo-
some of C. tetani had a mol7" G+C content of 28.6
percent, and the plasmid pLCl has an extraordinarily
low G+C content of 24.5 percent. The genome of C.
tetani had a low number of mobile elements, 16 transpo-
sases that were classified into four insertion sequence
families, and most of these orfs appeared to be nonfunc-
tional because of various classes of mutations. The G+C
variation within the genome was very low and patho-
genicity islands were not found. These data are intri-
guing as they suggest that the C. tetani genome is rela-
tively stable compared to many other bacterial groups
such as the Enterobacteriaceae. In line with the protein-
based heterotrophic metabolism of C. tetani, the
organism contained genes with strong similarity to
protein/peptide-transporting systems, several genes for
amino acid decomposition, and genes for more than 27
peptidases, including seven for predicted zinc-metallo-
peptidases. The presence of many genes for degradation
of amino acids but the lack of genes for sugar utilization
in C. tetani is in contrast to C. perfringers (Shimizu et al.
2002) and C. acetobutyllcan (Nolling et al. 2001), which
readily use sugars and other carbohydrates. Certain
groups of C. botulinum are well-known to degrade
various amino acids (reviewed in Barker 1981; Whitmer
and Johnson 1988; Johnson and Bradshaw 2001), and
groups I through III also ferment sugars, while this
property is absent in group IV.

The complete genome sequence for a type A strains
of C. botulinum (ATCC 3502) is being performed by the
Sanger Institute in England (www.sanger.ac.uk/Projects/
C-botulinum/). The analysis of the contigs containing
the orfs has indicated several interesting properties of
this C. botulinum type A strain. The genome appears

similar to that of C. tetani in that there is no obvious
evidence of foreign DNA acquisition. With regard to
pathogenesis, in addition to containing the genes char-
acteristic of the type A neurotoxin complex (Dineen

et al. 2003), it contains two putative hemolysins. The

toxin gene complex is flanked by IS elements, which are
apparently nonfunctional since they contain several
mutations. Interestingly, C. botulinum ATCC 3502 lacks
many of the spo/ger genes found in Bacillus sp., and
lacks many genes of the phosphorelay system involved
in Bacillus. These results suggest that the mechanism of
sporulation and spore germination is significantly
different from that of Bacillus. Since C. botulinum is a
very diverse species, it would be valuable to obtain the
genome sequences of other strains and types, and to also
elucidate the proteome or the total proteins expressed

by the organism. The availability of the genomic

sequences of C. botulinun will enable the development

of microarrays for hybridization analysis of genes

involved in pathogenesis, as well as genes in important
processes including sporulation, stress responses, and
genes essential for growth in the intestinal tract, wounds,

and in foods.

SUSCEPTIBI LITY OF NEUROTOXIGENIC
CLOSTRIDIA TO CHEMICAL AND
PHYSICAL AGENTS

Because of their ability to form endospores, all clostridia
have a pronounced but variable resistance to heat,
drying, chemicals, and disinfectants. In the vegetative
state, they are about as resistant to heat and chemicals
as nonsporing aerobes, but anaerobes may have a
slightly greater susceptibility to various bactericides. The
spores can exhibit marked resistance to physical and
chemical treatments. Spores of Group I C. botulinum

may withstand boiling for 34 h, and even survive at
105'C for -100 min. Spores of C. novyi are slightly less
resistant than C. botulinum. Among hospital disin-
fectants, the greatest sporocidal activity is shown by
alcoholic hypochlorite and glutaraldehyde; iodophors,

formalin, and phenolics are less effective (Willis 1990;
Kim and Foegeding 1993). Spores of C. botulinum have
a marked resistance to various types of irradiation
including gamma rays. In dried earth or dust, spores of
C. tetani can survive for years. Stock cultures of most
clostridia remain viable for months to years. The
susceptibility of C. botulinum to chemical and physical

treatments was summarized by Kim and Foegeding
(1993) and survival in foods has been reviewed (Glass

and Johnson 2001; ICMSF 1996).

Susceptibility studies of clostridia to antibiotics have
been summarizedby Willis (1990). Swenson et al. (1980)

and Dezfulian and Dowell (1980) established that C.
botulinum is susceptible to many common antimicrobials
but is resistant to nalidixic acid, trimethoprim/sulfo-
methoxazole, gentamicin, and cycloserine. Drugs of
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choice for the prevention and treatment of clostridial
wound infections are metronidazole and benzylpeni-

cillin. Metronidazole is uniformly bactericidal for all

anaerobic microorganisms, but is inactive against

aerobes and facultative anaerobes. The aminoglycosides,

on the other hand, show broad spectrum activity against

aerobes and facultative anaerobes, but are inactive

against anaerobes. Under highly reducing conditions

such as occurs in the large bowel, the activity of amino-
glycosides is greatly diminished or abolished. Vanco-

mycin can also be used to treat clostridial infections, but

it should be used sparingly.

EPIDEMIOLOGY AND CLINICAL ASPECTS

Tetanus

EPIDEMIOLOGY

Tetanus is a rare disease in the developed world

including the USA and Western Europe (Bleck 1991;

Cook et al. 20Ol; see also www.who.int/vacclnes-

diseases/diseases/NeonatalTetanus.html). However, it is

a devastating disease worldwide, and although the true
incidence is unknown it has been estimated that up to 1

million cases occur annually (Galazka and Gasse 1995;

Cook et al. 2001; Dietz et al. 1996, who.int/vaccines-

diseases/diseases/Neonatal tetanus.shtml). It remains

endemic in many countries of the developing world

(Cook et al. 2001). The global fatality rate of tetanus has

been estimated as 30-50 percent (Hsu and Grolau 2001;

Sanford 1995). At least 50 percent of these deaths tragi-

cally occur in neonates, who become infected with C.

tetani shortly following birth and lack maternal antibodies
for protection. Neonatal tetanus is the second leading

cause of death from vaccine-preventable diseases in chil-

dren worldwide (who.int/vaccines-diseases/diseases/

Neonatal tetanus.shtml). The WHO set the goal in L989

for eradication (<1 death per 100 000 live births) of

neonatal tetanus by 1995, but it is still endemic in many

developing countries. The two major groups at risk are

the elderly and neonates. The WHO has described 'high

risk' geographic regions including the African region.

southeast Asia region, and western Pacific region.

Tetanus, a tragic and regrettable disease, could be
prevented by vaccination which is the most cost-effective
public health intervention (Gergen et al. 1995). The
primary strategies outlined for eradication of neonatal

tetanus are vaccination of pregnant women with at least

two doses of tetanus toxoid, and provision of sanitary

delivery services to women. Fortunately considerable
progress has been made in reducing the incidence of

tetanus in most high risk regions (who.int/vaccines-

diseases/diseases/Neonatal tetanus.shtml). Although

vaccination has been successful in eradicating the inci-

dence of tetanus in children. the levels of antibodies

decline with age, and most cases of tetanus in developed

countries such as the USA occur in people of 60 or more

years of age, and it is recommended that booster immu-

nizations be given every 10 years to all adults (Gergen

et al. 1995). The incidence of tetanus in developed coun-

tries such as the USA is approximately 36-48 cases

annually, or 0.15 cases per million population (CDC

1998b). Intravenous drug users and HlV-infected indivi-

duals are high risk groups for contracting tetanus.

CLINICAL ASPECTS

Tetanus generally follows infection in neonates or an

acute injury in children and adults. The most common

wounds are puncture wounds and lacerations, but can be

associated with surgery, intravenous (IV) drug use, and

complications of diabetes (CDC 1998b). Lack of immu-

nization is the greatest risk factor for tetanus, which is

associated with poorer segments of the population and

in the elderly (Hsu and Groleau 2001). Once tetanus

toxin is synthesized in the wound infection, it moves to

the spinal cord, which generally takes 2'I4 days (Bleck

1989, l99l; Sanford 1995). The closer the site of the

wound (e.g. facial injuries) shortens the transit time.

Shorter incubation times often result in a poorer prog-

nosis. Within the central nervous system (CNS), it

prevents the release of inhibitory neurotransmitters

including gamma-aminobutyric acid (GABA) and

glycine. When it reaches the spinal cord, localized or

cephalic tetanus may occur initially, which is followed by

generalized tetanus. Motor neurons as well as the auto-

nomic nervous system are affected. Clinical tetanus has

traditionally been classified into four types: generalized,

local, cephalic, and neonatal (Bleck 1989, 1991'). Gener-

alized tetanus is most common and is associated with

trismus, or inability to open the mouth (lockjaw) and

with abdominal rigidity. Generalized tetanic spasms are

the most vivid aspects of the disease, and has been

described as a 'sudden burst of tonic contraction of

muscle groups causing opisthotonos, flexion, and adduc-

tion of the arms, clenching of the fists, and extension of

the lower extremities' (Weinstein 1973). Unlike epilepsy

and certain other neurological disorders, generalized

tetanus does not result in loss of consciousness and is

extraordinarily painful.

Respiratory failure is the most serious early concern

in generalized tetanus due to obstruction of the upper

airway and the involvement of the diaphragmatic and

abdominal musculature (Bleck 1989, 1991). Patients with

severe tetanus formerly died rapidly from respiratory

failure, and intensive respiratory support is necessary in

treatment (Bleck 1991). For patients who survive the

acute phase, death most frequently occurs by autonomic

instability characterized by labile hypertension, tachy-

cardia, pyrexia, dysrhythmias, and myocardial infarction

are the common fatal events (Hsu and Groleau 2001).

After initial observation, the disease usually progresses
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for 10-14 days, and recovery typically requires 4 weeks.
Recovery is due to formation of functional presynaptic
neurotransmission that replaces the diseased neurons. In
the absence of tetanus antitoxin. tetanus will continue as
long as tetanus neurotoxin is being produced at the site
of infection. Therefore, it is extremely important to
immediately provide antitoxin and to immunize indivi-
duals who are suffering from tetanus to prevent conti-
nuing and recurrent disease.

Local tetanus is characterized by fixed rigidity of the
muscles near the site of infection. The rigidity may be
mild, somewhat painful, and can resolve spontaneously.
However, it may be a signal of the onset of generalized
tetanus, and should be treated with antitoxin and immu-
nization. Cephalic tetanus is a type of local tetanus that
affects the face, particularly the muscles innervated by
the lower cranial nerves causing a facial paresis and
characteristic grimace. Other neuromuscular conditions
such as dysphagia can be seen. Many patients with
cephalic tetanus have a poor prognosis, although mild
cases also occur (Bleck 1989, 1991). Cephalic tetanus has
been observed in individuals that are fully immunized as
determined by the routine antibody assay, bringing into
question the validity of the assay for measurement of
neutralizing antibodies. Alternately, the toxin may
reside in a region unavailable for antibody protection.

The majority of neonatal tetanus cases involves infec-
tion of the freshly cut umbilical cord, usually as a result
of improper care following delivery, unsanitary delivery
conditions, and absence of immunization of the mother.
Passively transferred maternal antibodies can protect the
neonate from tetanus, supporting that the disease occurs
only in infants of mothers who lack adequate immunity
(Bleck 1991). Passive immunization of the mother prior
to delivery could also protect against neonatal tetanus.
Common symptoms in the first two weeks of life in the
neonate are irritability, poor feeding due to inability to
suck, and generalized weakness, and these symptoms are
followed by tetanic spasms and rigidity.

DIAGNOSIS AND TREATMENT OF TETANUS

The diagnosis of tetanus is made on clinical signs alone
(Cook et al. 2001; Hsu and Groleau 2001; Sanford 1995).
The clinical presentation of tetanus is usually so vivid
that a presumptive diagnosis can be made in most cases
(Bleck 1989, 1991; Finegold 1998; Hsu and Groleau
2001). The differential diagnosis from related presenta-
tions caused by infections, strychnine, or certain other
poisonings, and myopathies or neuropathies have been
described (Hsu and Groleau 2001). Treatment relies on
neutralization of the neurotoxin activity, removing the
source of toxin, and providing supportive care including
ventilation and gastric control, and assistance for muscle
spasms. Human tetanus immunoglobulin (HTIG) is
administered to neutralize circulating tetanus neuro-
toxin, but in common with botulinum poisoning, HTIG

cannot neutralize neurotoxin already present in neurons.
Benzodiazepines are administered because of their

GABA-agonist and relaxing properties, and antibiotics
(particularly metronidazole) are given to control growth

oI C. tetani in wounds. Prevention of tetanus through

vaccination is obviously the preferred means for control
in human populations.

Botulism

EPIDEMIOLOGY

Foodborne botulism occurs in clustered geographic

regions of the world (Hauschild 1992; Hatheway and
Ferreira 1996; Johnson and Goodnough 1998; Glass and

Johnson 2001). In most countries it is quite rare,
although like other foodborne diseases, the actual inci-
dence is undoubtedly greater than reported. Many mild
cases without hospitalization are probably not diagnosed

and reported, and botulism can also be misdiagnosed as
other neurologic disorders. Even so, the characteristic

and often severe symptoms of botulism and careful
records of release of antitoxin for treatment probably

make botulism one of the most accuratelv reported
food-borne diseases.

Through his thorough ecological surveys and study of
C. botulinum, K.F. Meyer concluded that the risk of
botulism is greater in regions that have a high telluric
incidence of type A, B, and E spores (Meyer 1956). The
primary regions of the world with reports of human
foodborne botulism are East Asia (China, Japan),
North America, certain countries in Europe (Poland,

Germany, France, Italy, Spain, Portugal, Denmark, and
Norway), the Middle East (Iran), Latin America, Russia,

and South Africa (Franciosa et al. 2003; Hauschild
1992). Human botulism is rare in the UK, although
notable outbreaks, including the Loch Maree tragedy
(Leighton 1923), the Birmingham incident (Ball et al.
1979), and the hazelnut yoghurt outbreak (Critchley

et al. 1989; O'Mahony et al. 1990), have attracted
much attention. Human botulism is also rare in
Africa, Australia, Israel, Taiwan, Greece, New Zealand,
India, Mexico, and several South American countries
(Hauschild 1992).

Botulism is endemic in certain regions of the USA,
particularly the Pacific coast states and in Alaska.
Botulism outbreaks in the USA reached a peak during

the 1930s and then declined due to effective preventive

measures in the commercial canned food industry and
the development of guidelines for home canning
(Meyer 1956; Lynt et al. 1975; Gangarosa et al. I97I).
From 1899 to 7949, there were 1 281 cases and 830
deaths, from 1950 to 1.977 in the USA, 678 cases and 169
deaths, from 1978 to L993,423 cases and 31 deaths, and
from 1990, 263 cases and lL deaths (Rhodehamel et al.
1992, CDC 1979, 199I-1995, 1998a). Foods involved
in mainland USA botulism are usually home-canned
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fruits and vegetables. Of 182 outbreaks identified with

foods during 197l-1989,137 were caused by fruits and

vegetables, 15 by meats, 13 by fish, and 17 by other

foods including mixed vehicles. In the USA, approxi-

mately 60 percent of foodborne botulism cases have

been caused by type A toxin, 18 percent by type B, and

22 percent by type E (Hatheway 1995). In Alaska,

fermented meats and fish accounted for 98 percent of

the outbreaks, most involving type E botulinal toxin
(Eisenberg and Bender 1976a; Banett l99l; CDC 2003;

Wainwright et al. 1988; Barrett 1991). The incidence of

botulism outbreaks in Alaska have increased due to the

availability of plastic bags and heating stoves which
provides a warm anaerobic environment for growth of

C. botulinum (Eisenberg and Bender 1976b). Botulism

often unexpectedly occurs with advances in food hand-

ling and changes in preservation practices. Poor process

control and maintenance of chilled distribution of

smoked whitefish from the Great Lakes resulted in a

resurgence of botulism in the 1960s (Foster et al. 1965).

In the 1970s, changes in packaging procedures and

underprocessing led to botulinal toxin formation in

canned mushrooms prepared by seven USA commercial
producers (Lynt et al. 1975). Production of foods with

minimal or no preservatives and relying primarily on

refrigeration for controlling C. botulinum has led lo

recent outbreaks of botulism (Gangarosa et al. l97l;

Hutchinson 1992; Rhodehamel et al. 1992). Increased

consumption of foods in food service establishments in

the USA have impacted on foodborne disease (Hedberg

et al. 1.994), including botulism (MacDonald et al. 1986;

Shapiro et al. 1998). Several outbreaks of botulism invol-

ving commercially processed or restaurant-prepared

foods have occurred in various resions of the world
(Table 43.3).

Although foodborne botulism is rare, the conse-

quences of botulism outbreaks are extremely serious and

it is vital that the food industry process and formulate

minimally processed foods to prevent growth and toxin

formation by C. botulinuln. Outbreaks of botulism invol-

ving commercial foods or foods prepared in restaurants

have generated considerable publicity and expense. The

average cost of a botulism case due to a commercially
processed foods has been estimated to be as high as

several million USA dollars when issues related to

hospital costs, lost productivity, and legal expenses are

considered (CAST 1994). Botulism is also associated

with emotional impact on the patient and family (Cohen

and Anderson 1986).

In Canada, during the period 1961-1989,87 percent of

botulism cases occurred in northern native Canadian

communities. As in Alaska, type E botulinal toxin was

involved and the prevalent foods included fermented

meats from marine mammals or fish (Dolman and Iida

1963; Hauschrld 1992; Hatheway 1995). The practice of

holding meats at ambient temperatures until a desired

flavor and texture is achieved allows C. botulinum tvoe

E to produce toxin. The largest outbreak in the history

of Canada occurred in 1985 and the food vehicle was

chopped garlic in oil (St. Louis et al. 1988). Canada and

the USA have made efforts to reduce the incidence of

botulism by encouraging strict adherence to temperature

control by processors, distributors, retailers, and in

restaurants (Rhodehamel 1992), aciditying or providing

other C. botulinum inhibitory conditions in foods that

receive minimal processing. Currently, there is concern

of botulism from minimally processed refrigerated foods,

restaurant prepared foods, vacuum packaged or modi-

fied atmosphere packaged foods, and sous-vide products

(Rhodehamel 1992).

Botulism is relatively common on the Asian continent.

Botulism was first documented in China in 1949, and C'

botulinum was isolated from botulinogenic food in

1958 (Ying and Shuyan 1986). From 1958 through

1983, 986 outbreaks occurred in China affecting

4 377 individuals. The majority of cases have occurred

in the northern provinces of Xinjiang (81.3 percent),

Qinghai (3.4 percent), Xizarg (4.5 percent), Shandong

(5.6 percent), and Hebei (1.9 percent). Epidemiology

of botulism is unique in China compared to other

areas of the world: 824 outbreaks (86 percent of total

diagnosed) have been caused by bean products, most

(74 percent) by improperly fermented bean curd.

Botulism occurs mainly in the winter and early spring

when vegetables are scarce and homemade fermented

foods are commonly prepared. During 1958-1983,

type A botulism accounted for 93.4 percent, type B

for 5.0 percent, mixtures of types A and B for 0.4

percent, and type E for 1.0 percent of the botulism cases

in China. The incidence of botulism in China has

decreased considerably since 1974 because of education

of households, advice to food manufacturing plants,

inclusion of 10 percent salt in bean curd fermentations,

and heating of foods prior to consumption (Ying and

Shuyan 1986).

The majority of botulism cases in Japan occur in the

northern prefectures of Hokkaido, Akita, Aomora, and

Iwate (Iida 1970). Nearly all cases are caused by fish or

fermented fish products, particularly izushi, and involve

type E toxin (Dolman and Iida 1963; Iida 1970; Haus-

child 1992). Type E spores occur in high frequency in

the soils and sediments of Hokkaido and Tohoku, and

they readily contaminate fish. Prominent symptoms of

type E botulism in Japan are dysfunction of salivary

secretion and retention of urine. These symptoms have

not been reported as frequently in types A and B

human botulism. The case fatality rate has decreased

over time since type E antitoxin was distributed and

communities were advised about preparation of sushi.

In 1984, an outbreak of type A botulism occurrred in

Japan involving 36 cases with lL deaths. The causative

food was vacuum-packaged'Karashi-Renkon' (deep-

fried mustard-stuffed lotus root). Normally, this food

is heated by residents, but it was eaten unheated by
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tourists who were presented with the product as a

souvenir (Hayashi et al. 1986; Otofuji et al. 1987).

As with most countries, botulism is regionally distrib-

uted and is associated mostly with home-prepared foods.

Outbreaks of flsh-related botulism, 'ichthyism,' in Russia

were reported in 1927 (Dewberry 1950), and were

caused by eating sturgeon or improperly prepared caviar
(Smith and Sugiyama 1988). Botulism in Russia and the

Ukraine has mostly been caused by salted, dried, or

smoked fish (Dolman 1964), though home-cured hams,

preserved wild mushrooms, and stuffed eggplant have

also been food vehicles involving type A and B botulinal

toxins (Smith and Sugiyama L988).

In Europe, most outbreaks of botulism are caused by

improperly canned or cured meats such as hams or

sausages. Nonproteolytic strains producing type B toxin

are most commonly responsible for toxin production.

Poland has experienced more botulism than any other

nation, and most (92 percent) outbreaks occurred in

rural areas by consumption of improperly canned or
preserved meats, 7 percent by fish products. Botulism

has occurred in Germany more often than other

European countries except Poland (Smith and Sugiyama

1988). The usual vehicle is improperly preserved meats

and type B botulinal toxin is usually involved. In France,

botulism has occurred periodically, the usual vehicle

being home-cured ham (Roblot et al. 1994). Type B

toxin was responsible for 97 percent of the diagnosed

cases. Botulism usually caused by type B botulinal toxin

has sporadically been reported in Italy and Spain,

usually from home-canned vegetables or home-

preserved vegetables in oil. Botulism in Scandinavia is
generally caused by improperly preserved fish and

involves type E toxin.

Botulism is comparatively rare in the UK. In 1922, the

famous Loch Maree tragedy caused eight illnesses and

eight deaths from the consumption of sandwiches
prepared with wild duck paste. As a result of this

outbreak, the Ministry of Health made arrangements for

a supply of botulinum antitoxin to be available at
various locations. In 1989, the UK observed its largest

botulism outbreak in its history (Critchley et al. 1989).

Until this outbreak, there had only been L8 cases

reported since the eight fatal ones in Loch Maree. The

vehicle in the 1987 incident was hazelnut yoghurt. The

hazelnut puree added to the yoghurt had been under-
processed and allowed C. botulinum type B to grow and
produce toxin. Rapid diagnosis and action by the health

authorities prevented additional cases by the commercial
product.

Food-borne botulism has also been recorded spor-

adically in various other countries throughout the world

(Hauschild 1992; Smith and Sugiyama 1988). Argentina

and Mexico are the only countries in Central and South

America that have reported significant numbers of botu-

lism cases. Reports of human botulism are rare in

African countries (Hauschild 1992). The first human

outbreak in Africa was reported in 1979 and was caused

by type A toxin in sour milk (Smith et al. 1979). A

second outbreak was attributed to consumption of

termites, a cultural cuisine. The termites had been kept

in a sealed bag for 3 days which probably promoted

growth of C. botulinam (Nightingale and Ayim 1980).

From 1942 to 1984, only five outbreaks of botulism were

reported in Australia, four associated with vegetables

and one with canned tuna (Hauschild 1992\.

Overall, the majority of foodborne botulism cases

have been reported from the northern hemisphere

(Hauschild 1992). Types A and B botulinum toxins are

responsible for botulism in the more temperate regions.

those from type E in colder regions. It seems para-

doxical that botulism by proteolytic strains of C. botu-

linum types A and B occurs mostly in vegetables, while

nonproteolytic type B mostly causes botulism in protei-

naceous foods such as meats (Hatheway 1995). This

pattern may be due to the heat resistance of spores from

proteolytic strains, which survive the heating processes

of home canning while the nonproteolytic spores are

killed. Botulism by nonproteolytic type B is usually asso-

ciated with minimally processed foods that are not

heated prior to consumption. A final preventive measure

that prevents botulism is the heating of foods before

eating as all serotypes of botulinal toxin are labile to

heat and are inactivated by treatment at 60-100'C for

10 min (Woodburn et al. L979). Seasonal occurrence of

outbreaks are associated with cultural customs of preser-

ving foods. The low frequency of botulism in many

countries is related to the density of C. botulinultl spores

in the environment and in foods, to hygienic practices in

food production, and by cooking foods prior to

consumption. Recently, certain foods not previously

implicated have been associated with botulism. In Italy,

botulism was associated with consumption of mascar-

pone cream cheese (Aureli et al. 1996,2000; Franciosa

et al. 1999), and in India, Gram (legume) flour was the

source of neurotoxigenic C. butyricum implicated in a

foodborne outbreak (Chaudry et al. 1998).

Approximately 2 000 hospitalized cases of infant botu-

lism have been reported worldwide, with the large

majority occurring in the USA (Arnon 2004; CDC

1998a), with about half the cases from California. Infant

botulism has also been reported from various countries

worldwide including Argentina, Australia, Japan, the

UK, Canada (four cases), and rare cases in Chile, former

Czechoslovakia, Denmark, France, the Netherlands,

Spain, Sweden, Switzerland, and Taiwan (Dodds 1993,

personal communications). Within the USA, infant botu-

lism occurs in clustered geographic regions. Thq highest

incidence has been reported from California, Colorado,

Delaware, Hawaii, Utah, and Pennsylvania (Arnon

1995). The clustered geographic occurrence of infant

botulism is not understood, but may be associated with

the distribution of C. botulinum spore type and preva-

lence in the environment. This distribution has been
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demonstrated in the USA, where the majority of type B
cases are reported from the eastern states, and most
type A cases from California. The environment, soils,
dust, and surfaces of foods harvested from soils are
probably the main sources of spores in infant botulism.
The only known food source is honey (Arnon 1995;
Arnon et al. 1979). In several infant botulism cases C.
botulinum spores were isolated from honey fed to
infants that contracted botulism, and in all cases exam-
ined the spore type has matched the toxin type found in
the baby's feces (Arnon 1995; Arnon et al. 1982). The
spore type contaminating honey depends on the geogra-
phical source and whether the honey is blended before
marketing. While infant botulism is very rare in the UK,
labeling of honey has been instigated. With education of
physicians and parents to not feed honey to babies less
than 1 year of age, the number of honey-related cases
has diminished. Honey, but not corn syrup or dried
infant cereals, is considered as a risk factor for infant
botulism (Arnon 1995, 2004; Hauschild et al. 1988).
Aminoglycosides have been found to potentiate symp-
toms of infant botulism and to prolong the illness
(L'Hommedieu and Polin 1981; L'Hommedieu et al.
1979:  Santos  e t  a l .  l98 l ) .

Proteolytic strains of C. botulinum serotypes A and B
have been responsible for nearly all cases of reported
infant botulism (Arnon \995, 2004; Hatheway et al.
1981). However, in 1979, type F infant botulism caused
by toxigenic C. baratii was reported from New Mexico
(Arnon 1995, 2004). This case appeared to be an
anomaly until 1987 when type F intestinal botulism was
reported in an adult in Georgia, and the organism
responsible was identified as C. baratii (McCroskey et al.
1991). Additional cases of C. baratii infant botulism
have been reported (Harvey et al. 2002; Paisley et al.
1995). Like the first type F case, the onset time was very
rapid, and the patients were quite young, 9 and 14 days
of age, respectively. Type C infant botulism was
reported in Japan (Oguma et al. 1990), type E cases
from Italy caused by neurotoxigenic C. butyricum
(Aureli et al. 1986), and three cases by type Bf in the
USA (Arnon 1995). Additional cases of infant botulism
caused by C. butyricum have occurred (Fenicia et al.
2002).

Infant botulism has been reported in babies up to 12
months of age, though c. 95 percent of cases have been
reported from babies less than 6 months old. The
youngest cases reported were 6 and 8 days of age, and
the oldest 363 days (Arnon 1995). Infant botulism shows
a peak in incidence in children 2-6 months of age, and
the age-at-onset distribution shows a close match to the
sudden infant death syndrome (SIDS). A proportion of
SIDS cases may be the fatal result of a rapid onset,
fulminant form of botulism, but this is debatable (Arnon
1995; Bohnel et a1.2001). Breast feeding appears to slow
the development of the disease (Arnon et al. 1982), and
has been considered a risk factor but in actualitv mav

delay the disease for a sufficient period that the babies
can be hospitalized and receive supportive care. Fulmi-
nant cases of infant botulism where the children died
before hospitalization were formula fed. The case
fatality rate of infant botulism in the USA is less than 2
percent, but infants are hospitalized for several weeks.
Boys and girls are equally susceptible, and all major
racial and ethnic groups are affected.

Intestinal infections by C. botulinum with accom-
panying in vivo botulinal toxin production has occurred
in older children and adults, particularly in individuals
who have undergone intestinal surgery (Chia et al. 1986;
Freedman et al. 1986; McCroskey and Hatheway 1988;
Griffin et al. 1997). Conditions associated with intestinal

surgery such as lesions in the intestine and antibiotic

treatment causing alterations in microflora could predis-
pose humans to colonization by C. botulinum (Griffln

et al. 1997). Use of intense immunosuppression and
bowel sterilizing regimens in a 3-year-old girl with
neuroblastoma were postulated to enable colonization

by C. botulinum types A and B with ensuing intestinal
botulism (Shen et al.1994). In Japan, a botulism case in
a 72-year-old girl associated with C. botulinum type Ab
was recently reported (Kobayashi et al.2003). Infections

by C. botulinum in adlults has been supported by the
finding of botulinum toxin and organisms in the feces

over a several month period (Hatheway 1995;

McCroskey and Hatheway 1988; McCroskey et al. 1991;

Griffin et aI. 1997). Most patients with foodborne botu-
lism in the USA are injected with trivalent antitoxin,

and monitoring serum shows the absence of botulinum
neurotoxin. However, in France, type B toxin was found
in serum from individuals for up to 122 days after inges-

tion of toxic food. Relatively mild and progressive devel-
opment of botulism occurred over several weeks in
patients who had eaten chopped garlic in oil containing
type B toxin and organisms (St. Louis et al. 1988). These
observations suggest that C. botulinum type B could
colonize the intestine of adults and continously produce

toxin over several weeks to months. These examples
involved type B botulinum toxin. C. botulinum type B
may have a greater ability than type A to colonize the
intestinal tract, which could help explain why more than
50 percent of the infant botulism cases in the USA
involve type B, while type A foodborne botulism is
three times more prevalent than type B.

Although botulism is extremely rare compared to
many other microbial diseases, the disease has long
fascinated physicians and scientists because of the pecu-
liar symptoms and relatively high fatality rate of affected
humans and animals. Human botulism outbreaks can
have a dramatic impact on the intoxicated individuals,
their families, and the communities in which they occur
(Angulo et al. 1998; Cohen and Anderson 1986; Dolman
1964; Dolman and Murakami 1961). Outbreaks of
animal botulism have periodically devastated popula-

tions of domestic and wild animals (Eklund and Dowell
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1987; Smith t977). Waterfowl poisonings are unique
among most animal botulism outbreaks because toxin is
produced within the rotting carcasses of the victims,

which are consumed by secondary animals (Reed and

Rocke 1992; Wobeser 1997). This results in enormous

losses of birds in epizootic proportions. In North

America, avian botulism leads to kills of hundreds to

thousands of ducks and shorebirds annually.

CLINICAL ASPECTS OF BOTULISM

Botulism is one of the most daunting and terrifying

diseases to affect humans and animals. Botulism is a true

toxemia and results from the action of botulinum neuro-

toxin. The hallmark signs of botulism are a flaccid
paralysis that usually descends bilaterally from the eye
regions and subsequently paralyzes skeletal muscles.

Muscle paralysis results from a presynpatic inhibition of

acetylcholine at neuromuscular junctions. Since the

discovery of C. botulinum and its characteristic neuro-

toxin more than a century ago (van Ermengem L897),

five clinical forms of botulism have described:

1 classic foodborne botulism

2 wound botulism

3 intestinal botulism, particularly in infants

4 inhalational botulism

5 botulism of unknown source.

Botulism caused by intentional poisoning such as in a

bioterrorist event could be considered as a sixth class

with potentially severe consequences (Arnon et al.

2001). Lastly, inadvertent botulism caused by inap-
propriate injection of botulinum neurotoxin during treat-

ment of dystonic and other conditions can be considered

as a sixth clinical class of botulism. All of the forms have

the characteristic symptoms of skeletal muscle paralysis.

Human botulism is usually caused by botulinum neuro-

toxin serotypes A, B, E, but rare cases have also been

reported for types D and F (Hatheway 1995; Demarchi

et al.  1958).

The symptomatology, diagnosis, and medical treat-

ment of botulism have been periodically reviewed

(Donadio et al. 1971; Cherington 1990, 1998; Hughes

et al. 1981; Koenig 1971; Maselli and Bakshi 2000;

Robinson and Nahata 2003; Tacket and Rogawski 1989).

Botulism caused by food poisoning generally has an

incubation period of 12-36 h following consumption of a

toxic food. The incubation period is shorter when more

toxin is consumed and the fatality rate of index' cases is

higher (Woodruff et al. 7992). -fype B foodborne botu-

lism may have a much longer onset time of several days

to a few weeks in mild cases (St. Louis et al. 1988;

Koenig 1971; Woodruff et al. 
'1,992). 

Patients with botu-

lism may initially have gastrointestinal symptoms such as

nausea, vomiting, abdominal cramps, and diarrhea
(Hughes et al. 1981), but these signs may not be caused

by botulinal toxin since they are not observed in infant

or in wound botulism.

After absorption into the blood, the neurotoxin binds

to motorneurons and causes flaccid muscle paralysis.

Among the flrst indications of botulism are generalized

fatigue and muscular weakness. These are soon followed

by disturbances in ocular function including blurred and

double vision, and the pupils become enlarged and unre-

sponsive to light. As intoxication proceeds, weakness

and drooping of the eye lids and facial muscles become

noticeable, speech becomes slurred, and eventual loss of

speech ensues. Paralysis of pharyngeal and laryngeal

muscles causes difficulty in swallowing and breathing,

giving a sensation of suffocation and throat constriction,

and regurgitation of food through the nose may be

observed. Sputum is often thick and tenacious and

thickly coats the tongue. Paralysis of the muscles of the

face and neck give the patient a dull appearance and

they become unresponsive to stimuli. The inability of

the patient to express their discomfort can cause

hysterical attacks and mental depression. Humans with

mild cases of botulism also exhibit poor coordination

of the arms and legs. Autonomic symptoms of botulism

may persist for months such as numbness, dizziness,

dry mouth, and impairment of salivary and lacrimal

secretions (Dressler and Benecke 2004; Goode and

Shearn t982: Jenzer et al. 7975). In severe cases,

extreme muscular weakness leaves the patient unable to

raise the head, arms, or legs. The patient becomes

gradually weaker, fatigued, and finally, death occurs,

generally by respiratory failure or possibly by cardiac

dysfunction (Lamanna et al. 1988). Since botulinum

neurotoxin primarily affects motor nerves, sensory

responses, mental function and consciousness are usually

present throughout the illness until the onset of

respiratory failure and death. The requirement for intu-

bation and ventilatory support is an indicator of the

severity of the disease in patients. Woodruff et al. (1992)

found that intubation was necessary for 67 percent of

patients with type A botulism, 52 percent with type B,

and 39 percent with type E. Of patients that were intu-

bated, 72 percent involved single case illnesses, while

only 54 percent were intubated from outbreak-

associated illness. This suggests that patients with mild

cases of botulism are often not hospitalized and these

cases remain undiagnosed.

Convalescence and recovery from foodborne botulism

is generally prolonged, requiring several weeks to

months. A retrospective review of cases in the USA

found a mean of 58 days of mechanical ventilation for

type A, and 26 days for type B (Colice 1987). Recovery

of speech and the ability to swallow recurs relatively

early. Muscular weakness, vertigo, and constipation may

persist for several months. The visual disturbances and

ability to freely defecate are the last to regain function.

Some patients continue to experience weakness, fatigue,

and symptoms of impaired autonomic nervous system

dysfunction such as dry mouth, constipation, and

impotence even after 
'L-2 

years following the onset of
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botul ism (Cherington 1990; Colebatch et al.  1989; Goode
and Shearn 1982: Dressler and Benecke 2004).

Although the disease is largely understood, significant
mortal i ty (-5-7 percent) is st i l l  associated with food-
borne intoxication in the USA. The lethal dose of botul-
inal toxins in humans is debatable and depends on the
individual, the quantity of food and alcohol in the
stomach, and the source and serotype of toxin (Schantz
and Johnson 1992). Accidental cases of human botul ism
from ingestion of toxin contaminated foods showed
symptoms of botulism and occasional death from as little
as 0.1-l prg of toxin (100-1 000 ng or 3 000-30 000
mouse LD51y doses) (Meyer and Eddie 1951; Schantz and
Sugiyama 1974). The assumed lethal i ty for humans rs c
0.1-0.5 ng/kg which is close to the lethal dose of various
animals (Gil l  1982) Toxins in culture supernatants or
preformed in foods are toxic to humans, monkeys, mice,
chickens. turkeys, and pheasants (Gil l  1982; Smith 1977).
Toxicity varies according to the serotype, species of
animal, and the route of administration (oral, intraper-
itoneal. or intravenous routes).

Patients with botul ism experience varying degrees of
i l lness and are rendered helpless to dif ferent extents
(Cherington 1990, 1998; Masell i  and Bakshi 2000;
Robinson and Nahata 2003). Many patients are unable to
see because of diplopia and inability to raise their eyelids.
Others exhibit  dif f iculty in eating and drinking and auto-
nomic signs (Dressler and Benecke 2004). Sti l l  others are
admitted to intensive care units and experience difficulty
in breathing and require intubation and respiratory assis-
tance. Recently, cases of severe botulism with neuro-
pathic features have been reported (Chang and Robinson
2000: Mackle et al.  2001). Disease sequelae including
infect.ious diseases such as pneumonia are not

uncommon. Stimulation of murine B cells to secrete
immunoglobulins by C. botulinum'lipoteichoic acid-like'

molecules has been reported (Campos-Neto et al. 1995).

Communication is disabled by inability to speak or to
write due to ventilatory support and extreme weakness.
Agitation, depression, and anxiety is common among
patients with botulism (Cohen and Anderson 1986).

Infant botulism differs from foodborne and wound

botulism in the ages of the affected individuals and in
nearly always beginning with severe constipation of 3
days or more that precedes neurologic signs by one or
more days (Arnon 1995). Infant botulism results from

botulinum neurotoxin produced in the intestinal tract of
infants and susceptible children and adults. Ingested

spores of C. botulinum germinate and outgrow in the
large intestine and produce botulinal toxin. Infant botu-
lism was recognized in 1976 in California in two cases
that occurred within 4 months of each other (Pickett

et al. 1.976).In the same year, Midura and Arnon (1976)

isolated and identified C botulinum and demonstrated

botulinal toxin in the feces of infants with botulism.
Infant botulism is now the most common cause of botu-
lism in the USA and also has been demonstrated in
certain other countries.

After initial constipation, the characteristic flaccid
paralysis affects the baby's musculature in the head,
neck, and upper regions of the body. Symptoms include

dilated and sluggish response of pupils to light, ptosis of
facial muscles, impaired sucking and poor feeding,
inability to swallow, a feeble cry, lethargy, generalized

weakness, and apathy. Paralysis may gradually become
more severe with the baby unable to hold its head erect,
increased weakness in extremities, and gradual or abrupt

cessation in respiratory ability (Figure 43.2).

Figure 43.2 Botulism syndromes: (a) boy with typical signs of foodborne botulism, (b) infant with botulism; (c) animal wound
botulism (a) and (c) reproduced coutesy of Charles Hatherway; (b) reproduced courtesy of Stephen Arnon
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Infant botulism can be difficult to recognize because

of the inability of babies to communicate their symp-

toms, and being uncommon, infant botulism is often

initially misdiagnosed. Botulism can be misdiagnosed

for other neurologic diseases such as myasthenia
gravis, Guillain-Barr6 syndrome, tick paralysis, drug

reactions. stroke. or viral and bacterial infections of

the nervous system. A careful assessment of progression

of clinical signs (L'Hommedieu and Polin 1981)

and electrophysiologic examination (Gutierrez et al.

1994) can assist in recognizing infant and adult forms of

botulism.

As with foodborne botulism, infant botulism varies in

severity from mild ptosis and rapid recovery to severe
paralysis requiring extended hospitalization. The current

clinical picture is composed from those babies showing
paralysis of sufflcient severity to require hospitalization
(Arnon 1995). At the most severe end of the clinical

spectrum, babies manifest respiratory diff,culties as soon

as 5 h after the first neurologic effects are recognized
(Thompson et al. 1980; Urdaneto-Carruyo et al. 2000). It

is likely that a fulminant lethal infant botulism occurs in

a limited proportion of the infant botulism cases, and

this severe infant botulism and rapid death may be one

cause of sudden infant death syndrome (Arnon 1995).

Muscle strength generally returns in 4-8 weeks in their

reverse order of occurrence (L'Hommedieu and Polin

1981). Of the classic symptoms, constipation is typically

the last to disappear.

Wound botulism is the counterpart of tetanus and

results from botulinal toxin produced from C. botulinum

infecting a wound. Wound botulism is the rarest form of

botulism, and only about 100 cases have been reported

in the USA since its discovery in 1943 (Davis et al. 1951;

Merson and Dowell 1973). Most cases involve type A

botulinal toxin, due in part because about half of the

USA cases have occurred in California, where type A

spores are prevalent. Since wound botulism is so rare,

misdiagnosis and delay in treatment have been reported
(Birmingham et al. 1994). Symptoms of wound botulism

are similar to those of foodborne botulism and manifests

as a symmetrical descending paralysis starting in the

ocular region. The case fatality rate has been c. 15

percent. Wound botulism is suspected following trauma

or a superficial wound without obvious infection and no

history of consumption of botulinogenic food. Wound

botulism in the USA has recently been associated with

intranasal use of cocaine and subcutaneous injection of

heroin (Elston et al. 1991; MacDonald et al. 1986). Since

1991,, c.60 laboratory confirmed cases of wound botu-

lism in California were injecting drug users (CDC 1991-

95). An unfortunate case of wound botulism was also

reported in a 5-year-old boy who died from toxin
produced in a tooth abscess (Weber et al. 1993a).

Wound botulism has been reported rarely (total of five

cases) from France, Italy, Australia, and China
(Hatheway 1995). C. botulinum has been demonstrated

recently to infect intestinal lesions, particularly following

surgery (Chia et al. 1986; McCroskey et al. 1991). Botu-

linum toxin is produced in these intestinal lesions and

absorbed into the blood. Recently, colonization of

wounds has been observed at higher than normal preva-

lence in drug users who inject narcotics, particularly

heroin, in which the spores survive and grow in the

wound with production of botulinum or tetanus neuro-

toxins (Werner et al. 2000; Passaro et al. 2000; Sandrock

and Murin 2001; Chang and Ganguly 2003).

The rare occurrence of wound botulism in nonimmu-

nized humans compared to tetanus indicates that C.

botulinum is poorly infectious compared with C/os-

tridium tetani. Spores of type A and B C. botulinum

and C. tetani were isolated from 18.5 and 30 percent of

soil samples in the USA (Smith 1978) and the incidence

of spores does not explain the different infectious

ability. The explanation apparently involves unidentifled

virulence factors present in C. tetani allowing the

invasion and growth within human tissues. Tetanus

spores will germinate in human and animal tissue of

sufflciently low oxidation-reduction potential and

produce a large population of vegetative cells in 6-24 h

(Fildes 1927; Smith and Maclver 1974). Botulinum

spores germinated but apparently failed to outgrow

after subcutaneous injection or tissue implantation in

mice (Suzuki et al.'1.971; Suzuki and Grecz 1972).Iniec-

tion of rat cecal contents together with C. botulinum

type A spores (Joiner et al. 1980) allowed germination

and outgrowth of C. botulinum spores, suggesting that

nutritional requirements or host defenses may limit

growth of C. botulinan in wound infections (Dezfulian

1989). C. botulinum can also infect wounds but toxin

production is impaired or toxin is inactivated (Hall

1945). Although vast numbers of neonatal tetanus yearly

fatalities occur worldwide (Stanfield and Galazka 1985),

neonatal botulism is apparently unreported and of rare

occurence.

Recovery from botulism depends on renewal of neural

activity. Although not proved, sprouting from poisoned

nerve trunks and formation of new myoneural junctions

is required for recovery. This process of renewed neuro-

transmission requires several weeks to months for

completion. Similar to foodborne botulism, infant botu-

lism caused by type A botulinal neurotoxin is often the

most severe in symptoms and time required for patient

recovery. In California, the mean hospital stay for

patients with type A infant botulism was 5.6 weeks,

whereas the mean hospital stay for babies with type B

infant botulism was 3.7 weeks. Fortunately death in

hospitalized cases has been rare, and babies recover

completely with no permanent weakness or neurologic

abnormalities. When death or chronic morbidity has

occurred, it has usually resulted from infections or other

secondary complications.

Botulism has devasting effects on wild and domestic

animal populations every year. Animal botulism is the
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most prevalent type of botulism worldwide and has
caused enormous losses of wild and domestic animals.
Botulism has considerable economic importance in
cattle, chickens, turkeys, geese, mink, and sheep (Eklund
and Dowell 1987; Meyer 1956; Smith and Sugiyama
1988; Songer 1996). Vertebrates vary considerably in
their susceptibility to botulism (Gill 1982; Gunnison and
Meyer 1930). Humans, horses, and guinea pigs are
among the most susceptible animals to oral exposure of
botulinal toxins. Certain animals are relatively resistant
to botulinal toxins including vultures (Kalmbach 1939),
dogs, and rats. Many of these animals consume rotting
vegetation or carrion. Resistance is probably due in
most cases to the instability of botulinal toxin in the
gut or its inability to enter into the blood, although
vultures, and possibly other animals, possess substances
in their blood that neutralize botulinum toxin (Kalm-
bach 1939). The oral dose for animals and humans varies
considerably among individuals, as well as between
species, and is difficult to quantitate since it is influenced
by a number of factors including the amount of food
present in the stomach. The ranges of susceptibility to
botulinum toxins are smaller when the toxins are
injected intraperitoneally, intravenously, or subcuta-
neously. Only twice the quantity of type B toxin was
needed to kill guinea pigs orally as by subcutaneous
injection, ten times as much for mice, and five times as
much for rabbits (Gunnison and Meyer 1930). The signs
and symptoms of animal botulism are similar to human
disease and typically involve sudden weakness, loss of
muscle control and tremors, recumbency, and eventually
death. Clinical diagnosis of botulism in animals is
confirmed by detection of botulinal toxin in the serum
and/or feces.

Botulism in cattle. referred to as lamsietke in South
Africa or forage poisoning in the USA, usually results
from ingestion of preformed toxin (Smith and Sugiyama
1988). Growth of C. botulinum in the feed silage or
supplementation of feeds with animal products such as
ensiled poultry litter (Jean et al. 1995) can lead to intox-
ication. Cattle botulism is associated with phosphorous
deficiency in the soil. Botulinal types B, C, and D have
been responsible for intoxications. Type B poisoning is
most common in the USA and Europe, while types C
and D predominate in Australia and South Africa. Type
A botulism was reported for the first time recently in
cattle (zebu, Bos indicus) raised in Brazil for meat
production (Schocken-Iturrino et al. 1990). Botulism in
sheep resembles the disease of cattle, and is mostly a
problem in Australia and South Africa (Smith and
Sugiyama 1988).

Horses are among the most sensitive of animals to
botulinal toxin types B, C, and D (Kinde et al. 1991,
Swerczek 1980a, b; Johnston and Whitlock 1987). Botu-
lism in horses manifests as sudden generalized weakness,
diminished pupillary eye response, severe tremors of the
fore and hind limbs, eventual recumbency, laborious

breathing, and death. Generally toxin is produced by C.
botulinum in the intestinal tract of horses, and thus
resembles infant botulism (Swerczek, 1980a, b; Johnston
and Whitlock 1987). Toxicoinfections in horses has been
referred to as 'shaker foal syndrome.' Autopsy speci-
mens have revealed intestinal lesions that may provide a
suitable environment for multiplication of C botulinum.
Horse botulism can also be demonstrated by injection of
preformed toxin. Feed containing animal carrion and
water harboring cat or rodent carcasses has caused

equine botulism (Kinde et al. l99l). Recently, outbreaks
of botulism in dairy cows have occurred (Cobb et al.
2002; Galey et al. 2000), and cases of botulism have

taken place in dogs (Barsanti et al. 1978) and particu-

larly in horses, particularly in young colts (shaker foal

syndrome) (Galey 2001; Wilkins and Palmer 2003; Whit-
Iock and Buckley 1997). Botulism outbreaks have also
occurred in various captive animals including monkeys
(Smart et al.  1980).

Botulism is a considerable problem in the domestic
farming of mink and foxes, primarily because farmers

often feed their animals raw and partially decomposed

meat or fish. Mink and foxes are voracious eaters. and
can consume several hundred grams of food each day.
Even low levels of toxin in food are suffcient to cause
botulism because botulinum neurotoxin accumulates

over a suitable period. Most mink botulism is usually

caused by type botulinum toxin, although types A and E
have been reported to cause intoxications. Type C
toxoids are commercially available for immunizing
minks. Botulism has also been observed in other
domestic and zoo animals such as dogs, monkeys,

turtles, and fish. The animals vary in their sensitivity to
toxin, and may be quite resistant to certain serotypes
and sensitive to others. Dogs seem to be most suscep-
tible to type C toxin, monkeys to type A and B, turtles
to type C, and fish to type E (Barsanti et al. 1978; Smith
and Sugiyama L988).

Among all phyla of animals, birds experience the
largest outbreaks and botulism probably causes the most
casualties of microbial diseases afflicting birds (Eklund

and Dowell 1987). Nearly every family of birds seem
susceptible to botulism (Jensen and Price 1987) except
for carrion eating types such as vultures. Avian botulism
has been reported from all continents except the
Antarctic and is generally caused by type C botulinal
toxin. Occasional outbreaks have involved types D and
E botulinal toxins (Smith and Sugiyama 1988). Large
outbreaks due to botulism have been reported in
chickens, ducks, pheasants, pelicans, gulls, flamingoes,

swans, and numerous other species of wild water fowl
including endangered species, such as the bald eagle and
peregrine falcon (Jensen and Price 1987). Most birds
seem to acquire botulism through the consumption of
preformed toxin often from consumption of inverte-
brates such as fly larvae (maggots) within decomposing

dead carcasses.
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DIAGNOSIS AND TREATMENT OF BOTULISM

The diagnosis of botulism relies primarily on assessment

of clinical symptoms of the patients, and for foodborne

incidents by the clustering of cases involving a small
group of people, often a family or group of friends, who

have eaten a common food. For many botulism cases,

routine laboratory studies are of no aid in establishing a

diagnosis (Koenig I97I). Detection of botulinal toxin in

the blood, gastric aspirate, and food provides confirma-

tion of botulism. Botulinal toxin has been detected in

60-70 percent of human patients with type E botulism in

large outbreaks or endemic regions (Barrett 1991; Wain-

wright et al. 1988). Botulinal toxin is detected less often

in type A cases, probably because type A toxin binds

more rapidly to motorneurons. Isolation of C. botulinum

from a suspect food, from feces of infants (Dowell et al.

I977b;Hatheway and McCroskey 1987), or from wounds

provides supporting evidence for diagnosis of botulism

but does not give confirmation since spores can be found

in the feces of healthv individuals and from foods

(Hatheway 1988).

Treatment of all forms of botulism requires rapid and

meticulous supportive and respiratory care (Arnon 1995;

Cherington 1998; Maselli and Bakshi 2000; May et al.

2002; Robinson and Nahata 2003). Admission to inten-

sive care units and careful attention to airway sufficiency

is of high priority. Intubation with mechanical ventila-

tion, and nasogastric feeding are required in severe

cases. Rapid administration of trivalent botulinal anti-

toxin is of value in decreasing morbidity and mortality

from botulism (Tacket et al. 1984). In the USA, patients

may be administered multivalent botulism equine anti-

toxin intravenously (1 000-10 000 International Units

(IU) each of type A, B, and E antitoxins) as soon as a

diagnosis is made. The product is available through
government public health departments. One IU neutra-

Iizes 10 000 mouse LD5es (types A and B) and 1 000

LD56s (type E), which is sufficient to neutralize toxic

doses encountered in human botulism. The antitoxin has

a halflife in the serum of 5-7 days (Hatheway et al.

1984). It is necessary to administer antitoxin as soon as a

diagnosis is confirmed since the antibodies probably do

not neutralize neurotoxin that has bound to motor-

neurons, and certainly not toxin that has been inter-

nalized within the nerve by endocytosis. Antitoxin would

thus not improve symptoms present at the time of

administration, but may stop progression of the paralysis

(Hatheway 1995). Over an 11-year period, equine anti-

toxin led to hypersensitivity reactions in about 9 percent

of treated patients (Black and Gunn 1980). It would be

useful to produce a supply of antitoxin from human

donors or to produce 'humanized' animal antibodies by

available molecular biology techniques. A clinical trial

underway in California is designed to evaluate the use of

botulism immune globulin (BIG) from human donors

for infant botulism (Frankovich and Arnon 1991; Arnon

1995). Recently (October 2003) the Food and Drug

Administration approved the use of 'Baby Botulism

Immune Globulin' for the treatment of babies with

botulism, which will considerably diminish morbidity

and the length of hospital stays with accompanying

emotional relief for the families (Arnon, 2003, personal

communication).

Botulism in humans and animals is diagnosed by the

characteristic flaccid paralysis and by the detection of

botulinum neurotoxin in the blood, stool, or wound. The

detection of C. botulintzn in wounds, stools, or food

products can also provide evidence for the occurrence of

botulism. Electrophysiologic methods have also been

useful in the presumptive diagnosis of botulism, particu-

larly when neurotoxin detection is negative or incon-

clusive (Cherington 1998). As described (Cherington

1998), the most characteristic electrophysiologic

abnormality is a small evoked muscle action potential in

response to a single supramaximal nerve stimulus in an

affected muscle. Single fiber EMG analyses can also

show increased jitter and blocking, which decrease

following activation.

Largely through meticulous supportive and respiratory

care, the fatality rate in the USA from foodborne botu-

lism decreased from 65 percent for the period 1899-1949

to 25 percent for the period 1950-1977. Good supportive

and ventilatory carc, and diagnosis of milder cases were

probably mostly responsible for the drop in fatality rate

during this period, but administration of antitoxin was

also helpful. During the period 1978-1993, the fatality

rate from foodborne botulism dropped to -7 percent

(Rhodehamel 1992; CDC 1979, 1'99I-1995). This

encouraging trend in survival probably occurred by

rapid diagnosis, improved supportive care in intensive

care units, rapid administration of trivalent antitoxin,

and prevention of secondary infections. The administra-

tion of trivalent antitoxin within 24 h of onset of type A

botulism had a shorter course of illness, but the same

fatality rate of those who received antitoxin later

(Tacket et al. 1984). These results suggest that antitoxin

treatment can be beneficial if administered rapidly.

Aminoglycoside antibiotics are to be avoided in treat-

ment of secondary infections since they can potentiate

muscle paralysis (L'Hommedieu and Polin 1981)

Since botulism occurs rarely in humans, it is not prac-

tical to routinely immunize human populations. Natural

immunity has rarely been observed in humans, even in

individuals who have experienced repeated botulism or

in infants continously exposed to toxin over several

weeks in cases of infant botulism. The dose of toxin

required to elicit an antibody response is not known, but

is probably much higher than the lethal dose. Increasing

numbers of humans have developed antibodies when

injected periodically for treatment of neuromuscular

disorders (Borodic et al. 1996). Humans who routinely

handle botulinal toxins can be effectively immunized by

oentavalent toxoid available from the CDC and other
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international governmental agencies. Vaccines are
commercially produced for immunization of domestic
animals such as mink, horses, and cattle.

It is noteworthy that three cases of botulism occurred
in laboratory workers in Germany who administered
powdered type A toxin to laboratory animals (van
Holzer 1962). This appears to be the only report of
botulism from a laboratory accident and it emphasizes
the care needed when working with botulinal toxins;
aerosols can be formed in laboratory equipment such as
centrifuges. This emphasizes the need for scrupulous
laboratory practices in working with C. botulinum and
their toxins. All materials suspected of containing botul-
inal toxin should be handled with maximum precaution
and only by experienced personnel who have been
immunized with pentavalent toxoid. Extreme caution
should be taken to avoid contact of toxic materials with
the eyes, mouth, or nasal mucosa. Centrifugation and
other laboratory procedures that can generate aerosols
should be performed only in sealed nonbreakable
containers (stainless steel or plastic ware).

USE OF BOTULINUM TOXIN IN
MEDICINE

Interest gradually waned in botulism after the 1930s as
botulism in foods came under control. However, three
important discoveries sparked a renewed interest in
botulism and botulinum neurotoxin. The first was a
series of outbreaks of type E botulism that occurrred in
the USA in the 1960s due to the consumption of
commercially packaged smoked whitefish and outbreaks
in certain other commercial foods. The second was the
discovery of infant botulism in the 1970s, and the invol-
vement not only of recognized C. botulinum but also of
newly recognized neurotoxigenic C. butyricum and C.
baratii producing botulinum neurotoxin. The third, the
development of botulinal toxin to treat humans who
suffer from dystonias, hyperactive muscle
disorders, cosmetic needs, and pain syndromes, had an
even greater impact.

Botulinal toxin is increasingly being used to treat
humans suffering from neurological diseases character-
ized by hyperactive muscle activity (Borodic et al. 1996;
Brin et al.20O2; Jankovic and Brin 1991; Jankovic and
Hallett 1994; Johnson 1999b, c; Moore 1995; Schantz
and Johnson 1992,1993,1994, 1997). In December 1989,
the USA Food and Drug Administration licensed type
A botulinum neurotoxin complex as an orphan drug for
the treatment of the human muscle disorders strabismus,
hemifacial spasm, and blepharospasm in patients 12
years of age and older, by direct injection of the toxin
into the hyperactive muscle. Botulinum toxin has seen a
remarkable expansion in uses for the treatment of a
number of dystonias, movement disorders, cosmetic
problems, and pain disorders, all which have been notor-
iously difficult to treat by existing therapies. The use of

the toxin for human treatment came about over 25 years

ago through the collaborative research efforts of Alan B.
Scott and Edward J. Schantz in the USA (Schantz and
Johnson 1992, 1997). The key properties of botulinum
toxin as a drug is its high specificity for motor neurons,
its very high toxicity, which enables the injection of
extremely low quantities, thereby avoiding side effects
and an immunological response, and its long (several

months) duration of action. The main drawbacks have
been development of immunity in some patients, and
diffusion of the toxin to neighboring tissues causing
temporary ptosis (Hatheway and Dang 1994; Schantz
and Johnson 1994, Borodic et al. 1996). The treatment

of neurological disorders with botulinum toxin has
opened a new field of investigation on the application of
the toxin to nerve and muscle tissues in the human body.

SAFETY PRECAUTIONS FOR WORKING
WITH C. BOTULINUM, C. TETANI, AND
THEIR NEUROTOXINS

Botulinum and tetanus neurotoxins are considered the
most poisonous substances known for humans and
certain animals (Lamana 1959; Schantz and Johnson
1992). The toxicity of type botulinum neurotoxins

and tetanus neurotoxins have been estimated to be
0.2-l nglkg of body weight, and as little as 0.1-1 pg

could be lethal to humans (Schantz and Johnson 1992).
Consequently, considerable care and safety precautions

are necessary in working with C. botulinum, C. tetani,
and their neurotoxins (CDC 1998a; Malizio et al. 2000).
Only one known laboratory accident leading to severe
botulism has been reported, which was caused by inhala-
tional botulism caused by aerosols formed in the labora-
tory (van Holzer 1962). Because the consequences of an
accidental intoxication with these neurotoxins are

severe, safety must be a primary concern of scientists
and clinicians interested in study of these toxins and the
producer organisms. The Centers for Disease Control
and Prevention recommends Biosafety Level 3 primary

containment and personnel requirements for facilities
producing and studying large (milligram) quantities of
botulinum neurotoxins (CDC 1998a). All personnel that
work with botulinum neurotoxins should be immunized
with pentavalent toxoid available from the CDC.
Although C. tetani and tetanus neurotoxin are not
generally considered to be as hazardous in small quan-

tities since most humans are immunized. it is advised
that similar precautions be used for this toxin as are
used for botulinum neurotoxins.
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INTRODUCTION

Members of the genus Clostridium, including its patho-

genic species, are found principally in the soil, and some

species are present as a very small component of the

bowel flora of humans and animals. The clostridia are

not normally invasive, but they produce a number of

toxins and enzymes that are responsible for their patho-

genic effects. Pathogenic clostridia may cause two

general types of infection: histotoxic infections, such as

gas gangrene, after traumatic implantation into ischemic

tissues; and toxin-induced disease in various target

tissues, including the bowel and the nervous system. This

chapter deals with the histotoxic and related infections,

clostridial bacteremia, and clostridial infections of the

gut, e.g., necrotizing jejunitis and Clostridium difficile

infections. Food poisoning due to Clostridium

perfringens is dealt with in Chapter 11, Bacteriology of

foods excluding dairy products. Tetanus and botulism,

which are due to Clostridium tetani and Clostridium

botulinum, respectively, are considered in Chapter 43,

Clostridium botulinum and Clostridium tetani.

HISTORICAL BACKGROUND TO
PATHOGENIC CLOSTRIDIA

This section will concentrate on the pathogenic clostridia

other than C. botulinum and C. tetani. In 1'877, Pasteur

discovered what we now know as C. septicum, which he

called Vibrion septique (Pasteur and Joubert 1877). The

organism, originating in the intestinal tract, appeared in

the blood of animals which had died of anthrax. The

blood samples had been taken at post-mortem intervals

after which the anthrax bacillus had disappeared from

the blood, and investigators were troubled by the unex-

pected symptoms in animals injected with the samples in

an attempt to reproduce the anthrax. Pasteur explained

that upon death of the animal, the aerobic anthrax

bacillus died from lack of oxygen, but the anaerobic

conditions favored the anaerobic Vibrion.

C. perfringens (Bacillus aerogenes capsulatus) was

isolated from a patient who had died of tuberculosis in

1892 (Welch and Nuttall 1892). This organism, which

has also commonly been known as C. welchii, is most

closely related to C. baratii and C. absonum- C. novyi
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was discovered in an extract of milk protein after it was
injected into guinea-pigs and caused severe pathology
and death (Novy 1894). The organism was recovered
from the dead guinea-pigs and found to be distinct from
the earlier pathogenic anaerobes.

ln 1902, Tissier isolated C. bifermentans from putre-
fying meat (Tissier and Martelly 1902). The name
applied at that time, Bacillus bifermentans, was chosen
because this was the first anaerobe noted with the capa-
city to degrade both proteins and carbohydrates. This
organism is nonpathogenic, but a similar, pathogenic
organism was isolated from human gas gangrene cases
20 years later by Sordelli (1922); the organism is known
as C. sordellil. Also first isolated from putrifying meat
(beef infusion) was C. carnis (Klein 1904). This aero-
tolerant clostridium produces a soluble exotoxin and is
pathogenic to mice, rats, and rabbits, with production of
an edematous and congested local lesion.

C. histolyticum was first described by Weinberg and
Seguin (1916) and C. sporogenes was first described by
Metchnikoff (1908) and named Bacillus sporogenes at
that time. Weinberg and Seguin (1915) were also the
first to describe C fallax following a study of war
wounds. It has since rarely been isolated from such sites.
Other clostridia recovered from war wounds include C.
cochlearium and C. sphenoldes (Douglas et al. L920) and
C. tertium (Henry 1916-17). C. difficile was discovered
in 1935 as part of the fecal flora of healthy infants (Hall
and O'Toole 1935). C. cadaveris, formerly known as
Bacillus capitovale, was isolated by Snyder and Hall
(1935) from a number of sources, including the pleural
fluid of a sheep that had died of gas gangrene, the heart
blood and peritoneal fluid at necropsy of cases of septic
infection in humans, and the feces of normal infants.

CLASSIFICATION AND DESCRIPTION OF
PATHOGENIC CLOSTRIDIA

Classification of bacteria has been carried out or
proposed on the basis of morphology, disease associa-
tion, pathogenicity, toxigenicity, source of isolation,
physiological and metabolic characteristics, staining
reactions, serologic properties, DNA relatedness, and
ribosomal RNA gene sequence homology. Details are
presented in Chapter 43, Clostridium botulinum and
Clostridium tetani, as is a description of the genus. Of
particular interest is that of the 19 clusters generated by
165 rRNA sequence analysis (Collins et al. 1994), the
clostridia of medical and veterinary importance are
found in clusters I, II, and XI (Figure 44.1). Some toxi-
genic species are so similar in physiological character-
istics to each other that they can be considered as toxin
variants of a single species. For example, some consider
C. histolyticum to be a toxin variant (type D) of C.
novyi, especially as it is closely related to C. novyi type
B at the DNA level (Nakamura et al. 1983a).

HABITAT

As indicated in Chapter 43, Clostridium botulinum and
Clostridium tetani, clostridia are almost ubiquitous.
Within humans, pathogenic clostridia are found as a
normal component of the gastrointestinal flora (George

and Finegold 1985), in particular C. perfringens, and to a
lesser extent C. bifermentan.s and C. sporogenes. These
organisms can be a source of infection following expo-
sure to tissues due to surgerv or trauma.

PHYSICAL FEATURES

Morphology

Many of the clostridia are so pleomorphic that their
identification on a morphological basis is difficult. The
morphology of a strain varies widely, both within and
between cultures.

Like the aerobic spore-bearing bacilli, they are large,
rod-shaped organisms. They range in length from about
3 to 7-8 pm, but long filamentous forms are common.
Their width ranges from about 0.4 to 1.2 pm. The vege-
tative bacilli are straight or curved, their sides parallel,
and their ends rounded or somewhat truncated. Most
are arranged singly, but some occur in pairs or in chains,
others in bundles, the members of which are arranged
parallel to each other. Irregular forms include navicular,
or boat-shaped, organisms; citron forms shaped like a
Iemon with a small knob at each end; large swollen,
nonsporing rods; snake-like filaments; deeply stained
bulb-shaped types; and a great variety of so-called invo-
lution forms varying both in shape and in depth of
staining. Autolysis frequently sets in when sporulation
begins so that shadow forms are numerous, particularly

in certain species. L-forms occur in clostridia, including
C. tetani (Willis 1969). Key physical features of the
pathogenic clostridia are shown in Table 44.1 and some
examples of cellular morphology in Chapter 43, Clos-
tridium botulinum and Clostridium tetani.

Staining reactions

AII members stain readily with the usual dyes. Great
irregularity is noticeable in the depth of staining, espe-
cially in cultures more than a day or two old. Some-
times, metachromatic granules or points of more intense
coloration are seen, especially when acetone is used for
decolorization. For initial visualization of the organisms
in the diagnostic laboratory, Gram's stain is most
commonly used. In young cultures, the bacilli are all
gram-positive. Some species rapidly lose this property,
such as C. novyi and C. haemolyticum, and some are
readily decolorized by the ethanol. Often, gram-stained

smears of pure cultures reveal a mixture of positive
and negative organisms. In the early stages of spore
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C. sphenoides

Cluster XlVa
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C. septicum
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C. celatum

C. baratii

C. absonum

C. perfringens

C. sardiniensis
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C. novyi
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C. scatologenes
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C. limosum
Cluster ll

C. histolyticum

Figure 44.1 Retationship of medically important Clostridium specles based on 165 rRNA gene sequences Data from Collins et al.
(1994) Dendrogram for selected specles provided by Paul A Lawson, lnstitute for Food Research, Reading, UK.

formation, the position of the spore is often marked by

an area of intense staining; as it matures, however, the

spore presents a colorless center surrounded by a

peripherally stained ring.

Spores

occurs. C. sporogenes, for example, spores readily on all

media; C. perfringent only in particular media (Duncan

and Strong 1968; Sacks and Thompson 1978). All the

pathogenic members are able to form spores in the

animal body, though C. perfringens does so rarely in the

tissues or in culture media. However, extensive sporula-

tion of ingested vegetative organisms in the intestine,

concurrently with the release of enterotoxin, is involved

in C. perfringens food-borne diarrhea (Hauschild et aI.
Sporulation
considerable

is common to all members, but there is
variation in the readiness with which it
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C. carnis

C. chauvoei

C. difficile

C. fallax

C. septicum
C. sordellii

Tabf e 214.1 Physical features of pathogenic clostridia

Species Size and shape

C. bifermentans Straight rods. Single, pairs or short chains,
0 .6 -1  .9  um x  1 .6 -11  um

Spores

Oval. Central to subterminal.
Do not swell  the cel l

Elongated. Subterminal to
te rmina l .  Swel l  the  ce l l

Subterminal

Oval. Subterminal. At 48 h
bipolar spores may be seen

Rare .  Subtermina l .  Swel l
the  ce l l

Ova l .  Subtermina l .  Swel l
the cel l

Subterminal

Oval. Subterminal. Swell
the  ce l l

Rarely seen

Spores uncommon and
termina l

Oval. Subterminal. Swell  the cel l
Oval. Central to subterminal.

Do not swell  the cel l
Rarely seen. Terminal

Oval. Sub-terminal. Swell
the  ce l l

Straight rods. Single or short chains,
0.5-0.7 prm x 1.5-4.5 ;rm

Straight rods, single or patrs,
0 .5 -1 .7  pm x  1 .6 -9 .7  pm

Single straight rods, 0.5-1 .9 pm x 3.0-16.9 pm

Straight rods. Single or pairs, 0.6 pm x 1.2-5 pm

Motility

f

+

T

+ (+, type B)

T

+

+

C. haemolyt icum Straight rods. Single, pairs or short chains,
0 .5 -1 .6  pm x  1 .6 -18  pm

C. histolyt icum Straight rods. Single, pairs or short chains,

C. novyi
0.5-0.9 pm x 1.3-9.3 pm

Straight rods. Single or pairs,
0 .5 -1  .6  um x  1 .6 -18  um
(Type B, 1.1-2.5 pm x 3.3-22.5 pm)

C. perfr ingens Brick shaped straight rods. Single or pairs,
0 .6 -2 .4  pm x  1 .3 -19  pm

C. ramosum V and Y form rods and straight rods in pairs
or  shor t  cha ins

0 .6-1  .9  x  1 .9 -35
Straight rods. Single, pairs or short chains,

0 .5 -1 .7  pm x  1 .6 -20 .6  pm
C. spiroforme Curved rods. Single or arranged in coi led chains

of varying length, 0.3-0.5 pm x 2-10 pm
C. sporogenes 0.3-1.4 pm x 1.3 x 16 pm

1967). The spores of most members are wider than the
vegetative bacilli. They therefore confer on the organism
a distinctive appearance according to the position in
which they arise. When they are formed at the equator,
the clostridium is spindle-shaped; when subterminally,
club-shaped; with an oval terminal spore the orgamsm
may look like a tennis racket; with a spherical terminal
spore like a drumstick. Spores are easily visualized on a
Gram-stained smear, or by phase-contrast illumination of
a wet mount. Special spore stains are not necessary.
General aspects of clostridial spores are covered in
Chapter 43, Clostridium botulinum and Clostridium
tetani. Sporulation of clostridia has been reviewed by
Woods and Jones (1986) and Setlow and Johnson (1,997).

Resistance of spores to adverse conditions (e.g. heat)
is of particular relevance to food safety and associated
food-poisoning (see Chapter 11, Bacteriology of foods
excluding dairy products).

Flagella, cell walls, and capsules

Descriptions relating to clostridia in general are
presented in Chapter 43, Clostridium botulinum and
Clostridium tetani. Parlicrtlar points for the pathogenic
clostridia which are the subject of this chapter are as
follows. With the exception of C. perfringens and a few
nonpathogenic species, all the members are motile by

peritrichous flagella. Conversely, C. perfringens and C.
butyricum are the only members with a classical capsule.
The capsule of C. perfringens is noticeable in the animal
body, and sometimes in cultures containing serum. The
serology of the capsular polysaccharide antigens of C.
perJringens is so diverse that it forms the basis of a
typing scheme for food-poisoning outbreaks (see

Chapter 11, Bacteriology of foods excluding dairy
products) and nosocomial antibiotic-associated diarrhea
outbreaks (Borriello et al. 1984). Capsular material has
also been shown to be present on the surface of C. diffi-
cile (Davies and Borriello 1990).

Diaminopimelic acid (DAP) provides the crosslink in
the peptidoglycan for 53 of the 64 Clostridiun species
for which the information is available in Bergey's
Manual (Cato et al. 1986). It is the meso-form for 47
species and the Ll-form for six species (C. carnis, C.

faUax, C. perfringens, C. putrefaciens, C. thermoaceticum,
and C. thermoautotrophicum). Among the 11 species
lacking DAP are C. septicum, C. chauvoei, and C.
tertium. Lysine is usually the crosslinking component for
the DAP-negative clostridia.

Plasmids

Rood and Cole (1991) have reviewed the incidence of
plasmids in C. perfringens. Many cryptic plasmids have
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been found. C. perfringens is the only Clostridium in
which conjugative antibiotic resistance plasmids (R plas-
mids) have been identified. All of the conjugative R
plasmids found in C. perfringens so far carry the same
tetracycline resistance determinant. One nonconjugative
R plasmid which confers resistance to the macrolide-
lincosamide-streptogramin B antibiotics has been found.
The gene for the enterotoxin of C. perfringens may be
present on either the chromosome or a plasmid
(Cornillot et al. 1995). Plasmid profiles have been used
for strain identification of C. difficile (Steinberg et al.
1987) and C. perfringens (Mahony et al. 1987).

Bacteriophages

Bacteriophages have been described for many of the
clostridia and their properties investigated (see Guelin
et al. 1966; Prescott and Altenberrt 1967; Sebald and
Popovitch 1967; Mahony and Kalz 1968; Dolman and
Chang 1972; Grant and Riemann 1976; Paqtette and
Fredette 1977; Mahony 1979; Ogata and Hongo 1979;
Mahony et al. 1985). Phages are associated with neuro-
toxigenicity of C. botulinum types C and D, as well as
production of s-toxin by C. novyi. Betz and Anderson,
besides grouping the phages of C. sporogenes, found that
many strains of this organism produced bacteriocin-like
substances acting on other strains of the same species
(Betz and Anderson 1964).

Bacteriocins

Bacteriocins are produced by a number of clostridia, for
example C. perfringens (Mahony and Butler 1971;
Mahony and Swantee 1978; Mahony 7979) and C. diffi-
cile. The technique of bacteriocin typing of C. perfrin-
gens has been used as a complement to serotyping in the
laboratory confirmation of C. perfringens food poisoning
outbreaks. It was helpful when the causative strain was
serologically nontypable (Scott and Mahony 1982;
Watson et al.  1982).

GROWTH AND APPEARANCE ON
CULTURE MEDIA

Most of the clostridia with which we are concerned grow
best at about 37'C, between pH 7.V7.4 under anaerobic
conditions, though many of them are capable of growing
at temperatures of 20'C and even lower.

C. perfringens grows vigorously over the range of 20
to 50'C with an optimum of 45"C for most strains (Cato

et al.  1986).

On solid media, growth is relatively slow, and some-
times takes the form of a thin, effuse, often spreading
film, which may be difficult to distinguish from the under-
lying medium. Film formation is promoted by moisture.
On first isolation C. septicum and C. chauvoei tend to

spread rapidly over a moist surface. The spreading of
clostridia is inhibited by certain chemicals. Most of them,
however, are to some extent bacteriostatic. Inhibition of
spreading without bacteriostasis may be effected by
increasing the concentration of agar up to about 4 percent
(Dowell et al. 7977), or by the addition of agglutinating
antibody to the medium (Williams and Willis 1970).

Some clostridia produce colonies that fluoresce in
longwave ultraviolet light (Willis 1990). C. putrificum
produces red fluorescent colonies in the presence of
blood and a fermentable carbohydrate due to the
production of protoporphyrin. Colonies of C. dfficile
show yellow-green or chartreuse fluorescence on blood
agar after incubation for 48 h; it is quite distinct from
the nonspecific yellow fluorescence seen in cultures
growing in the presence of neutral red, a property which
C. difficile shares with a number of clostridia and is well
recognized in cultures on MacConkey's agar.

For formulae of media for clostridia. see Dowell et al.
(1977), Holdeman er al. (1977), and Willis (1977); for an
illustrated description of the morphological and colonial
appearance of the pathogenic anaerobes, see Batty and
Walker (1966).

Culture media

AGAR PLATES

Single colonies are rounded, generally effuse, and have

crenated, fimbriate, or rhizoid edges. They are generally

translucent, not frankly opaque, grayish or exhibiting

something of the color of the agar medium. C. perfrin-

gens, which is one of the less strict anaerobes, forms low

convex colonies with an entire edge. C. sporogenes and

C. histolyticum may form umbonate colonies with a

raised center and a flat periphery. The colonial appear-

ances are often characteristic, but some species give rise

to variants which not only are unlike the typical colony,

but which strongly suggest the occurrence of contamina-

tion. The colonies of some aerobic spore-bearing bacilli,

growing anaerobically, simulate those of clostridia.

Several different types of colony may be formed, for

example, by C. sporogenes.'fwo varieties of this species

have been observed by a number of workers, beginning

with Metchnikoff. Nakamura et al. (1977) designate a

rhizoidal-colony variant as type I and a circular- or

crenate-colony variant as type II. Type I strains showed

much more abundant spores, but type II strains were

generally more heat resistant, even when spores were not

apparent on the stained slide. Type II strains were 81-91

percent related to a reference strain of C. botulinum

type A by DNA hybridization, while type I strains were

only 66-73 percent related.

BLOOD AGAR PLATES

On blood agar plates, both the colonial form and the

degree and type of hemolysis may be characteristic.
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Hemolysis is well developed after incubation f.or 24-48 h
at 37"C; when the plates are stored in the dark at room
temperature it often continues to increase. With a thick
seeding the whole plate may be completely lysed. The
nature and extent of hemolysis produced by different

organisms may vary according to the species of erythro-
cyte used (see Willis 1969).

Many organisms give incomplete hemolysis after incu-

bation for 24 h. After further incubation, this passes into
the fully developed B-variety. In some cases, it is
possible to specify the hemolytic factors concerned. For

instance, the characteristic double-zone hemolysis
produced by toxigenic strains of C. perfringens on
routine horse-blood agar with an inner clear zone due to
the O-toxin, and an outer hazy zone due to s-toxin. On
horse-blood agar containing added calcium chloride (0.5

percent) enhancement of u-toxin activity leads to the

characteristic appearance of 'target' hemolysis (Evans

\945). C. noyvi produces a hot-cold hemolysin, so called
because the hemolysis is more pronounced when the
agar is cooled.

EGG YOLK AGAR MEDIA

Egg yolk agar media are very useful for the detection of
the lecithinases and lipases that characterize certain
pathogenic clostridia (Nagler 1939; MacFarlane and
Knight 1941; McClung and Toabe 1,947; Willis 1969).

The intense diffuse opacity produced by some clostridia
in egg yolk agar is due to lecithinases C, which are
inhibited by specific antitoxins. The lecithinase produ-

cing organisms include C. perfringens, C. bifermentans,
C. sordellii, and C. novyi types A, B, and D (C. haemo-
lyticum). Some species produce an intense restricted

opacity accompanied by a fine pearly layer overlying the

colonies due to lipases. Lipolytic species include C.
novyi type A. C. sporogenes and C. botulinum types A-
F. These two effects, which are easily distinguished from
one another, are also developed on the more complex
lactose-egg yolk-milk agar (Willis 1990). This medium
additionally shows lactose fermentation and proteinase

effects, thus permitting an early presumptive identifica-

tion of a number of different species.

MacCONKEY'S AGAR

Production of green fluorescent colonies by some clos-
tridia on MacConkey's agar has been recognized for

some time (Willis i990). C. perfringens is particularly

active in this respect. Fluorescence does not appear to
be produced by facultative anaerobes. The fluorescence
first becomes visible under ultraviolet light after
incubation for 1.8-24 h, and is seen with ordinary
illumination at about 24 h. lt is due to some alteration in

the neutral red that occurs under highly reduced condi-

tions. The same effect is seen on other media containing
neutral red, e.g. in cultures of C. dfficile on cycloserine-
cefoxitin fructose agar (George et aI. 1979).

COOKED MEAT MEDIUM

Most clostridia grow well in cooked meat medium. All
render the fluid turbid and most produce gas. The
proteolytic species turn the meat black and may
obviously digest it. The saccharolytic organisms do not
digest the meat, and frequently turn it pink. The proteo-
lytic organisms produce characteristic foul and pervasive
odors, whereas with the saccharolytic organisms the
odor is not foul or undetectable. This medium has the
advantage of maintaining viability of many clostridia,
sometimes for very prolonged periods.

SELECTIVE MEDIA

Selective media for the isolation of clostridia are based
on the relative lack of inhibitory action of polymyxin
B, neomycin, and crystal violet (see Willis 1990),
phenylethyl alcohol (Dowell et al. 1964), cycloserine
(Hauschild and Hilsheimer 1974), and trimethoprim/
sulfamethoxazol (Dezfulian et al. 1981; Mills et al. 1985).

METABOLISM

Anaerobiosis

Clostridia are anaerobic organisms that possess neither

cytochrome oxidase nor oxygenases (Decker et al. 1970).

They derive their energy from fermentation of organic

compounds rather than from oxidative processes invol-

ving oxygen (Andreesen et al. 1989). In the fermentation

process, organic compounds serve as the primary elec-

tron donor and also as the terminal electron acceptor
(Morris 1975). This leads to the accumulation of reduced

organic products. ATP is formed by substrate level

phosphorylation only, not by a respiratory process invol-

ving electron transport. The organisms do not carry out

a dissimilatory sulfate reduction in which sulfate serves

as an inorganic electron acceptor. This is referred to as

anaerobic respiration (Decker et al. 1970).

Since anaerobic organisms cannot use molecular

oxygen and can thrive in its absence, they often (or

usually) are unable to cope with oxygen or the toxic

products of oxygen consumption. In contrast, aerobes

which are dependent on oxygen must be equipped to

operate and survive under aerobic conditions. The clos-

tridia in general lack catalase, although low levels of

superoxide dismutase have been detected in some

strains (Morris 1976). Oxygen may interfere with meta-

bolism by oxidizing NADH through reactions catalyzed

by NADH oxidases which many clostridia possess in

substantial quantities (Andreesen et al. 1989). For many

clostridia, oxygen seems to be not bactericidal, but

bacteriostatic. Agar plate cultures of some pathogenic

species, e.g. C. perfringens, can be removed from the

anaerobic chamber for an hour or more, and growth of

colonies will recommence after thev are returned to the
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chamber, whereas C. haemolyticum or C. novyi lype B

may survive for only a few minutes of exposure

(Andreesen 1994). Sometimes oxygen resistance of the

organisms is attributed to the spores, noting the normal

presence of clostridia in soils and the viability of their

spores in the dust carried by the wind. For growth,

however, most clostridia require a greatly diminished

oxygen level. Some attribute the inhibitory effect of

oxygen to an increased oxidation-reduction potential

(E5), because many anaerobic bacteria can be grown in

the presence of air provided a sufficiently low E1, is

established in the medium. This can be done by reducing

substances, some of which act mainly by absorbing

oxygen, others establishing a low -E6 after the molecular

oxygen has been nearly used up or removed by mechan-

ical means (Willis 1990). However, Morris points out

the unreliability of E6 measurements in culture

media and shows evidence that the inhibitory effect is

possibly more dependent on oxygen than on E6 (Morris

1975). C. histolyticum, C. tertium, and C. carnis are

exceptional in growing to a limited extent in the
presence of air, though they do not form spores under

these conditions (Willis 1990). Media for culturing the

clostridia usually contain reducing compounds such as

cysteine, thioglycollate, glutathione, sulfites, iron, or

reduced iron compounds. Cooked meat medium, in

addition to providing many essential nutrients and an

environment conducive to germination of spores, as well

as to sporulation of vegetative organisms, maintains

anaerobic conditions through tying up the oxygen by

unsaturated fatty acids catalyzed by hematin of the

muscle, and the presence of sulfydryl compounds which

bring about a negative oxidation-reduction potential
(Willis 1990).

Metabolism of carbohydrates, proteins,
and nucleotide bases

Polysaccharides may be broken down into their sugar

components. Monosaccharides are utilized through the

Embden-Meyerhof-Parnas pathway (Andreesen et al.

1989). Fermentation end-products formed through the

central intermediate of pyruvate are acetate, butyrate

lactate, and ethanol. Other alcohols such as isopropanol,

butanol, and l,2-propandiol may be formed by some

species and under certain conditions.

Proteins are digested, obviously by the proteolytic

clostridia (e.g. C. sporogenes), as well as other organisms

in nature, and serve as the source of amino acids. The

clostridia are diverse in their utilization of these as

energy sources, as is evidenced by metabolic end-

products (Holdeman et al. 1977; Lombard and Dowell

1982). Many amino acids may be fermented singly, and

can serve as sole carbon, nitrogen, and energy sources
(Andreesen et al. 1989). However. the fermentation of

amino acids often takes place in pairs with one serving

as electron donor and the other as electron acceptor

in what is known as the Stickland reaction (Gottschalk

1986). The electron donor loses one carbon, while the

electron acceptor maintains its original carbon chain

length. In general, alanine, leucine, isoleucine, valine,

histidine, tyrosine, phenylalanine, and tyrosine serve as

electron donors; and glycine, proline, hydroxyproline,

ornithine, and arginine as electron acceptors (Ljungdahl

et al. 1989). However, some such as leucine, phenyl-

alanine, and tryptophan can serve as either substrate

for certain organisms (Gottschalk 1986). Straight

chain amino acids yield acetate, propionate, butyrate,

and valerate as end-products; branched chain amino

acids are converted to isobutyrate, isovalerate, and

isocaproate. Phenylalanine is converted to phenylpropio-

nate, phenylacetate, and phenol, while tyrosine and tryp-

tophan are metabolized to their hydroxyphenyl and

indole equivalents, respectively (Andreesen et al. 1989).

The degradation of purines and pyrimidines follows

pathways through conversions to glycine and B-alanine
intermediates, respectively, then generally to acelate

end-products.

SUSCEPTIBILITY TO PHYSICAL AND
CHEMICAL AGENTS

Because of their ability to sporulate, all clostridia have a

pronounced but variable resistance to heat, drying, and

disinfectants. In the vegetative state, they are about as

resistant to heat and disinfectants as nonsporing aerobes,

but anaerobes may have a slightly greater susceptibility

to a large number of organic bactericides. The spores of

C. botulinum may withstand boiling for 34 h, and even

at 105'C may not be killed completely in less than

100 min. C. novyi is a little less resistant that C. botu-

linum. Spores of most strains of C. perfringens are

destroyed by boiling in less than 5 min, but those of

some food poisoning strains are often more heat resis-

tant (Hobbs 1965). C. sporogenes can survive exposure

for 8 days to a 5 percent phenol solution. Among

hospital disinfectants, the greatest sporicidal activity is

shown by alcoholic hypochlorite and glutaraldehyde.

Iodophors, formalin, and phenolics are less effective

(Willis 1990).

LABORATORY ISOLATION AND
IDENTIFICATION

The conventional approach to diagnosis of a clostridial

disease is usually to isolate the organism from, or to

detect the toxin in, a suitable specimen. The organism is

identified by performing appropriate differential tests on

the isolated organism. Alternative methods, such as the

use of fluorescent antibody reagents, have been

attempted for identification of the organism without

isolation, with variable success (Klotz 1965; Hunter and

Rosen 1966; Glasby and Hatheway 198a). The poly-
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merase chain reaction (PCR) for detection of toxin
genes has been proposed as a means of detecting toxi-
genic organisms without culturing them (Szabo et al.
1994; Arzese et al. 1995; Baez and Juneja 1995; Buogo
et al. 1995; Ferreira and Hamdy 1995; Franciosa et al.
1996). Staining of organisms with FA reagents (Batty
and Walker t963, 1966), determining electrophoretic
patterns of soluble proteins (Cato et al. 1982), and
cellular fatty acid analysis (Ghanem et al. 1991) have
been used or proposed for use in identification of C/os-
tridium species.

Attempts at isolation of clostridia will often be
prompted by symptoms in a patient suggestive of a clos-
tridial disease. Infections involving clostridia may be
suggested by observing clostridial forms in Gram stains
of smears from wounds or wound exudates. Isolation
from agar cultures of materials containing a single or
predominating organism is quite straightforward. For
isolation from highly contaminated materials such as
feces or soils, advantage is made of resistance of spores
to heat and bactericidal agents, such as ethanol
(Koransky et al. 1978). Sometimes cultures of the
samples are tested for toxin, in particular neurotoxin
(see Chapter 43, Clostridium botulinum and, Clostridium
tetani) and toxin-positive samples are worked on further
for recovery of the toxigenic organism. Selective and
differential agar media are often very helpful (George
et al. 1979; Mills et al. 1985). The lecithinase and lipase
reactions detectable on egg yolk-based media are useful
in selecting colonies for attempted isolation of C.
perfringens, C. botulinum, C. novyi, C. sordellii, and
C. baratii.

DIFFERENTIAL CHARACTERIZATION OF
THE CLOSTRIDIA

The differential characteristics include morphological
features such as spore position and shape, biochemical
reactions in liquid and on solid media, metabolic
products detected by gas-liquid chromatography (GLC),
and the production of toxins and other biologically
active antigenic agents.

!1-d _".j :a I 1eg _q! i o_n 1
The biochemical reactions which reveal the physiological
capabilities of the organisms in pure culture are deter-
mined using differential media and procedures described
by others (Willis 1969; Dowell and Hawkins 1974:
Dowell et al. 1977; Holdeman et al. 1977).

Metabolic products

An important adjunct to performing the tests on
the differential media is the determination of the meta-
bolic end-products by GLC (Holdeman et al. 1977;

Lombard and Dowell 1982). In general, proteolytic
organisms produce the'isoacids' (isobutyric, isovaleric,
isocaproic), however, C. histolyticurn is one notable
exception. It is evident that the phenylacetic and
phenylpropionic acids produced from phenylalanine are
detectable by this procedure, but the corresponding
products from tyrosine (hydroxyphenyl derivatives) and
tryptophan (indole derivatives) are not. Those products
of amino acid metabolism have to be detected by
alternative procedures (Moss et al. 1980). However, C.
dfficile converts tyrosine to p-cresol which can be
detected by GLC.

ldentifying the organism

On the basis of the characteristics determined by the
above tests, the identity of the organism can be estab-
lished with the dichotomous key devised by Holdeman
et al. (t977).

Subtyping of strains ol Clostridium
specres

Sometimes it is of interest to establish identity or non-
identity between or among strains of a species with no
distinguishing phenotypic characteristics, for epidemiolo-
gical purposes, or to establish the source of contam-
inating or infecting organisms. This has been done with
modest success in the serotyping (Hatheway et al. 1980;
Stringer et al. 1980), bacteriocin typing (Mahony and
Swantee 1978), and plasmid analysis (Mahony et al.
1987) of C. perfringens, and in investigation of outbreaks
of antibiotic-associated pseudomembranous colitis
caused by C. dfficile (Clabots et al. 1993; Chachaty et al.
1994; Kato et al. 1994; Killgore and Kato 1,994; Cart-
wright et al. 1995; Talon et al. 1995; Tang et al. 1995).

An example of serological approaches to distinguish
between two different species is that applied to C.
septicum and C. chauvoel. These two species are difficult
to distinguish from each other on the basis of their
physiological and toxigenic characteristics, and both
organisms belong in 165 rRNA gene cluster I
(Figure 44.1), and are closely related to each other on
this basis. Proposed differential characteristics of sucrose
fermentation and bacterial cell morphology on the
Iiver surface in infected animals have been disputed
(Al-Khatib 1969). It appears the most reliable means
of differentiation is serological. Moussa studied 37
strains of C. septicum and 38 strains of C. chauvoei
serologically and found eight different serologic
groups (Moussa 1959). Five groups contained only C.
septicum and two groups contained only C. chauvoei.
The one mixed group contained only one strain of C.
septicum and two of C. chauvoet. With the exception of
the mixed group, the two species can be distinguished on
the basis of their somatic antigens. C. septicum strains
possess O-antigens I or 2, while C. chauvoei slrains
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possess O-antigen 3. Within each O-antigen group,
strains may be differentiated on the basis of their H
(flagellar) antigens. A common spore antigen was found
for all strains regardless of species designation (Moussa

1959). The O-antigen differences provide the basis for
distinguishing the two organisms by using specific fluor-
escent antibody reagents (Batty and Walker 1963).
Vaccines for protection of animals against infection by
C. chauvoei (Macheak et al. 1970) and C. septicum
(Claus and Kolbe 1979) appear to be effective; but
protection by C. septicun vaccines is somewhat strain
specific and may be related to the antigenic diversity of
those organisms as indicated by Moussa's studies
(Moussa 1959).

TOXINS AND BIOLOGICALLY ACTIVE
ANTIGENS

As stated in Chapter 43, Clostridium botulinum and
Clostridium tetani, the clostridia produce a wider variety
of toxins than any other genus. These toxins and the
lethality of some of them for mice are listed inTable 44.2
by organism. Greek letters have commonly been
assigned as names of the toxins produced by many of
the clostridia. The letter reflects the chronology of the
discovery of each, rather than any indication of function
or biological activity. There is no intended relationship
between toxins with the same Greek letter designation
produced by different species. This can be a source of
confusion. A review of clostridial toxins published
previously is the source of most of the information
presented here (Hatheway 1990).

Pathogenic clostridia also have been shown to
produce extracellular toxins or lipoteichoic acid-like
molecules that act as superantigens, greatly stimulating
the immune system (Bowness et al. 1992; Campos-Neto
et al. 1995). For example, C. perfringens enterotoxin
selectively stimulates peripheral blood lymphocytes
bearing T-cell receptors. These superantigens probably

contribute to pathogenesis by stimulating a hyperactive
response of the immune system of mammalian hosts.

Genetics of toxigenesis

The genes encoding for several clostridial toxins are
located on integrative lysogenic bacteriophages, while
others are believed to be located on the chromosome
and have not been shown to be associated with lysogenic
bacteriophages (Johnson 1997; Rood et al. 1997). Genes
encoding clostridial toxins that reside on the chromo-
some are the toxins of C. difficile and C. perfringens

enterotoxin (human isolates). Genes encoding toxins
that reside at least temporally on extrachromosomal
virulence plasmids or bacteriophages are those of C.
botulinum types C, D, and G, enterotoxigenic C. perfrin-
gens (animal isolates), and C. tetani. Analysis of toxin

genes by gene probes, pulsed field gel electrophoresis,

and other molecular approaches has demonstrated that

these genes are frequently associated with unstable

genetic elements such as plasmids, transposons, and

bacteriophages. The presence of genes for virulence

factors on extrachromosomal and moveable genetic

elements often results in phenotypic properties, such as

genetic instability and the capacity of toxigenicity to be

dispersed by horizontal gene transfer to other microbial

specres.

The status of our knowledge of the molecular genetics

of C. perfringens has been reviewed by Rood and Cole

(1991). The chromosome maps for strains of toxin types

A, B, D, and E show remarkably constant chromosome

organization, and regardless of type, the strains repre-

sent a homogeneous group of closely related organisms.

Type C could not be included in the comparison because

the only available strain produced a very potent

DNAase.

C. PERFRINGENS

The differences between toxin types seem to be
restricted to which of the genes encoding the four major
toxins are possessed. They cannot be differentiated on
the basis of morphology, biochemical reactions, meta-
bolic end-products (Cato et al. 1986), or electrophoretic
analysis of soluble proteins (Cato et al. 1982). Types A-
D were identical by 23S rRNA homology studies
(Johnson and Francis 1975). The type strain is in C/os-
tridium cluster I by 165 rRNA gene sequence analysis
(Collins et al.7994).

Toxins and toxin types of C. perfringens

The toxin types of C. perfringens A-D were initially
established in 1931 on the basis of the studies of
Wilsdon (cited by Glenny et al. 1933) and expanded to
include type E after its discovery in 1943 (Bosworth
1943). The types are distinguished according to the
production of the major toxins, cr, B, e, and t, as indi-
cated in Table 44.3. Toxin typing has generally been
done by mouse lethality of culture fluids and neutraliza-
tion with anti-A (anti-o), anti-B (anti-o + anti-B + anti-
e), anti-C (anti-cr + anti-B), anti-D (anti-o + anti-e), and
anti-E (anti-u + anti-r) antitoxin reagents (Dowell and
Hawkins 1974). In recent years, comrnercial sources of
typing reagents have been difficult to find (types A, C,
D, and E reagents are currently available from Techl-ab,
Blacksburg, VA, USA). Type B toxin type is determined
by using the type C and D reagents. a-Toxin can be
assumed by the lecithinase reaction on egg yolk agar.
Immunoassays for B-, e-, and l-toxins have been
proposed (Nagahama et al. 1991), but reagents for these
tests are not available, and must be prepared by each
prospective user. Since the nucleotide sequences for the
genes for cr-, B-, €-, and r-toxins have been published,
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Table 44.2 Toxins and biologically active antigens of clostridia (predominantly from Hatheway 1990)

Species

C. argentinense
(C.botulinum type G)

C. botulinum

C. butyricum
C. baratii
C. bifermentans

C. perfringens

C. sordelii (see also Table 214.4) cr
C. spiroforme

C. tetani

Toxins

Neurotoxin

Neurotoxin
Cz (binary)

component |  50

component l l  c .  80

ca
Neurotoxin
Neurotoxin
p
HT
LT
Hemolysin

C. chauvoeilC. septicum c

B
v
6

C. difficile (see also Table 44.4) Toxin A

C. histolyticum

Toxin B
CDTa
CDTb
ct

B
Class I

Class l l

Y
5

€
C. novyilC. haemolyticum d

Size of molecule (kDa) Activity/disease(Mouse LDso; n9')"

Botul  ism (exper imental)

Botul ism (0.00625) ip

Permease/(45)ip

ADP-r ibosylat ion

B ind ing

ADP-r ibosylat ion

Botul ism, type E

Botul ism, type F

Lethal

Equivalent to C. difficile toxin A

Equivalent to C. dlfficlle toxin B

oxygen- labi le hemolysin

Lethal ,  necrot iz ing

Deoxyribon ucl ease

Hyaluronidase

oxygen- labi le hemolysin

Enterotoxin/AAPMC< (26) ip

Cytotoxin/AAPMC (1 500)

ADP-r ibosylat ion

Binding component

Necrot iz ing

Col  lagenases

Proteinase, thiol-activated

Proteinase

oxygen- labi le hemolysin

Lethal

Phosphol ipase C

Phosphol ipase C

Oxygen- labi le haemolysin

Lipase

Phospholipase Omyonecrosis (50)

Lethal, necrotidenterotoxemia (8)

Lethal, permease/enterotoxemia (0.32)

Enterotoxemia (1 560)

ADP-ribosylation

B ind ing

Food-borne diarrhea (1400)

Hemolysin (60)

Oxygen- labi le hemolysin (167)

Col lagenase (30 000)

Protease

Hyaluronidase

Deoxyri bonucl ease

1 5 0
48

1 5 0

1 5 0

2 5
145
141

525
250
43
27
45

308
270
43
80

68, 115,79, 130
100,  110,  125
50
>10, <50

250
32
30

p
v
6
€
Major

ct
p
€
r (binary)
Component a 40

Component b 81

Other
Enterotoxin
6
0
K

),
P

r (binary)
Component a 45
Component b 92

43
40
34

35
42
f , l

80

Neuraminidase 43,  64,  105,  310 N -acety lneuraminic acid
glycohydrolase

Phospholipase C (2500)
Diarrhea in rabbits
ADP-ribosylation
Bind ing
Tetanus (0.015) ip
oxygen-labi le hemolysin

Neurotoxin

Tetanolysin

a) Dose determined by intravenous injection unless indicated otherwise; i p , intraperitoneal Published values expressed in terms of N were converted to
protein by multiplying by 6 25; those In l\,41D were converted to LD5s by multiplying by 0 5; and those expressed per kg of body weight were recalculated
for  25 g mrce
b) For selected toxins
c) AAPMC, antibiotic-associated pseudomembranous colitis
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Table 44.3 Toxin types of Clostridium perfringens and major and minor toxins they produce (from Hatheway 1990)

Toxin type

Toxins

Major( lethal)

p
€
t

M i n o r

v
d

n
e
K

l.

Neuramin idase

Other
Enterotoxi n

Biological activity

Lethal, lecithinase (phospholipase C)
Lethal, necrotizing, trypsin labi le
Lethal, permease, trypsin activatable
Lethal, dermonecrotic, binary, ADP-ribosylat ing,

trypsin activatable

Not def ined, existence questionable

Hemolysin

Not def ined, existence questionable

Hemolysin (Oz - labi le), cytolysin
Co l lagenase,  ge la t inase

Protease

Hyaluronidase

Deoxyri bon uclease
N -acetylneuraminic acid glycohydrolase

Enterotoxic, cytotoxic

DcA

+ +

f

N I

+, produced by most strains, t, produced by some of the strains; , no stra n of the indicated toxin type has been shown to produce the toxin; nt,
insuf fc ient  studies have been done wi th strarns of  the lndicated roxtn rvDe

gene probes or PCR could be used for determining toxin
types (Songer and Meer 1996).

d-Toxin

Produced in large amounts by type A strains, o-toxin is a
phospholipase C (EC 3.1.4.3) and appears to play a
major role in gas gangrene. It hydrolyzes phosphati-
dylcholine and sphingomyelin, but not other phospholi-
pids (Jolivet-Reynaud et al. 1988). It is a zinc metal
protein and requires calcium ions for interaction with
substrate. It is responsible for the lecithinase reaction on
egg yolk agar and for the hazy zone of hemolysis on
blood agar. The gene encoding d-toxin has been cloned
and sequenced. The results show that the gene product
is a 399-amino acid peptide with a molecular mass of
43 kDa (Okabe et al.  1989; Titbal l  et al.  1989; Tso and
Seibel 1989). Immunization of guinea-pigs with d-toxin
protects them against gas gangrene when challenged
with C. perfringens and toxin (Kameyama et al. 1972).

p-Toxin

B-Toxin is a major lethal toxin produced by type B and
C toxin types. It is responsible for the lesions of necrotic
enteritis of pig-bel (Murrell et al. 1966) and Darmbrand
(Zeissler and Rassfeld-Sternberg 1949). The toxin puri-
fied by aflinity chromatography has a molecular mass of
40 kDa and an isoelectric pH of 5.6 (Sakurai et al.
1981). Nucleotide sequencing of the gene encoding the

B-toxin reveals an open reading frame of 1 008 nucleo-
tides that encodes a protein of 336 amino acids with a
molecular mass of 34.9 kDa (Hunter et al. 1993).

e-Toxin

e-Toxin is a prototoxin that is activated by proteolytic

enzymes and is produced by both type B and type D

strains. It increases the permeability of the intestine,

thus enhancing its own uptake, and acts systemically as a

lethal toxin (Buxton 1978). In the circulation, it causes

swollen, hyperemic kidneys, edema in the lungs, and

excess pericardial fluid (McDonel 1980a). The nucleo-

tide sequence of the gene encoding €-toxin shows that

the mature prototoxin consists of 297 amino acids with a

molecular mass of 33 kDa (Hunter et al. 1992). A

13 amino acid N-terminal peptide is cleaved during

activation.

r-Toxin

r-Toxin is a binary toxin consisting of two subunits, r-a

and r-b, which are immunologically and biochemically

distinct (Stiles and Wilkins 1986a, b). The gene

sequences encoding these subunits have been deter-

mined and the deduced amino acid sequences for the

functionally active proteins correspond to peptides with

molecular masses of about 40 and 81 kDa, respectively

(Perelle et al. 1993). A mixture of both components is

needed to demonstrate biological activity by mouse leth-

ality or dermonecrosis. The light chain (r-a) is an

enzyme that ADP-ribosylates polyarginine (Simpson

et al. 1987) and skeletal muscle and nonmuscle actin

(Vandekerckhove et al. 1987; Schering et al. 1988). t-a

must gain entrance into the target cell before it can have

any effect, but cannot do this of itself; r-b recognizes a
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binding site on the cell membrane, binds to the site, and
interacts with r-a to facilitate its entry. r-Toxin of C.
perfringens is similar to r-toxin of C. spiroforme in sero-
logical, biological, and enzymatic activities (Popoff and
Boquet 1988).

Minor toxins

Nine other factors produced by at least some strains of
C. perfringens referred to as minor toxins have been
identifled and are listed in Table 44.3. At least some
strains of all toxin types produce 0, r, p, v, and neur-
aminidase. 6-Toxin is a hemolysin produced by type B
and C strains, but not by type A, D, and E strains. fu-
Toxin has not been detected in type A and C strains. It
is a proteinase that digests gelatin, hemoglobin, and
casein to some extent, but not collagen (Smith and
Williams 1984). Strains of any toxin type may be
encountered which fail to produce one or more of the
indicated minor toxins. The minor toxins have been of
primary interest in the early attempts at classifying
members of the species. r<-Toxin (collagenase), p-toxin
(hyaluronidase), and )"-toxin (protease) appear to play
roles in pathogenesis because of their ability to break
down host tissues. y- and r1-Toxins have been proposed

to account for discrepancies in neutralizing results
obtained with specific antisera, but specific active
substances related to those supposed entities have not
yet been isolated (McDonel 1980a).

6-Toxin has been recovered from C. perfringens type
C and purified (Tixier and Alouf 1976; Alouf and
Jolivet-Reynaud 1981). It has a molecular mass of
42kDa and an isoelectric pH of 9.1. It has high hemo-
lytic activity for erythrocytes from sheep, goats, and
pigs, but is relatively inactive against those from
humans, horses, rabbits, mice, and other mammals. The
activity is inhibited by gangliosides (especially Gr,,rz), but
not by other lipid compounds such as sphingomyelin,
lecithin. or cholesterol.

O-Toxin, also known as perfringolysin-O, is respon-
sible for the clear zone of hemolysis produced by at
least some strains of all toxin types (McDonel

1980a; Smith and Williams 1984). It is an oxygen-
labile, thiol-activated cytolysin, similar to but not iden-
tical with some hemolysins produced by other species
(Streptococcus pyogenes, Streptococcus pneumoniae, C.
tetani, and C. novyi) (Bernheimer 1976; Smith and
Williams 1984). 0-Toxin has been purified by anion
exchange and gel permeation chromatography (Yama-

kawa et al. 1977) and has a molecular size of 51 kDa by
polyacrylamide gel electrophoretic (PAGE) analysis.
This estimate agrees with amino acid analysis. 0-Toxin,
activated by cysteine, is lethal for mice (intravenous

injection) and the lethality is reportedly due to the
cardiodepressant effect of toxin-induced release of endo-
genous mediators, such as platelet-activating factor
(Stevens et al. 1988).

Tweten (1988a, b) has cloned and expressed the gene

for O-toxin in E. coli. The gene product was identical to

the O-toxin produced by the donor strain in amino term-

inal sequence and in SDS gel electrophoretic analysis.

Both had an estimated molecular mass of 54 kDa and

were of comparable hemolytic activity. The 1.8 kb chro-

mosomal fragment generated a peptide of 499 amino

acids that included a 27 residue signal peptide. The

secreted form of the O-toxin has a calculated molecular

weight of 52.5 kDa. The toxin has 65 percent homology

with streptolysin-O and 42 percert with pneumolysin.

All three hemolysins share an identical region of 12

amino acid residues that include the single cysteine

residue of the molecule. which is involved in the thiol

activation.

Neuraminidase, or sialidase, serves many mlcro-

organisms as a pathogenicity factor in a variety of ways
(Mueller 1976). Its action on erythrocytes may render

them panagglutinable, resulting in increase of blood

viscosity and promoting capillary thrombosis. Its modifi-

cation of gangliosides on host cell surfaces may allow

more direct contact of pathogens with the host, or it can

provide suitable receptors for other toxins produced by

the same or other microorganisms.

Nees et al. (7975) recovered and purified neur-

aminidase from C. perfringens strain ATCC 10543 and

found it to be a single peptide with a molecular mass of

about 64 kDa and exhibiting five components on isoelec-

tric focusing, each with a different isoelectric pH, ranging

between 4.7 and 5.4. After denaturation with SDS or 8 v

urea, those differences disappeared and only a single

component with an isoelectric pH of 4.3 was seen. Rood

and Wilkinson (1976) recovered three different neur-

aminidases from strain CN 3870 with molecular masses of

310, 105, and 64 kDa. The two larger enzyme species

were associated with hemagglutinin potency, but the

64 kDa species was devoid of that activity. Roggentin

et al. (1988) cloned a 2.1 kb Sau3A DNA fragment from

C. perfringens strain A99, whose product had neur-

aminidase activity. The active product was a peptide of

382 amino acids with a molecular mass of 42.8 kDa. Thus,

different neuraminidase enzymes have been recovered

from different C. perfringens strains.

Enterotoxin

Enterotoxin produced by C. perfringens is responsible
for food-borne diarrhea which occurs after consumption

of foods containing large numbers of the vegetative

organism. It has been found in toxin types A, C, and D,

but type B and E strains have not been sufficiently

tested to establish whether they also produce it. Many,

but not all, type A strains produce it. Enterotoxin

studies have primarily involved toxin derived from type

A strains. Enterotoxin is produced in the intestine

during sporulation of vegetative organisms and it reacts

with the surface of intestinal epithelial cells, causing
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tissue destruction. and accumulation of fluids in the
intestinal lumen (McClane 1992).

C. perfringens enterotoxin was isolated and purifled
(Hauschild and Hilsheimer t97l' Stark and Duncan
1972; Sakaguchi et al. 1973) and found to be a protein
with a molecular mass of 35 kDa and an isoelectric pH
of 4.3. The amino acid sequence has been determined
(Richardson and Granum 1985; Granum 1986). The
toxin consists of one peptide of 309 amino acids with a
molecular weight of 34 262. The peptide has one
free sulfydryl group. The activity of the enterotoxin
is enhanced three-fold by treatment with trypsin
(Granum et al. 1981). Trypsin cleaves at two sites, each
involving a lysine residue, cleaving L5 or an additional
10 amino acids from the N-terminal end of the toxin
(Richardson and Granum 1983). The trypsinized toxin
then consists of 284 amino acids and two short peptides
of 10 and 15 amino acids. Evidence shows that the short
peptides do not separate from the main molecule in the
absence of SDS or other denaturants. The nucleotide
sequence of the enterotoxin gene has been determined.
It encodes a 319 amino acid protein with a deduced
molecular mass of 35.3 kDa (Czeczulin et al. 1993).

The mechanism of action of the enterotoxin seems to
involve direct binding of the toxin to receptors on the
surface of intestinal epithelial cells. Wnek and McClane
(1983) isolated a 50 kDa protein from rabbit intestinal
brush border membranes that speciflcally inhibits cyto-
toxicity for Vero cells. This molecule may be the
specific receptor for the enterotoxin. Binding is followed
by insertion of the entire molecule into the cell
membrane, but no internalization into the cell (McClane

et al. 1988). A sudden change of ion fluxes occurs,
affecting cellular metabolism and macromolecular synth-
esis. As intracellular calcium ion levels increase,
morphological damage occurs, resulting in greatly
altered membrane permeability and loss of cellular fluid
and ions and moderate-sized molecules (up to 3.5 kDa).
Under some conditions, a loss of protein molecules may
occur, but this may reflect cell death (McClane et al.
1988). Based on rabbit studies, the enterotoxin is most
active in the ileum, moderately active in the jejunum,

and essentially inactive in the duodenum (McDonel

1980b). It has been demonstrated that the enterotoxin
acts as a superantigen, stimulating TJymphocyte activity
(Bowness et al. 1,992). The observations suggest that
superantigenic and enterotoxigenic properties are linked.

Several assays for detecting and measuring entero-
toxin, including Western immunoblotting (Kokai-Kun
et al. t994), Vero cell toxicity, reversed passive latex
agglutination (RPLA), and enzyme-linked immunosor-
bent assay (ELISA) (Berry et al. 1988) have been used.
Kits for ELISA and RPLA are currently available from
Techlab (Blacksburg, VA, USA) and Oxoid USA
(Columbia, MD, USA), respectively. All of the tests for
enterotoxigenicity require sporulation of cultures.
Detecting the gene by use of a gene probe (Kokai-Kun

et al. 1994) can show the potential of a strain for produ-
cing enterotoxin without requiring in vitro sporulation,
but do not allow one to conclude that the strain can
sporulate and produce enterotoxin in vivo.

C. DIFFICILE

Toxins A and B

C. difficile was not known to be pathogenic for man until
it was implicated as the cause of antibiotic-associated
pseudomembranous colitis. A toxin neutralized by C.
sordellii antitoxin was found in the feces of patients
(Larson et al.1977; Rifkin et al.1977), but the organism
that produced it was actually C. difficile (Bartlett et al.
1978c; Larson et al. L978). The toxin had both enter-
otoxic and cytotoxic activities, which were subsequently
separated from each other and designated as toxin A
and toxin B, respectively (Taylor et al. 1981). Purifica-
tion of toxins A and B has been done by several
researchers. Sullivan et al. (1982) separated the two
toxins and purified them by DEAE ion-exchange
chromatography and observed molecular masses of
440-500 kDa for toxin A and 360470 kDa for toxin
B. Banno et al. (1984) purified the corresponding
toxins (designated Dl and D-2) to homogeneity as
determined by PAGE analysis using gel filtration and
ion-exchange chromatography. Their molecular masses
were 55G-600 kDa and 450-500 kDa, respectively.
Each of the two toxins. D-1 and D-2. was converted
to an apparent single, smaller molecular form, 190-
200 kDa, determined by SDS-PAGE analysis after
heating at 100"C for 5 min in the presence of SDS and
2-mercaploethanol. The toxins were found to be immu-
nologically differentiable by cross-neutralization studies
in cyto toxicity and mouse lethal assays (Libby and
Wilkins 1982; Banno et al. 1984). Cross-reactivity
without neutralization between the toxins and corre-
sponding heterologous monoclonal antibodies have,
however, been observed (von Eichel-Streiber et aL.1987;
Rothman et al. 1988), thus indicating common epitopes.
However, it was shown that toxin A nonspecifically
bound certain monoclonal antibodies (Lyerly et al. 1989)
and that this nonspecific binding occurred through the
carbohydrates on the Fab component (Cooke and
Borriello 1998).

Structure-function analysis of large clostridial
cytotoxins

Both C. difficile toxins have been cloned and sequenced
and comparative sequence analysis undertaken (Barroso
et aL.1990; Dove et al. 1990; Sauerborn and Von Eichel-
Streiber 1990; von Eichel-Streiber et al. 7990, 1992a).
Toxin A consists of 2 710 amino acid residues (308 kDa,
pl 5.3) and toxin B of 2 366 residues (270 kDa, fl a.\.
Both toxins are about 48 percent identical and
63 percent homologous. C. difficile toxins A and B
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appear to possess three major structural and functional
domains: (1) the C-terminal domain; (2) a rather small
hydrophobic region in the middle of the proteins; and
(3) the N-terminal part harboring the enzyme activity of
the toxins. This is similar to the structure of manv other
proteins, which act inside eukaryotic cells.

The C-terminus of the C. difficile toxins A and B is
characterized by various oligopeptide repeats. The C-
terminus of toxin A consists of 38 repetitive sequences
containing seven groups of 30 amino acid residues and
31 groups of 20 amino acid residues. Toxin B possesses

23 repetitive oligopeptide groups with four groups of 30
amino acid residues and 19 groups of 20 amino acid resi-
dues (Dove et al. 1990; Lyerly and Wilkins 1995). These
sequences exhibit significant homology with the repeti-
tive sequences of glucosyltransferases of Streptococcus
mutans and Streptococcus sobrinus. In the streptococcal
glucosyltransferases, the sequences are involved in
carbohydrate binding (von Eichel-Streiber and Sauer-
born 1990; von Eichel-Streiber et al. I992b). Therefore,
it is suggested that the C-terminal oligopeptide repeats

of C. difficile participate in binding of the toxins to the
eukaryotic cell membrane. This hypothesis is supported
by the findings that the monoclonal antibody PCG-4,
which blocks the binding and enterotoxicity of toxin A,
interacts with these repeating units (Frey and Wilkins
1992). Recently it was reported that the complete puta-

tive receptor-binding domain (residues I750-2 759) is
necessary for receptor-binding and endocytosis (Frisch

et al. 2003). The C-terminus of toxin A binds to the
trisaccharide Gaul-3GaB1-4GlucNAB (Tucker and
Wilkins 1991). This trisaccharide has been suggested to
be part of the toxin receptor in brush border membranes
of hamsters and in various cultured cells. However.
because o-galactosyltransferase is absent in human
tissue, this trisaccharide cannot be part of the receptor
in man (Larsen et al. 1990). The same is true for the
sucrase-isomaltase, which was identified as a toxin A
receptor in rabbit ileal brush border, but is not present
in all toxin-sensitive cells (Pothoulakis et al. 1996).
Further, it has been reported that toxin A also binds to
the glycophospholipid GalNAcB3GalB4GlucNAcB3Gal
p4GlcplCer, which is found on human tissues (Teneberg

et al. 1996). Thus the precise nature of the toxin A
receptor(s) in the gut has still to be elucidated. More-
over, the receptor for toxin B is completely unknown
so far.

By using electron microscopy and inhibitors of endo-
cytosis and/or endosomal processing, evidence has been
presented indicating receptor-mediated internalizalion
of toxin A and B possibly via coated pits (Henriques

et al. 1987; Kushnaryov and Sedmark 1989) and subse-
quent processing through a low pH compartment
(Lyerly et al. 1986; Henriques et al. 1987; Fiorentini and
Thelestam 1991). As deduced from other toxins. e.g.
diphtheria toxin, the low pH compartment is likely to be
important for refolding of the toxin, allowing exposure

of hydrophobic toxin regions and subsequent membrane

insertion (Montecucco et al. \994; Collier 1995). This

hydrophobic region appears to be located as a short

stretch almost in the middle of the toxin's sequence, e.g.

covering amino acid residues 956-1128 in toxin B. After

internalization of the C. difficile toxins, this domain may

be involved in the translocation of the toxins into the

cytosol.

Recently, the low pH-induced pore-forming activity of

toxin B was shown (Barth et al. 2001). Bafllomycin ,A1,

which prevents acidification of endosomes, inhibits

intoxication by toxin B. When the low pH of endosomes

is mimicked in the cell culture medium, the toxin enters

the cytosol and induces cytotoxic effects even in the

presence of Bafilomycin. Under these conditions, toxin

B facilitates the efflux of the radioactive 86Rb* isotope,

indicating pore or channel formation. Increase in 86Rb*

release is also observed with the toxin fragment 547-

2 366, which covers the putative binding and transloca-

tion domains of toxin B (Barth et al. 2001). Also, in arti-

ficial membranes toxin B was shown to induce pores

(Barth et al. 2001). Recent results give an answer to the

question, whether only a part of the large toxin or the

holotoxin is translocated into the cytosol to elicit its

effects. When Vero cells are treated with toxin B, only

the enzyme domain is recognized by antibody in the

cytosol. The holotoxin remains associated with

membranes. Treatment of culture medium with protease

inhibitors prevent intoxication. These data indicate that

toxin B is proteolytically cleaved during the uptake

process (Pfeifer et al. 2003).

The N-terminal part of the C. difficile toxins carrres

the enzyme activity. Deletion analyses show that a

fragment consisting of the N-termhal 546 amino acid

residues of C. difficile toxins A and B possess full gluco-

syltransferase and glucohydrolase activities (Hofmann

et al. 1997). However, further deletion of about 30

amino acid residues drastically reduces enzyme activity

and a fragment of only 486 residues lacks enzyme

activity. Similar structural requirements for enzyme

activity were detected for the related C. sordellii lethal

toxin which glucosylates Rac and additionally Ras

subfamily proteins (e.g. Ras, Rap, Ral), but not RhoA.

By constructing chimeras between C. dfficile toxin B

and C. sordellii lethal toxin, a sequence region was

identified that defines the different substrate specificities

of these toxins covering amino acid residues 368468

(Hofmann et al. 1998). Further structure-function

analysis of large clostridial cytotoxins (".g. C. difficile

toxins A and B) were obtained by sequence alignments

with eukaryotic glycosyltransferases. Thereby, a DXD

motif was identified that is conserved in all large

clostridial cytotoxins, in many eukaryotic glycosyltrans-

ferases and also in various prokaryotic transferases not

directly related to the cytotoxins (Figure 44.2) (Breron

and Imberty 1999). Mutations (D286A and D288A) of

the aspartate residues in this motif caused drastic
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Figure 44.2 (a) lnactivation of Rho proteins by Clostridium difficile toxrnsA and B The toxins inactivate RhoA by glucosylation at
threonine-37(RacandCdc42atThr-35)using\JDPglucoseasacosubstrate GlucosylatedRhoGTPasesareinactive,astheycannot
interact with their effectors (b) Localization of f unctional domains in the primary structure of C diff icile toxins A and B Numbers
indicate amino acid residues of toxin B At the C-terminus, the toxins are characterized by oligopeptide repeats (amino acid residues
1 852-2 366) which are most likely responsible for carbohydrate binding The hydrophobic region in the middle of the protein (residues
956-1 1 28) might be involved in translocation of the toxins into the cytosol The N-terminus (residues 1-546) harbors the
glucosyltransferase activity, the DXD motif and tryptophan-l02 (W) are essential for enzyme activity and might be involved in binding
of divalent cation and/or UDP-qlucose

reduction (>5 000-fold) in enzyme activity and blocked
photoaffinity-labeling with azido-UDP-glucose. Studies
on the manganese dependency of DXD mutants
suggested that this motif is involved in coordination of
divalent cations and/or in UDP-glucose binding (Busch

et al. 1998). The DXD-motif of large clostridial cyto-
toxins is positioned in a region ('extended' DXD-motif),
which is significantly homologous with other glycosyl-

transferases. Interestingly, all these glycosyltransferases

sharing the extended DXD-motif are o-retaining
glycosyltransferases. Recent studies indicate that this
might also be the case for clostridial cytotoxins. At
Ieast for C. sordellii lethal toxin, which is highly
related to toxins A and B, it was shown that the glucose
group, which is attached on to the target GTPase, is
in the c-anomeric conformation (Vetter et al. 2000;

Geyer et al. 2003). A conserved tryptophan residue
(Trp-102) was identified, which is involved in the UDP-
glucose binding by large clostridial cytotoxins (Busch

et al. 2000). Replacement of Trp-102 by alanine
decreased the glucosyltransferase activity by about
1 000-fold and blocked cytotoxic activity after micro-
injection. Recently, genes from pathogenic Escherichia

coli strains (Burland et al. 1998), Chlamydia trachomatis
(Stephens et al. 1998; Campbell and Richmond 1989),
and Pseudomonas fluorescens were identified, which
encode for large proteins, sharing sequence similarities
with the enzyme domains of large clostridial cytotoxins,
including the extended DXD-motif and the conserved
tryptophan. All these genes are now grouped in family
Nr 44 of glycosyltransferases, according to the system
of Henrissat and coworkers (available on the internet

at www.afmb.cnrs-mrs.frlC AZy lc'f -44.htlm (Campbell

et al. 1997).

Toxin A is primarily responsible for the enterotoxic

activity of C. dfficile in animal models (Triadafilopoulos

et al. 1987), but toxin B is much more potent as a cyto-

toxin than toxin A (Rothman et al. 1984; Pothoulakis

et al. 1986a; Lima et al. 1988). Both toxins are lethal for

mice, with toxin A having a potency 50-400 times that

of toxin B (Taylor et al. 1981; Banno et al. 1984).

However, recent studies suggest that both toxins are

similarly enterotoxic or toxin B is even more potent

than toxin A in humans (Hecht et al. 1988; Savidge et al.

2003). This is in agreement with the findings of toxin A-

negative B-positive strains and their presence in clinical

material (Torres 1991; Depitre et al. 1993; Borriello et al.

1,992b; Lyerly et al. 1992; Rupnik et al. 1997). The

physical characteristics and biological activities of the

two toxins are compared in Table 44.4. The data for

similar toxins produced by C. sordellii are also listed.

The enterotoxic effect of toxin A in the rabbit intes-

tine appears to be due to tissue damage resulting from

an inflammatory process induced by the toxin (Triadafi-

lopoulos et aL. 1987). Following injection of toxin A (but

not toxin B) an inflltration of neutrophils into the ileum

and a release of inflammatory mediators occur, causing

fluid secretion, altered membrane permeability, and

hemorrhagic necrosis. It has also been observed in vitro

that toxin A acts as a powerful chemotactic agent for

human neutrophils (Pothoulakis et al. 1986b).

The cytotoxic action of toxin B involves depolymer-

ization of fllamentous actin, causing a destructuring of

the cell cytoskeleton and thus, a rounding of the cell
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Table 44.4 Physical characteristics and biological activities of toxins A and B of C difficile" and Hlb and lf of C sordellii

Dose (ng)

Toxin

C. difficile
A

B

C. sordellii

HT
LT

Molecular
size (kDa)

308d
27od

c . 3 0 0

27',\

lsoelectric
pH

5.3
4 . 1

6 . 1
4 5 5

Tissue culture

1 0
0.0002-0.001

500
16.4

Enterotoxic

1 000"
Negat ive '

2000'
Positiver

Mouse Vascular
lethality permeability

5 0  1 - 1 0

5 0  1 - 1 0

120
2.94

Note:  Readers must refer  to the or iq inal  publ icat ions to determine concentrat ion where dose is  shown
l ine used as their  susceot ib i i i tv  d f fers
a )  Lye r l ye ta l  ( 1988 )  ( b )  Ma r t i nezandWi l k i ns (1988 )  ( c )  Popo f f  ( 1987 )  ( d )  Wo l f hagene ta l  ( 1994 )

Also,  these f igures wi l l  be dependent on the cel l

(e)  Rabbi t  loop ( f )  Guinea-pig loop

(Pothoulakis et al.  1986a; Ott inger and Lin 1988). The
high potency of toxin B is in line with an enzymatic
action on proteins (low-molecular-mass GTPases, see
below) involved in actin polymerization and regulation
(Pothoulakis et al.  1986a)

The molecular mechanism of the action of C. difficile
toxins has been elucidated. Both toxins are mono-O-
glucosyltransferases that modify GTP-binding proteins
of the Rho family. Members of this protein family,
which comprise about 20 related proteins, are RhoA, B,
C, Rac1, 2,3, Cdc42, and others (Madaule and Axel
1985; Didsbury et al.  1989; Munemitsu et al.  1990;
Vincent et al. 1992; Takai et al. 2001; Van Aelst and
D'Souza-Schorey 1997: Bishop and Hall  2000; Ridley
2001; Matozaki et al. 2000; Kjoller and Hall 1999;
Bokoch 2000). Rho proteins are GTPases, which are
involved in the regulation of the actin cytoskeleton and
act as molecular switches in a large array of signal
processes (Collard 1996; Lim et al. 1996; Narumiya 1996;
Hall 1998; Mackay and Hall 1998). The proteins belong
to the 'Ras' superfamily (note Rho = Ras homologous)
and are regulated by a GTPase cycle (Bourne et al.
1990, 1991). They are inactive in the GDP bound form
and activated after GTPiGDP exchange. The active
state of the proteins is terminated by hydrolysis of
bound GTP. At least three different groups of proteins
are involved in the regulation of Rho GTPases,
including the activating guanine nucleotide exchange
factors (GEF), the inactivating GTPase-activating
proteins (GAP), and the guanine nucleotide dissociation
inhibitors (GDI), which keep Rho GTPase in their inac-
tive form in the cytosol. Like many small GTPases, Rho
proteins are post-translationally modified by isoprenyla-
tion (farnesylation and/or geranylation) at the C-
terminus. Isoprenylation is important for membrane
binding and essential for activation of Rho GTPases.

Rho proteins regulate extracellular induced changes in
motility, morphology, and cell polarity (Etienne-Manne-
ville and Hall 2002). The various members of the Rho
subfamily appear to regulate the actin cytoskeleton in a
highly specific manner (Paterson et al. 1990; Ridley and

Hall 1992; Ridley et al. 1992; Kozma et al. 1995; Nobes

and Hall 1995). Whereas active Rho causes formation of

stress fibers, Rac is involved in structuring of lamelli-

podia and membrane ruffling, and Cdc42 in the forma-

tion of filopodia or microspikes. Rho proteins are

involved in a large array of signaling processes including
phosphatidylinositol-4-phosphate-5-kinases (Chong et al.

1994), phospholipase B (Illenberger et al. 1998), and

phospholipase D (Malcolm et al. 1994). They regulate
proliferation (Olsen et al. 1995), and transcriptional acti-

vation (Hill et al. 1995), as well as cell tansformation

and apoptosis (Hippenstiel et al. 2002). In respect to

their role as targets of bacterial protein toxins, it is

important to mention that Rho proteins have crucial

functions in innate and aquired immunity. They are

involved in migration of immune cells, in phagocytosis

(Caron and Hall 1998), endocytosis (Schmalzing et al.

1995), secretion (Prepens et al. 1996), and NADPH

oxidase regulation (Abo et al. 1991). Moreover, they are

essential for the function of the so-called immunological

synapse, which defines the interaction of cells of the

immune system with target cells (Vicente-Manzanares

et al.2003; Reif and Cantrell 1998; Walmsley et al. 2003;

Gu et al.  2003).

Mofecular mechanisms of C. difficile
toxins A and B

C. difficile toxins A and B glucosylate all Rho GTPases
including RhoA, Rac, and Cdc42. RhoA is modified at

threonine-37 (Rac and Cdc42 at the equivalent residue

threonine-35) (Just et al. 1995a, b). This amino acid

residue is signiflcant for the functions of Rho proteins
(Aktories and Just 1995; Wei et al. 1997; Ihara et al.

1998). Thr-37 is highly conserved and involved in the

coordination of the magnesium cation, which is essential

for the nucleotide binding. Moreover, Thr-37 is located

in the so-called switch 1 region of the GTPase. This

region undergoes major conformational changes upon

activation and binding of GTP and is involved in the

interaction of Rho proteins with their various effectors.
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Accordingly, these interactions are dramatically changed

after glucosylation. Immunoprecipitation studies show

that RhoA glucosylated by toxin B is no longer capable

of interacting with its effectors (e.g. protein kinase N)

(Sehr et al. 1998). Thus, blocking of the interaction of

Rho proteins with their effectors is most likely the

central mechanism causing biological inactivation of
glucosylated Rho (Figure 44.2). Additionally, Rho gluco-

sylation causes a decrease in the affinity for nucleotides
(GTP, GDP) and a reduction in Rho activation by the
guanine nucleotide exchange factor LBC (Sehr et al.

1998). Surprisingly, glucosylation inhibits intrinsic and

GTPase-activating protein-stimulated GTP hydrolysis

(Sehr et al. 1998). Although the latter effects may
prolong the active state of the Rho proteins, inhibition

of the effector/GTPase interaction is dominant and

defines the biological consequences of glucosylation.

Similar functional consequences were obtained with Ras
glucosylated by C. sordellil lethal toxin (Herrmann et al.

1998). It was shown that toxin B blocks the cytosol-

membrane cycling of RhoA (Genth et al. 1999). In its

GDP-bound inactive form, RhoA (and this is also true

for the other Rho GTPases) is in the cytosol associated

with GDI. Upon activation, the GTPase translocates to

the membrane where it is released from GDI. nucleotide

exchange is induced by GEFs and the interaction with

effectors occurs. Termination of the active state of Rho

by GTP hydrolysis increases the affinity for GDI, which

extracts the GTPase from the membrane. This cycle is

apparently blocked by glucosylation.

ADP-ribosyltransferase (CDT)

In addition to toxins A and B, a biologically active
protein with ADP-ribosyltransferase activity (CDT) has
been found in a strain (CD196) of C. dfficile (Popoff
et al. 1988). It was shown to modify cell actin in a
manner similar to that of C. botulinum C2 and C.
perfringens r toxin. This protein cross-reacts anti-
genically with the light chains of the r binary toxins from
C. perfringens type E and C. spiroforme (Popoff and
Boquet 1988). CDT has a molecular mass of 43 kDa.
Similar to the related binary toxins from C. botulinum
(C2 toxin) and from C. perfringens (r toxin), CDT
consists of an enzyme component, which ADP-ribosy-
lates actin and a binding component, which is involved
in the transport of the enzyme component into the host
cells (Stubbs et al. 2000). CDT belongs to the r toxin-
like subgroup of ADP-ribosyltransferases. Its binding
component can be interchanged with the binding
components of r toxin and C. spiroforme toxin to trans-
port the enzyme CDTa into the target cell. By contrast,
the binding component of C2 toxin is unable to facilitate
the uptake of CDTa. Similar to r toxin-like enzyme,
CDTa modilies nonmuscle and skeletal muscle actin
(Giilke et al. 2OO7), whereas C2 toxin preferentially
modifies nonmuscle actin (Aktories et al. 1986: Scherins

et al. 1988). Recent studies showed that about 6 percent

of C. difficile isolates contain the genes for CDT (Stubbs

et al. 2000). Interestingly, CDT is also found in C. diffi-

cile strains that do not produce large clostridial toxins
(Rupnik et al. 2003). Therefore, it is of major impor-
tance to clarify the virulence potential of CDT, espe-
cially as toxin test kits at present available fot C. dfficile
toxins do not cover CDT.

TOXIN VARIANTS

Recently, it was shown that a considerable toxin varia-

bility exists. The molecular basis are changes in the
pathogenicity locus encoding the large clostridial cyto-
toxins. Toxin A and B are encoded by two genes tcdA
and tcdB, which together with three additional genes
(tcdc, tcdD, and tcdE) form a pathogenicity locus
(Hundsberger et al. 1997; Moncrief et aI. I997a. b).
Variant C. difficile strains with deletions, insertions or
polymorphic restriction sites within this pathogenicity

locus have been reported. So far, at least 20 different
toxin types have been defined (Rupnik et al. 1998;
Rupnik et al. 1997). The range of different cytopathic
phenotypes induced in Vero cells by such strains has

been described by Blake et al. (2004). Many of these, of

several toxin B variants, have been described which
differ in their substrate speciflcity. Of special interest are

toxin B variants from strain 1470 (toxin type VIII) and

from strain 8864 (toxin type X). Strain 1470 does not
produce toxin A, but a toxin B subtype, which has a
similar substrate specificity as C. sordellil lethal toxin. It
glucosylates Rac and Cdc42, but not RhoA. In addition
Ras proteins, including Ras, Rap, Ral, and R-Ras, are

modified by toxin B from strain 1470. The toxin B

variant from strain 8864 modifies these same substrate
proteins. Another recently described toxin variant from
strain C34 glucosylates Rho, Rac, ar'd Cdc42 and also
the above described Ras proteins.

C. SORDELL" AND C. BIFERMENTANS

Hall (1929) reported on the potent virulence of strains

of Bacillus sordellii and demonstrated that pathogenicity

was due to a toxin that caused severe edema that could
be neutralized by a speciflc antiserum. For a while, C.

sordellii was considered as a subgroup of C. bifermen-
rans, distinguished by its ability to produce the potent

lethal toxin responsible for the severe gelatinous edema.
These organisms are related to C. difficile (see above),
and belong to 165 rRNA gene cluster XI (Figure 44.1).

Toxins produced by C. sordellii and
C. bifermentans

C. sordellii produces three toxins in common with the
nonpathogenic C. bifermentans: (1) a lecithinase; (2) an
oxygen-labile hemolysin; and (3) a fibrinolysin. The leci-

thinase is a phospholipase C, serologically related to the

o-toxin of C. perfringens as evidenced by the positive
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Nagler reaction (Willis 1969). It is relatively nontoxic for
mice. The gene for the e-toxin of C. bifermentans has
been cloned and is 64 percent homologous in coding
sequence in comparison with the C. perfringens gene
(Tso and Seibel 1989). It codes for a mature protein
consisting of about 376 amino acids. This lecithinase
from C. bifermentans has about 1/50 the activity of C.
pert'iingens s-toxin in enzymic, hemolytic, and mouse
lethality assays. The calculated molecular weight,
although not given for the C. bifermentaLns lecithinase
would be similar to the 43 kDa calculated for the C.
perfringens s-toxin.

Major lethal toxins

A lethal factor referred to as B-toxin (Willis 1969)
responsible for the pathogenicity of C. sordellii distin-
guishes it from C. bifermentaies. Arsecularatne et al.
(1969) found two different activities associated with the
major lethal toxin, which were separable from each
other in different preparations. Both toxic factors were
dermonecrotic and hemorrhagic when injected into the
skin of rats and guinea-pigs. The flrst activity (edema-
tizing) caused massive edema and moderate areas of
bright red hemorrhage when injected intradermally,
subcutaneously, or intramuscularly into guinea-pigs, with
death occurring within 24-36 h. The second factor
(hemorrhagic) caused minimal edema, but confluent
areas of brownish hemorrhage in the skin, and in the
omentum, mesentery, and contiguous viscera when
injected intravenously or intraperitoneally. The hemor-
rhagic factor appeared to be associated with sporulating
cultures. Little lethality was noted for this toxin at doses
with high hemorrhagic activity.

Nakamura et al. (1983b) examined 55 strains of C.
sordellii for mouse lethality and cytotoxicity. They found
a close correlation between the two activities. AII 34
strains negative for mouse lethal toxin lacked cytotoxin.
Lethal toxin titers paralleled cytotoxicity titers. Yama-
kawa et al. (1983) found that only two of 15 cytotoxi-
genic strains produced positive rabbit ileal loop
responses (fluid accumulation). The lethal and cytotoxic
effects, as well as the ileal loop response, were elimi-
nated by preincubation of active culture fluid with either
C. sordellii or C. difficile antitoxin. Two cytotoxins (I
and II) were produced by one strain (3703), and were
separated from each other by DEAE ion-exchange chro-
matography (Yamakawa et al. 1985). They could be
distinguished from one another by specific antitoxins
produced against each of them.

It appears that the lethal toxin classically designated
as B-toxin (Willis 1969) actually consists of two compo-
nents: lethal toxin (LT) and hemorrhagic toxin (HT).
Popoff (1987) purified LT from a strain of C. sordellii
and found it to be a protein with a molecular mass of
250 kDa and an isoelectric pH of 4.55. k was anti-
genically related to toxin B of C. dfficile, but not to

toxin A. Martinez and Wilkins (1988) purified HT
and found a molecular mass of 525 kDa under non-
denaturing conditions and an isoelectric pH of 6.1. HT

is cytotoxic for cultured cells, lethal for mice, and
causes an accumulation of hemorrhagic fluid in ligated
rabbit ileal loops. It is immunologically related to toxin
A of C. difficile. The properties and activities of HT and
LT are listed and may be compared with the C. difficile

toxins in 'tabIe 
44.4. In summary, HT is equivalent to

cytotoxin I (Yamakawa et al. 1985) and is related anti-
genically and in biological activity to toxin A of C.
difficile. LT is equivalent to cytotoxin II and is related

antigenically and in biological activity to toxin B of C.
difficile.

C. NOVYI AND C. HAEMOLYTICUM

Diseases caused by pathogenic strains of C. novyi ar'd C.
haemolyticum appear to involve primarily the o-toxin of
the former and the B-toxin of the latter. In gas gangrene

in humans the q-toxin causes massive edema due to its
effect on capillary permeability. In bacillary hemoglobi-
nuria, the B-toxin destroys the circulating erythrocytes
resulting in excretion of the hemoglobin in the urine.
Simultaneously, blood is lost into the intestine because
of destruction of the capillary endothelium. The grossly

different pathological presentation of these two diseases
has Ied to maintaining two separate species for the
causative organisms (Smith and Williams 1984; Cato
et al.  1986).

Toxins produced by C. novyi

Classiflcation of three types of C. novyi is based on
production of several toxic antigenic factors (Eklund

1993). C. novyi types A, B, and C, and C. haemolyticum

are distinguished from each other by the toxins desig-

nated as a and B (Willis 1969; Smith and Williams 1984)
(Table 44.5), based on the studies of Oakley and co-
workers (Oakley et al. 7947; Oakley 1955; Oakley and
Warrack 1959). Type A produces o only, C. haemoly-

ticum produces B only, and type B produces both.
Production of six other toxins by species and toxin type
is also shown in Table 44.5. -fype 

C strains produce none
of the known toxins and are considered nonpathogenic.
Nonpathogenic strains phenotypically similar to C. novyi
type A, or to C. botulinum type C or D may be derived
from pathogenic strains that have lost their infecting
phages (Cato et al. 1986).

The lecithovitellin reaction has often been used to
identify toxins of the C. novyi group. Rutter and Collee
(1969) noted that positive lecithovitellin reactions could
be due to lecithinase, Iipase or both lecithinase and lipase
activities. They pointed out that type A strains produce
y-toxin (a hemolytic lecithinase) and e-toxin (a lipase).
Type B and C. haemolyticum strains produce B-toxin
(a hemolytic lecithinase), and also 0-toxin, which may be
a lipase, though not demonstrable by a visible reaction on
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Table 44.5 Toxins of C novyi and C haemolyt icumu

Toxin Activity

u Necrotizing, lethal
p Lecithinase; necrotizing lethal;

t  hemolyt ic
y Lecithinase; necrotizing; hemolyt ic

6 Oxygen-labi le hemolysin

e Lipase (pearly layer)
(  Hemolys in
11 Tropomyosinase
0 Opalescence in egg yolk

C. novyi type

A B C

+ +

C. haemolyticumb

+

a) From Hatheway (1 990)
b) Sometimes refened to as C novyi type D tr, trace

egg yolk agar. The B and y lecithinases are serologically

distinct. Rutter and Collee showed by thin-layer

chromatography that C. novyi type B and C. haemoly-

ticum strains break down lecithin into diglycerides,

while C. novyi type A strains initially convert lecithin

into diglycerides, but subsequently break down the digly-

cerides from the lecithinase reaction, as well as

those present in the egg yolk suspension into free fatty

acids and glycerol (Rutter and Collee 1969). Thus, C

novyi type A, C. novyi type B, and C. haemolyticum all
possess lecithinase activity, but only type A possesses a

readily demonstrable lipase. Those authors also showed a

correlation between the mouse lethal activity of the .r-

toxin of types A and B strains and cytotoxicity of the

cultures.

d-Toxin

Phillips et al. (1970) purified the q-toxin of C. novyi type

B by gel filtration, adsorption on to alumina, and ultra-

filtration, and reported it as a protein with a molecular

mass of 132 kDa. Izumi et al. (1983) reported a mole-

cular mass of 260-280 kDa for the toxin purified by a

combination of ion-exchange and gel filtration chroma-

tography. This was shown to be the more accurate figure

from molecular studies (see below). The purified toxin

had an isoelectric pH of 6.1. It had lethal, edematizing,

and permeability activities but was free of the hemolytic

and lecithinase activities that were present in starting

culture fluid concentrate. The LD5e of the purified toxin

for mice was 17 ng, and the OeDso (50 percent edema-

tizing dose) was 1.7 ng.

Eklund et al. (1976) found that e-toxin production in

strains of C. novyi type A and type B was due to phages.

Curing the organisms of their phages, NAII""* and

NBIto'*, respectively, rendered them nontoxigenic (with

respect to u-toxin) and susceptible to reinfection by the

homologous, but not the heterologous tox* phage.

Reinfection resulted in their regaining toxigenicity.

These phages affected only d-toxin production. Thus,

the cured type A strain resembles nontoxigenrc C. botu-

linum type C, and the cured type B strain resembles

C. haemolyticum, sifice it continues to produce the B-
toxin. Schallehn and Eklund (1980) infected a strain of

C haemolyticum with a tox+ phage from type A strains,

rendering it capable of producing o-toxin. It was thus

indistinguishable from C. novyi type B on the basis of

the maior toxins it produced.

The u toxin belongs to the family of large clostridial

cytotoxins. Other members of this toxin family are C.

difficile toxins A and B (see detailed description under

C. difficile toxins) and the lethal and hemorrhagic toxins

from C. sordellii (Green et al. 1995; Just et al. 7996;

Popoff et al. 1996). C. novyii s toxin consists of 2 178

amino acid residues with a molecular mass of 250 1'66

Da and shares about 33 and 32 percent identity and 48

percent homology with C. difficile toxins A and B,

respectively (Hofmann et al. 1995). Like C. difficile toxin

A and B, c toxin from C. novyi is a glycosyltransferase

that modifies small GTPases of the Rho family. Rho

proteins (Rho, Rac, and Cdc42) are regulators of the

actin cytoskeleton and control signal transduction

processes (see detailed description of Rho functions and

actions of large clostridial cytotoxins under C. difficile

toxins). However, the o toxin differs from C. difficile

toxins A and B. because it uses UDP-GlcNAc instead of

UDP-glucose as a cosubstrate and induces the N-acetyl-

glucosaminylation of Rho proteins (Selzer et al. 1996).

Protein substrates (Rho, Rac, and Cdc42) and their site

of modification (threonine-37 of Rho, threonine-35 of

Rac, and Cdc42) are the same for C. novyi u toxin as for

C. di.fficile toxins (Selzer et al. 1996). Accordingly, the u

toxin causes destruction of the actin cytoskeleton in cell

culture in a manner indistinguishable from the effects of

C. difficile toxin B (Bette et al. 1991). The C. novyi a

toxin is more potent than C. difficile toxin B when

compared in the mouse time to death assay. The LD56

after 100 h of treatment (intraperitoneal application)

was about 300 ng/kg and 5 pglkg for C. novyi o toxin

and C. dfficile toxin B, respectively (Bette et al. 1989,

1991). Both toxins exhibited the same potency in indu-

c ing  ra t  paw edema (Bet te  e t  a l .  l99 l ) .
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p-Toxin

The B-toxin is lethal, hemolytic, necrotizing, and has
Iecithinase activity (Willis 1969). Darakhshan and
Lauerman (1981) report a molecular weight of 32 kDa
for p-toxin from C. haemolyticum purified by gel filtra-
tion chromatography. The toxin was labile at 60'C and
rapidly inactivated by exposure to trypsin. The B-toxins
of C. novyi type B and C. haemolyticum appear to be
serologically identical (MacFarlane 1950). Although the
enzymatic activity is that of phospholipase C, it is not
related serologically to C. perfringens q-toxin or to the
y-toxin of C. novyi type A. C. botulinum type C
produces a lecithinase that is comparable serologically to

B-toxin of C. novyi type B and. C. haemolyticum (Naka-
mura et al. 1983a). The lethality and pathogenicity of C.
haemolyticum appear to be due to B-toxin that is
produced in large amounts by this organism, more so
than by C. novyi type B.

y-Toxin

The y-toxin produced by C. novyi type A is also a phos-
pholipase C, but is serologically distinct from B-toxin, as
well as from the o-toxin of C. perfringers (MacFarlane
1948). y-Toxin was purified by Taguchi and Ikezawa
(1975) by gel filtration chromatography, and the esti-
mated molecular mass was 30 kDa. In addition to hydro-
lysis of lecithin, y-toxin catalyzes the hydrolysis of phos-
phatidylinositol and phosphatidylglycerol, substrates not
utilized by C. perfringens s-toxin. B- and y-toxins may be
determined and differentiated by hemolytic or lipovi-
tellin assays using specific antitoxins (Willis 1969).

6-Toxin

The 6-toxin is an oxygen-labile hemolysin that is serolo-
gically related to similar hemolysins such as the 0-toxin
of C. perfringens and the tetanolysin of C. tetani (Wlllis
1969; Smith and Williams 1984). It is produced only by
type A strains.

e-Toxin

e-Toxin is a lipase that is responsible for the 'pearly

layer'associated with the bacterial colonies on egg yolk
agar. This factor is seen only with type A strains, and is
shared in common with C. botulinum types C and D.
The e-toxin decomposes triglycerides and diglycerides in
the egg yolk medium, as well as diglycerides formed by
hydrolysis of lecithin by y-toxin (Rutter and Collee
1e6e).

(-Toxin

(-Toxin is a hemolysin produced only by type B strains.
It is not related serologically to 6-toxin nor to any of the
other oxygenlabile hemolysins, nor is it sensitive to

oxygen (Willis 1969). There is no known role for these
hemolysins in pathogenicity of the organisms that
produce them.

q-Toxin

q-Toxin is a proteolytic enzyme produced by C. novyi
type B and C. haemolyticum. It is active on the muscle
proteins, myosin, and tropomyosin, and has been named
tropomyosinase (MacFarlane 1955). Tropomyosin is
hydrolyzed more completely than is myosin: 74 and 25
percent of the nitrogen of those respective substrates
was converted to acid-soluble form. The enzyme is acti-
vated by sulfydryl reagents, such as cysteine, glutathione,
and thiolactate. It is not inhibited by soybean trypsin
inhibitor. It is neutralized by antisera prepared against
C. novyi type B cultures. Its pathogenic action in muscle
infection may be important, but this has not been
studied (Smith and Williams 1984).

0-Toxin

O-Toxin, produced by C. haemolyticum (and possibly by
C. novyi type B on the basis of antibodies produced

against those strains), causes opalescence in egg yolk

emulsions, but has not been characterized. It might be a
lipase, serologically distinct from e-toxin, and is non-
hemolytic (Willis 1969).

GENETIC RELATEDNESS OF C. NOVYI,
C. HAEMOLYTICUM, AND C. BOTULINUM

Nakamura et al. (1983a) examined four strains each of
C. novyi type A, type B, and C. haemolyticum and five
strains of C. botulinum type C. They found three groups

of closely related organisms as indicated rn Tab\e 44.6.
C. novyi type A is less related than either C. novyi type
B or C. haemolyticum to C. botulinum type C. C. novyi
type B ar'd C. haemolyticum are very closely related to
each other. One strain of C. botulinum type C (the

Stockholm strain) is more closely related to the C. novyi
type BlC. haemolyticum group than to the other four
strains of C. botulinum type C.

C. SEPTICUM AND C. CHAUVOEI

C. septicum and C. chauvoei belong in 23S rRNA
homology group I-D of Johnson and Francis (1975) and
cluster I on the basis of 165 rRNA gene sequence
homology (Figure 44.1).

C. HISTOLYTICUM

C. histolyticum is of interest because of its isolation from
gangrenous and nongangrenous war wounds, its produc-
tion of a lethal toxin that cross-reacts serologically with
the o-toxin of C. septicum, and its production of a
mixture of collagenases and other proteolytic enzymes
that are unique in their efficiency of converting tissue
proteins to amino acids and peptides. Although it is not
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Tabf e 44.6 DNA relatedness o/ C novyi, C haemolyticum and C botulinum type Cu

Relation to reference strain (%)b from:

Species

Group I

C. novyi A

Group l l

C. novyi B

C. haemolyticum

C. botulinum C

Group l l l

C. botulinum C

No. of strains

4

4

4

1

4

Group I

80-1 00

2849
26-38
42

36-48

Group l l

4445

93-1 00

93-1 00

85

68-70

Group ll l

33-36

50-62
50-62
54

91 -100

a) From Hatheway (1990);  data condensed t rom Nakamura et  a l  (1983a)
b) Values rndicate relatedness between DNA from the test strain and that of the reference strain

a strict anaerobe (it may grow on agar media in the

presence of air) and its nutritional requirements are not

more stringent than many other clostridia, its growth

may be inhibited by the presence of sugar in the

medium, and contrary to some reports (Zeissler 1930;

Prevot 1957), the heat resistance of spores may be rather

low (Nishida and Imaizumi 1966).

Toxins of C. histolyticum

C. histolyticun produces five toxins, designated by the

first five letters of the Greek alphabet, in the order of

their recognition. It is pathogenic for laboratory animals

(Willis 1969). Strains that produce appreciable amounts

of o-(lethal) toxin cause death of a laboratory animal

within 24 h of intramuscular injection of the organism.

In the absence of cr-toxin no toxemia ensues, but a

progressive gangrenous infection may take place, with

tissue destruction due largely to actions of the organ-

ism's collagenolytic and proteolytic toxins. The skin over

the area of infected muscle is completely destroyed and

the underlying tissues are grossly digested as are the soft

parts of the bones (Aikat and Dible 1960). Ultimately

the digestive process may terminate with autoamputa-

tion of the infected limb. but in some cases infection

may spread into the trunk of the body, damaging vital

organs and resulting in death (Weinberg and Seguin

1916;Wi l l i s  1969) .

a-Toxin

Lethal toxicity of culture filtrates of C. histolyticum was

reported by Weinberg and Seguin (1916). This lethal

factor was designated cr-toxin and noted to be necro-

tizing, but not hemolytic (Oakley and Warrack 1950). It

has been noted that the u-toxin of C. histolyticum canbe

neutralized by antisera produced against toxic filtrates of

C. septicum cultures. Similarly, the lethality of C.

septicum cultures can be neutralized by C. histolyticum

antisera (Sterne and Warrack 1964). Cross-

neutralizations can be demonstrated both in mouse leth-

ality and intradermal necrosis reactions.

Nishida and Imaizumi (1966) found that only six of 21

strains of C. histolyticuLz isolated from soil samples in

Japan produced u-toxin in culture. The pharmacological

and molecular properties of this toxin have not been

studied in depth, probably because it is rather unstable.

It is readily inactivated by proteolytic enzymes (Smith

and Williams 1984). Bowen (1952) reported 85 LD5e per

mg toxin per kg of body weight for mice for u-toxin
partially purified by ethanol precipitation.

p-Toxin

B-Toxin has been identifled as a collagenase (EC

3.4.24.3) or more recently as a group of seven collage-

nases (Bond and Van Wart 1984b; Van Wart and Stein-

brink 1985). Collagenase is a zinc metalloprotease that

cleaves native triple-helix collagen, as well as gelatin,

into small fragments (Dixon and Webb 1979)' Collagen

is the most abundant protein in the animal body, consti-

tuting one-fourth to one-third of the total protein

forming the insoluble fiber of connective tissue (White

et al. 1978). Yoshida and Noda (1965) Iirst separated C.

histolyticum collagenase into two fractions designated as

I and II. Both degraded collagen at similar rates, but

collagenase II split more peptide bonds in the collagen

molecule and was more efflcient in degrading lower

molecular weight polypeptides. Bond and Van Wart

(1984a, b) and Van Wart and Steinbrink (1985) have

identified seven distinguishable molecular forms of C'

histolyticum collagenase, and designated each by a

Greek letter; unfortunately five of these can be confused

with the five toxins of this organism designated by the

same Greek letters. Each collagenase is distinguished by

its molecular mass, determined as 68, 115, 79, 100, 110,

I25, and 130 kDa for collagenases u, B, y, 6, e, (, and q,

respectively. Two subspecies of the o and B collagenases

are noted on the basis of different isoelectric points.

Class I collagenase activity is found with the u, B, y, and

q molecular species, and class II with the 6, e, and ('

The class I collagenases have extensive amino acid

sequence homology with each other, and similar
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homology is found among the class II enzymes, but the
two classes have substantially different sequences (Bond
and Van Wart 1984c). Evidence shows intragenic dupli-
cation in the B molecule, which may account for its
higher molecular weight. This duplication may also be
true for the other higher molecular weight collagenases.
The collagenases are all related serologically, but some
distinctions are evident by immunodiffusion analysis in
agar gels. The two classes of collagenases have been
shown to have similar but complementary substrate
amino acid sequence specificities by which they synergis-
tically digest collagen (Mookhtiar et al. 1985; Van Wart
and Steinbrink 1985). B-Toxin no doubt plays a major
role in the pathology of C. histolyticum infections in
view of its ability to destroy collagen fibers. The toxin
induces hemorrhage when placed on the surface of the
lungs of animals, and causes hemorrhage and edema
when injected into rat paws (Vargaftig et al. 1976). lt
causes a lethal intrapulmonary hemorrhage when
injected intravenously (Smith and Williams 1984).

y-Toxin

y-Toxin is a thiol-activated proteinase that digests hide
powder, azocoll, gelatin, and casein, but is inactive
against collagen (Willis 1969). Its molecular weight is
about 50 kDa (Smith and Williams 1984).

6-Toxin

The 6-toxin is also a proteolytic enzyme. More specifi-
cally, it is an elastase (Willis 1969). It is reversibly inacti-
vated by reducing agents. Takahashi et al. (1970)
partially purified 6-toxin and found that it passed
through a 50 kDa ultramembrane filter, but was retained
by a 10 kDa membrane. The active fraction obtained by
gel filtration and ion-exchange chromatography had high
specific caseinolytic, as well as elastolytic, activity. It was
not active on collagen. The elastolytic and caseinolytic
activities were not affected by chelating agents.

e-Toxin

The e-toxin is an oxygen-labile hemolysin similar sero-
Iogically to those produced by other clostridia such as
C. tetani, C. septicum, and C. novyi (Willis 1969;
Bernheimer 1976; Smith and Williams 1984).

C. SPIROFORME

Since 1964, there have been several reports of helically
coiled, gram-positive anaerobic organisms isolated from
animal feces and cecum contents (Bladen et al. 1964;
Fitzgerald et al. 1965). Because spore formation was
noted in some of these strains, they were recognized as
clostridia (Koopman and Kennis L977). Kaneuchi et al.
(1979) compared 33 strains of coiled sporeforming
organisms recovered from humans and animals. All of
the organisms were nonproteolytic and nongelatinolytic,

fermented glucose, and produced terminal to subterm-
inal round spores. Two main groups were established on
the basis of physiological characteristics and DNA relat-
edness. Twenty-one strains were designated as C.
cocleatum and eight as C. spiroforme. Each of these two
species has 46-60 percent relatedness with reference
strains of the opposite species and 74-100 percent re-
latedness in comparison of strains within each species.
The phenotypic differences noted (Kaneuchi et al. 1979)
were fermentation of galactose by C. cocleatum and a
more pronounced coiling by C. spiroforme.Bolh species
were related to C. ramosum; 35-52 percent for C.
cocleatum, and 32-53 percent for C. spiroforme. C.
ramosum has a straight rod morphology and has o-
methylmannosidase activities that are not found in the
two coiled organisms. The relationship of C. spiroforme
to C. ramosum on the basis of characteristics other than
morphology is indicated further by their 165 rRNA simi-
larity, as seen in Figure 44.1, with both organisms occu-
pying cluster XVIIL

After C. spiroforme cultures are heated at 80"C for
10 min, uncoiled, straight cells are found that do not
revert to the coiled structure upon subculture (Kaneuchi

et al. 1979). No alterations of any other features of the
organism are observed. The helical structure of the
native organism consists of numerous single semicircular
cells joined end to end (Borriello et al. 1986). The indi-
vidual cells are nonmotile and gram-positive, with
dimensions of 0.3-0.5 x 2.0-10 pm (Cato et al. 1986).

Much clinical interest in C. spiroforme arose when an
organism with similar morphological and physiological

characteristics which produced a toxin neutralizable with
type E antitoxin of C. perfrinsens was consistently
isolated from feces of scouring rabbits (Carman and
Borriello 1982). Borriello and Carman (1983) reported
complete agreement between the characteristics of
toxigenic isolates from rabbits and the type strain of
C. spiroforme, but the validity of the identity of the
toxigenic strains has been questioned (Moore et al.
1987). r-Toxin had been found previously in rabbit
enterotoxemia, but investigators had attempted to
recover r-toxigenic C. perfringens (Patton et al. 1978;
Baskerville et al. 1980). The toxigenic organism
identified as C. spiroforme was subsequently implicated
as the cause of both spontaneous and antibiotic-induced
diarrhea and colitis in rabbits (Borriello and Carman
1983; Carman and Borriello 1984).

r-Toxin

The r-toxin of C. spiroforme is a binary toxin with
components r-a and r-b (also called Sa and Sb) that
correspond serologically and electrophoretically to the
components of C. perfringerzs r-toxin (Stiles and Wilkins
1986a). The electrophoretic mobilities of the latter are
slightly faster. Although the C. spiroforme antiserum
formed precipitates with both components of the toxin
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from either species, C. perfringens antiserum formed
visible precipitates only with the b-component of the C.
spiroforme toxin on immunoelectrophoretic plates.

Popoff and Boquet (1988) purified the a-component of
C. spiroforme r-toxin by immunoafflnity and reported
that it consists of a heterogeneous population of mol-
ecules with molecular masses ranging from 43 to 47 kDa.
This is similar to the 47.5 kDa size of the r-a component
of C. perfringens. This component has ADP-ribosyl-
transferase activity towards actin. It was inactive in both
cytotoxic and mouse lethality assays by itself, but was
potentiated by the component r-b from C. spiroforme or
C. perfringens. r-b from C. spiroforme potentiated r-a
from C. perfringens and also an ADP-ribosyltransferase
(CDT) from C. difficile in those same assays. The
components of the binary C2 toxin of C. botulinum drd
not synergize with any of the binary components of the
other three species.

C. FALLAX

Culture supernatants are considered nontoxic for mice,
although there are reports that freshly isolated organ-
isms produce a soluble toxin and are pathogenic for
mice and guinea-pigs (Willis 1990).

GAS GANGRENE

History

Gas gangrene (clostridial myonecrosis) became promi-

nent during the First World War. Its incidence was

extremely high in battle wounds sustained during the

campaigns in France and Belgium and the results were

devastating. Since gas gangrene had been uncommon in

earlier wars (Keen 1915; Bowlby 1919) and was

uncommon in civilian injuries, it came to be regarded as

a disease of modern war associated with extensive and

heavily contaminated wounds.

The 'hospital gangrene' recorded before the introduc-

tion of antiseptic surgical techniques by Lister was

anaerobic necrotizing fasciitis rather than clostridial

myonecrosis (Bowlby 1919). Conditions recognizable as

gas gangrene were rarely recorded in antiquity (Sussman

1es8).

lncidence

INCIDENCE IN MILITARY DURING WAR

The incidence of gangrene in First World War wounds

seems to have depended on the distribution of clostridia

in the soil of the battlefield, being common in the agri-

cultural fertile battlefields of northern Europe, but

uncommon in Iraq, Egypt, and the Gallipoli peninsula.

This is consistent with the observation that the clostridia

responsible for gas gangrene reflect their presence in the

soil (Maclennan 1943b. 1962).

In the first year of the First World War, the incidence

of gas gangrene among casualties in the British expedi-

tionary force was about 12 percent and the mortality

rate some 25 percent. The incidence fell to 1 percent

and less when the importance of early wound excision

and other prophylactic measures were recognized

(Report 1919; Bowlby 1919). During the Second World

War the incidence of gas gangrene in British troops was

0.3-0.8 percent (Maclennan 1962) and in US forces was

from 0 to 4.5 percent. During the Korean War, when

early evacuation and treatment of casualties was prac-

ticed, the incidence of gas gangrene was 0.08 percent

without mortality (Howard and Inui I95a). By the time

of the Vietnam War, gas gangrene was rare and it was

suggested that as a disease of war it was almost extinct

(Unsworth 1973). Confirmation of this conclusion comes

from the Falklands campaign and Operation Desert

Storm during which gas gangrene was not observed in

British troops or those under Western command. The

availability of appropriate medical services appears to be

crucial, because in these wars gangrene was observed in

other troops.

INCIDENCE IN CIVILIAN PRACTICE

In the 1970s in the developed world, a civilian incidence

of gas gangrene of 0.1-1.0 per 10o population per year

was calculated (Roding et al. 1972; Hart et al. 7975)-

Wounds of the magnitude seen in war are uncommon in

civilian practice and early appropriate surgical treatment

and prophylaxis are usually readily available. This may

not be the case in developing areas, where gas gangrene

after accidental trauma is said to be common.

Though gas gangrene is characteristically associated

with serious accidental trauma, it may follow clean elec-

tive surgery (Morton 1967; Parker 1967; Braithwaite

et aL. 1.982: Gledhill 1982; Wells et al. 1985). It is a rare

but serious complication that may follow the injection of'

adrenaline (Anon 1968; Teo and Balasubramanian 1983;

Hallagan et al. 1992) or insulin (Chin et al. 1993),

usually into the lower parts of the body. The causative

organism is C. perfringens, which contaminates the skin

of the perineum, buttocks, and thighs, and originates

from the bowel. Clostridial infection of the myometrium,

usually due to C. perfringens, was particularly related to

criminal instrument-induced abortion but it is rare after

normal childbirth (Butler 1945; Hill 7964). C. perfringens

is not often present in the vagina, and then only in small

numbers (Lindner et al.1978; Thadepalli et al' 1978) and

is derived from the bowel via the perineum. Sponta-

neous or metastatic gas gangrene is rare in humans

(Willis 1969; Engeset et al. 1973; Gatt 1985; Narula and

Khatib 1985; Mulier et al.1993; Norgaard et al. 1993)' It

may be associated with diabetes mellitus (Gliemroth

et al.1996; Hengster and Pernthalet 1996)-

Histotoxic clostridia may also be involved in many

other types of infection. Some of these are considered
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later in the present chapter. Useful discussions of clos-
tridial soft tissue infections have been provided by
Gorbach (1992) and Lorber (1995). Detailed reviews of
gas gangrene and related infections have been published
by Maclennan (1962), Willis (1991), and Finegold and
George (1989).

Bacteriology

Clostridial wound infections may be of three types
(Maclennan I943b, 1962) with increasing severity. The
first is simple contamination, when clostridia are present
in injured tissues but without evidence of infection. Such
contamination is common and the wounds heal by first
intention without sequelae. The second is clostridial
cellulitis, in which the infection is limited to local fascia,
muscle is not involved and toxemia is minimal. Finally,
in clostridial myonecrosis healthy muscle is affected and
toxemia is severe. In the presence of tissue anoxia,
simple contamination may rapidly progress to cellulitis
and myonecrosis.

Anaerobic cellulitis is characterized by a foul, sero-
purulent infection of the depths of the wound without
muscle involvement and toxemia is insignificant. The
organisms responsible are proteolytic and nontoxigenic
clostridia, and strains of C. perfringers of low toxigeni-
city. In gas gangrene, on the other hand, the important
pathogens are predominantly toxigenic, including C.
perfringens, C. novyi, C. septicum, C. histolyticum, C.
sordellii, C. bifermentans, C. sporogenes, and less impor-
tantly, C. fallax, C. carnis, and C. tertium. Because of
difficulties in growing C. novyi and C. histolyticum, they
were not initially recognized as important (Maclennan
1962), but are now recognized as frequent pathogens
with a high fatality, especially in combination with C.
sporogenes (Smith and Williams 1984). Involvement of
C. difficile in rare cases of gas gangrene has been
suspected, but not clearly documented (Macl-ennan
1962). Since anaerobic infections are due to wound
contamination, they are almost always polymicrobial. It
is rare for gas gangrene to be monomicrobial. Surveys of
the clostridial flora of gas gangrene in battle casualties
have shown that C. perfringens and C. novyi are of
major importance (Maclennan 1943b; Hamilton 1944-
45; Cooke et al.  1945).

The bacterial flora present in gas gangrene commonly
includes nonclostridial anaerobes and various facultative
aerobes (Weinberg and S6guin 1918; Maclennan I943a,
b; Strawitz et al. 1955). Though this 'associated flora'
plays no direct part in myonecrosis, it may facilitate
tissue invasion by synergy with histotoxic clostridia.

C. botulinum may be present in wounds (Hall 19a5)
and may give rise to clinical botulism (wound botulism).
When wound botulism occurs it is usually due to C.
botulinum type A or B, and most cases have been
reported from the USA (Davis et al. 1951; Thomas et al.
1951; Merson and Dowell 1973). Details are provided in

Chapter 43, Clostridium botulinum and Clostridium
tetani.

Pathogenesis

Clostridia cannot multiply and produce disease in
normal tissues because the high oxidation-reduction
potential (E5) of the circulating blood (+126-+246 mY)
and of the tissues is above that necessary for the initia-
tion of anaerobic bacterial growth (+74 mV for C.
perfringens) (Oakley 1954; Futter and Richardson 1971).
The central factor that allows anaerobes to grow in
wounds is tissue anoxia. Trauma frequently reduces
tissue perfusion and initiates the sequence of events that
Iead to tissue colonization by contaminating anaerobes.
Facultative anaerobes, such as Escherichia coli and
Proteus spp., that may also be present in the wound,
contribute to the reduction of the local -E6 by utilizing
any remarmng oxygen.

Anaerobic bacterial infections of humans are typically
associated with locally damaged tissues and, commonly,
also with a 'compromised' host. Once an anaerobic
infection is established, toxinogenesis by the infecting
organisms leads to a progressive weakening of host
defenses. There is a spectrum of interaction between
bacterial pathogenicity and host resistance. At one end
of this spectrum the ubiquity of clostridia ensures that
most accidental wounds are exposed to the risk of
contamination at the time of injury, but contamination
of the wound does not make gas gangrene inevitable.
Anaerobic conditions must exist in the lesion if the
organisms are to multiply. In the absence of an anae-
robic environment, toxigenic clostridia remain dormant
and are eliminated by the local defense mechanisms.
Post-cholecystectomy bacteremia due to C. perfringens is
an example of the other extreme of the spectrum.
Before host defense mechanisms can react to the
challenge, toxemia rapidly causes gross intravascular
hemolysis and death. The predisposing factors have been
discussed by Wil l is (L977,1985,1991) and Finegold and
George (1989).

The course of events in C. perfringens infections that
complicate clean elective surgery is similar to that asso-
ciated with accidental trauma, but there are differences
in the nature and degree of the initiating determinants.
The infecting organisms are endogenous on the skin of
the patient and are implanted by the surgical proce-
dures. Mid-thigh amputation for obliterative arterial
disease is associated with particular risk, as is lower-limb
surgery in which foreign materials are implanted, such as
pinning and plating of femoral fractures (Knutsdon 1983;
Laszlow and Elo 1983). The application of tourniquets
or use of bloodless field techniques during limb surgery,
poor hemostasis, excessive use of diathermy or
prolonged use of retractors may favor colonization by
anaerobes. Even though surgical trauma is localized,
the wound may be heavily contaminated with skin
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commensals. Particularly in elderly patients, tissue
perfusion may be greatly reduced by arterial disease or
poor circulation. Foreign bodies, the effects of anes-

thesia, and surgical trauma are major contributory

factors that add to post-surgical anaerobic sepsis.

Gas gangrene after injections into the buttock or thigh

is due to the implantation of endogenous anaerobes into

the muscle and the irritant or vasoconstrictor action of

drugs, which reduce or abolish the local circulation in

tissues that may already be subject to poor perfusion,

with resulting profound reduction of tissue E5. Adrena-

line, with its vasoconstrictive effect, is particularly notor-

ious in this connection (Evans et al. L948; Bishop and

Marshall 1960). A more recent risk is that associated

with 'popping,' i.e. injection of heroin directly into

muscle undertaken by injecting drug abusers. This is

now a leading cause of wound botulisum (see Chapter

43, Clostridium botulinum and Clostridium tetani), as

well as other clostridial infections (Brazier et aI.2002).

A series of changes occurs in the damaged and anoxic

tissues that lead to a rapidly falling E6 and establish an

ideal environment for the growth of clostridia (see

Oakley 1954; Willis 1969). The production of bacterial

toxins and products of bacterial metabolism promotes

the growth of the organisms so that gas gangrene

becomes established. Defenses are further compromised,

since neither phagocytes nor antibodies can enter the

necrotic zone, and absence of perfusion prevents anti-

microbial agents from reaching the affected tissues.

Culture filtrates of broth cultures of clostridia contain

toxins, enzymes, and other substances that 'activate' the

infection. Thus, young cultures of C. perfringens contain a

nontoxic antigen that activates washed bacilli, and whose

aggressive effect is neutralized by the corresponding

antibody (Fredette and Frappier 1946). Older culture

filtrates of C. perfringens type A contain several

substances including o and 0 toxins, collagenase (r).

hyaluronidase (p), deoxyribonuclease (v), and a fibrino-

lysin. Two other antigenic substances whose action is

neutralized by antitoxic sera are recognized. The first

sensitizes blood vessels to the action of adrenaline, and

the other inhibits phagocytosis (Ganley et al. 1955).

Injection of toxic filtrates into animals simulates the

lesions in naturally infected human muscle (Kettle 1919;

Govan 1946), which are characterized by edema,

necrosis, and capillary and venous thrombosis. These are

accompanied by proteolysis, lipolysis, release of lipid-

derived phosphorus, and the tissues disintegrate as the

result of the actions of bacterial collagenase, lecithinase,

and hyaluronidase (Frazer et al. 1945; Robb-Smith 1945).

The role of clostridial toxins in gas
9angrene

syndrome, in which histotoxic necrosis is followed by

bacterial invasion of necrosing tissue. Toxin also enters
the circulation and contributes to the increasing toxemia
and shock.

Three kinds of evidence indicate that biologically
active clostridial products participate in gas gangrene:

1 The association of pathogenicity with ability to
produce these substances

2 Mimicry of the disease by injection of these
substances into susceptible tissue, and

3 The protective or curative effect of antibodies to the

substances.

The pathogenicity of strains of C. perfringens type A

is associated with production of u toxin, and hyalur-

onidase is produced by about half the toxigenic strains
(Robertson and Keppie 1941; McClean et al. 7943i

Keppie and Robertson 7944; Evans 1945; Kass et al.
1945). Production of collagenase (Evans 1947a) and 0

toxin (Stevens et al. \993a) are also associated with the

virulence of C. perfringens. However, this simple asso-

ciation does not constitute proof of a causal link. Better
proof is provided by the fact that the natural lesion can

be reproduced by toxic flltrates that contain a number of

active components. The more stringent immunological
evidence that antibodies are protective is meagre. Thus,

of the antibodies against s and 0 toxin, hyaluronidase
and collagenase, only u antitoxin protects guinea pigs
(Evans I943a, b, I947b). The importance of cr toxin is

supported by the efficacy of active immunization with a

toxoid, whereas the part played by hyaluronidase and

collagenase in the genesis of gas gangrene appears to be

less important.
The role of collagenase in causing proteolytic damage

to uninfected muscle and in this way supplying amino

acids and peptides for bacterial growth was postulated

by Smith (1949). The spread of the infection may be

facilitated by the hyaluronidase of C. perfringeras or by

hyaluronidase produced by other organisms present in

the wound (McClean and Rogers 1944). Hyaluronidase

itself cannot, to any signiflcant extent, penetrate inter-

cellularly (Hechter 1946), but with its assistance infected
fluid under the pressure of edema may move more

readily. One of the reasons for the success of early

surgical treatment in gas gangrene may be the relief of

such pressure. This is illustrated by the observation that

simple incision of 4-hour-old C. perfringens lesions of

the thigh muscles of guinea pigs allows their survival as

compared with control animals not so treated (Hartley

and Evans 1946).
The part the lecithinase (o toxin) plays in the myo-

necrosis is more readily understood than its role in the

toxemia of gas gangrene. Filtrates of C. perfringens type

A have an acute action on heart muscle and the isolated

heart perfused with s toxin is killed and phosphoryl

choline is released (Kellaway et al. l94oa, b; Wright

1950). The toxic action of lecithinase can be neutralized
The onset of clinical
production, which

gas gangrene coincides with toxin

initiates the extension of the
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by mixing it with lecithin before it is injected (Wright
and Hopkins 1946). Similarly, dogs and mice can be
protected against toxemia by the intravenous injection
of lecithin isolated from human and animal tissue
(Zamecnik et al. 1945; Gordon et al. 1954). However,
toxin is rapidly fixed to muscle (Wright and Hopkins
1946) and little or no free toxin is detectable in the
blood or tissues of humans or animals with toxemia
(Balch and Ganley 1957; Linsey 1959). High concentra-
tions of antitoxin in the blood do not protect against
toxemia even if given early in the infection, and intra-
vascular s toxin does not necessarily produce toxemia,
though it induces hemolysis. This led Maclennan and
Macfarlane (1945) and Macfarlane and Maclennan
(1945) to question whether toxemia is due directly to u
toxin. They suggested that, as in traumatic shock, the
toxemia is due to the release of products of tissue injury
secondary to the local effects of toxin (Zamecnik et al.
1947; Berg and Levinson 1955, 1957, \959). Never-
theless, the absence of detectable o toxin in lesions or in
the circulation in natural and experimental gas gangrene
does not exclude its participation in local or general
disease. In myonecrosis, disruption of sarcolemma and
fragmentation of muscle fibers (Robb-Smith 1945) and
edema are compatible with intoxication, and toxin may
have a profound effect on the membranes of cells or cell
particles (Macfarlane and Datta 1954). Hyaluronidase,
deoxyribonuclease, collagenase, and fibrinolysin may
play a role, but this has been difficult to prove. Thus,
Aikat and Dible (1956) found no evidence that C.
perfringens collagenase causes damage to connective
tissue, which they suggested was due mainly to s toxin
and hyaluronidase. They also concluded that in infec-
tions due to C. novyi the e toxin produces disruptive
edema and muscle changes, and that e toxin causes lipo-
lysis. There is no evidence for an effect of the hyalur-
onidase of C. novyi or C. septicun in myositis (Aikat
and Dible 1960).

The disease in rabbits infected experimentally with C.
perfringens alone or together with C. sporogenes
proceeds in two stages. First, capillaries are destroyed by
o toxin and then the organisms give rise to a general
bacteremia. The local lesion is the source of toxin and
bacteria (Katich et al. 1964).

The toxins of C. novyi and C. septicumhave not been
separated to allow study of their effects in vivo. Immu-
nological evidence for the part that the toxins of C.
perfringens, C. novyi, and C. septicum plays in the
genesis of gas gangrene comes from the protection
afforded by toxoids prepared from the o toxins of these
organisms, whereas passively administered antitoxin is
ineffective in the presence of infected muscle, but this is
true only for local myonecrosis. The toxemia associated
with the natural disease remains unexplained. The
systemic effects of C. perfringens o toxin are discussed
by Maclennan (1962).

C. perfringens type A antitoxins are bactericidal for
the bacteria in tissue fluids. Though the bactericidin
does not agglutinate the organisms and is not a recog-
nized antitoxin, it can be adsorbed by C. perfringens
suspensions. It appears to be responsible for the protec-
tive effect of antitoxin in experimental infection in the
chick embryo, guinea pig, and mouse. It is notable that
the bactericidal effect of this factor is most evident at
relatively high E1,, but it is known that antitoxin is
generally ineffective in established experimental myone-
crosis (Bullen and Cushnie 1962).

The pathology of gas gangrene has been described by
Favata et al. (1944), Frazer et al. (19a5), Govan (1946),
and Aikat and Dible (1956,1960).

Clinical presentation

The incubation period of gas gangrene after injury varies
from 7 h to 7 days. Pain develops early in the region of
the wound and increases in intensity with progressive

swelling and edema. The pulse rate increases markedly,
is feeble, and often impalpable and there is a mild to
moderate pyrexia.

The wound is edematous. tender. and exudes a
profuse serous or serosanguinous discharge. As the
disease progresses, bubbles of gas appear in the
discharge, crepitus may become evident in the tissues,
and the skin becomes white and marbled. The patient is
collapsed, profoundly toxemic, and shocked, but remains
mentally alert and anxious. The blood pressure falls and
peripheral venous collapse often makes venepuncture
impossible. The syndrome usually terminates with
sudden death due to circulatory failure. The presence of
gas may not be obvious and is often a late development.
Moreover, infections due to other organisms such as
Prevotella melaninogenica, E. coli or even Bacillus
cereus sometimes show copious gas formation (Bessman

and Wagner 1975; Lewis et al. 1,978;, Fitzpatrick et al.
1979). Interstitial gas sometimes represents pockets of
air that have been forced into the tissues during
wounding. Radiological examination may identify gas in
the muscle planes and helps to determine the extent of
the infection (Kemp 1945).

Bacteremia is a rare, late, and usually agonal compli-
cation of clostridial myonecrosis. C. perfringens bacter-
emia is commonly associated with intravascular hemo-
lysis and is more likely to be found in uterine gas
gangrene that may follow abortion or childbirth, and as
a rare complication of biliary tract surgery (Brown et al.
1948; Pyrtek and Bartus 1962; Hill 1964; Plimpton 1964;
Turner 1964; Yudis andZucker 1967).

It is essential to distinguish clinically between gas
gangrene, clostridial cellulitis, and anaerobic strepto-
coccal myositis, because of the important differences in
their prognosis, and surgical and therapeutic manage-
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ment (Lowry and Curtis L947; Anderson et al. 1972).
Apart from pseudomembranous colitis (PMC) due to C.
difficile, and diarrhea due to C. perfringens, clostridial
infections are not transmissible from person to person
and do not pose problems of hospital cross-infectron.

Accounts of gas gangrene have been published by
Maclennan (1943b, 1962), Macfarlane and Maclennan
(1945), and Weinstein and Barza (1973).

Diagnosis

Gas gangrene is essentially a clinical diagnosis. The
presence of pathogenic clostridia in a wound, and parti-

cularly of C. perfringens, is of little pathognomonic

significance. Anaerobic bacteriology cannot provide

timely conflrmatory evidence in a disease with an incu-

bation period that may be as short as 4 h, and is on
average 1-2 days. However, direct examination of the
wound material must not be omitted because it may
yield valuable information, especially for the diagnosis
of anaerobic streptococcal myositis (see Maclennan
1943a; Memorandum 1943; Hayward 1945). In obstetric
infection, the presence of capsulate C. perfringens-like

bacilli in Gram-stained smears is almost diagnostic of
pathogenic C. perfringens (Butler 1945).

Rapid enzymological tests have been proposed for the
identification of clostridial products in wound exudates.
A species-specific sialidase-inhibition test gives results in

2-6 h and agrees well with the results of bacteriological
examination for C. perfringens infection, but not for C.
septicum or C. sordellll (Roggentin et al. 1991). In an
alternative approach, sialidases in exudates are bound in

microtiter plates to immobilized polyclonal antibodies

and the sialidase activity assayed against a fluorogenic

substrate (Roggentin et al.1993).

Apart from examination of smears, full bacteriological

examination must include direct culture to assess the
relative numbers of the various bacilli present and the
inoculation of cooked meat broth for enrichment
purposes and subsequent plating. The media used should

include those that contain substrates, such as egg yolk

and blood agar, to allow identification of various toxins.
If suitable antitoxic sera are available, they may for

convenience be prepared as half-antitoxin plates. Selec-

tive agar media facilitate early recognition and isolation

of relevant organisms. Schemes for the bacteriological
study of clostridial sepsis have been described by
Hayward (1945) and Willis and Phillips (1988).

Prophylaxis and treatment

The most important prophylactic measure is early and
adequate surgery (Latta 1951; Howard and Inui 1954;
Lindberg et al. 1955; Strawitz et al. 1955; Wheatley 1967;
Altemeier 1979; Anon 1984). Damaged muscle must be
excised to leave only healthy, well vascularized tissue

and the area irrigated to reduce numbers of contam-
inating microorganisms. Management is by delayed
primary closure. The importance of this technique has
repeatedly been emphasized by military experience
(Ogilvie 1944; Shouler 1983; Anon 1984).

Incision of the gangrenous muscle along its length
improves the survival rate of guinea pigs experimentally
infected with C. perfringens (Hartley and Evans 1946),
probably by reducing tension in the edematous muscle
and improving the blood supply. In experimental C.
novyi gas gangrene in sheep, wound incision alone fails
to delay the onset of gas gangrene and has no effect on
survival, but adequate excision greatly improves survival
(Thoresby and Mathesort 1967a, b). In humans, when
formal wound excision for prophylactic purposes is not
possible, the skin wound can be enlarged and the deep
fascia incised to relieve tension and allow free drainage.
Further excision can then be carried out at a later stage
(Memorandum 1943).

Parenteral antimicrobial therapy must be started as
soon as possible after wounding to ensure that thera-
peutic drug concentrations are present in the tissues at
the time of surgery. Metronidazole is now regarded as
the prophylactic antimicrobial compound of choice
(Bartlett 1982). Metronidazole is given intravenously
before surgery and then every 8 h f.or 24 h, followed by
a 12-hourly schedule. In sheep with experimental high-
velocity missile wounds contaminated with clostridia,
penicillin alone given within t h of wounding and chal-
lenge is effective prophylaxis (Owen-Smith and Math-
eson 1968). In humans, antimicrobial prophylaxis alone
is of no value, but its use together with surgery, particu-

larly if this is carried out soon after wounding, reduces
the risk of anaerobic infection (Altemeier et al. 1951;
Garrod 1958; Maclennan 1962; Barber and Garrod
1963). Antitoxin is prophylactically and therapeutically
ineffective and is no longer available.

Elective surgery in the hip and thigh region in elderly
patients carries a significant risk of postoperative gas
gangrene due to endogenous C. perfringens (Parker

1967). Prophylaxis in such patients consists of meticulous
preoperative skin preparation (Ayliffe and Lowbury
1969) and peroperative prophylaxis with metronidazole
or benzylpenicillin, continued for 48 h after surgery.

HYPERBARIC OXYGEN

Hyperbaric oxygen therapy has revolutionized the treat-
ment of gas gangrene (Roding et al. 1'972). Before its
introduction in the early 1960s, successful management
of gas gangrene required radical excision of the affected
muscle. Muscles were excised from origin to insertion, or
the limb amputated. Though controlled trials of hyper-
baric oxygen have not been carried out, its effectiveness
is supported by experimental (Boerema and Brum-
melkamp 1960) and clinical evidence (Brown et al.
1994). Over a period of 12 years in the Netherlands,
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Roding et al. (7972) treated L30 patients, of whom 29
died (22.3 percent), only 14 from gas gangrene. The
death rate in cases due to civilian trauma was only 12.2
percent, compared wrth 45.2 percent in postoperation
cases. Often the use of hyperbaric oxygen led to the
saving of limbs that would otherwise have been ampu-
tated. The disease was most effectively controlled in
patients who survived for 48 h after the start of hyper-
baric oxygen treatment. Hyperbaric oxygen treatment
consists of exposure to oxygen at 2.5-3 atm pressure for
152 h as soon as possible after admission and is accom-
panied by resuscitation and intravenous metronidazole
or penicillin. A single-patient chamber may be used, or a
larger chamber that also accommodates medical staff.
The larger chambers are pressurized with air and the
patient is given oxygen by means of a face mask. Since
hyperbaric oxygen does not revive necrotic tissue,
surgical toilet, rather than radical excision, is carried out
as soon as the patient's general condition has improved.
Subsequent treatments in the chamber are given at
intervals of about 8 h for the first 24 h and, then at inter-
vals of 12 h. Since many infections are mixed, a broad
spectrum antibiotic may be given in addition to metroni-
dazole (Hart et al. 1975; Darke et al. 1977; Skiles et al.
1978). An appropriate combination is metronidazole,
gentamicin, and amoxycillin. Patients must be trans-
ferred early and speedily to a hyperbaric oxygen unit,
because untreated gas gangrene runs a fulminating
course and leads rapidly to fatal intoxication. Hyper-
baric oxygen therapy has been reviewed by Rudge
r1993).

Hyperbaric oxygen directly impairs the growth of clos-
tridia (Hopkinson and Towers 1963; Bullen et al. 1.966;
Hill and Osterhout 7972), also prevents production of C.
perfringens u toxin (van Unnik 1965; Kaye 1966), and
kills vegetative bacilli. The part that hyperbaric oxygen,
antimicrobial agents, and surgery play in the treatment
of clostridial myositis has been examined in experi-
mental animal models (Hirn et al. 1992; Stevens et al.
1993b). The effects of hyperbaric oxygen on microorgan-
isms, and the factors that affect the response of clos-
tridial infection to hyperbaric oxygen therapy have been
reviewed by Gottlieb (1971). Hyperbaric oxygen may
also promote the viability of tissues to which the blood
supply is impaired.

ANTIMICROBIAL AGENTS

Histotoxic clostridia associated with wound infections
are susceptible to several antimicrobial agents (Dorn-
busch et af. 1975). C. septicum and C. perfringens are
highly susceptible to benzylpenicillin (Brazier et al.
1985), but some clostridia are resistant (Rosenblatt 1984;
Brazier et al. 1985).

The activity of other penicillins against clostridia in
decreasing order is amoxycillin, carbenicillin, fluclox-
acillin, and mecillinam. The combination of amoxvcillin

plus clavulanic acid (Augmentin) is active in vitro. The

cephalosporins, cephamycins, and monobactams are
poorly active against clostridia (Selwyn 1980; Brogden

and Heel 1986), but imipenem (a carbapenem of the

thienamycin class) has good activity in vitro (Wexler and

Finegold 1985). The 4-quinolones are only moderately to
poorly active against clostridia (Goldstein and Citron
1985; Delmee and Avesani 1986; King and Phillips 1986;

Watt and Brown 1986). With some exceptions, metroni-

dazole, chloramphenicol, benzylpenicillin, and erythro-

mycin are the most effective anticlostridial drugs. Tetra-

cyclines and clindamycin are less effective and the

aminoglycosides much less so (Brazier et al. 1985;

Robbins et al. 1987; Stevens et al. 1987a, b, c). The

drugs of choice for the prevention and treatment of clos-
tridial wound infections are metronidazole and benzvl-
penicillin.

OTHER CLOSTRIDIAL INFECTIONS OF
HUMANS

The histotoxic clostridia may participate in infective
conditions other than myonecrosis. Penetrating wounds
may rarely result in brain abscess, acute purulent menin-
gitis, panophthalmitis, endocarditis, septic arthritis, and
intrapleural infections. C. perfringens is the organism
most commonly responsible. These infections have been
reviewed by Will is (1969,1977,1991) and Finegold and
George (1989).

Bacteremia

C. perfringens is present on the skin over the antecubital

fossa in 20 percent of subjects (Ahmad and Darrell

1976) and its presence in routine blood cultures is due to

contamination from the skin. Contaminated skin may

rarely be responsible for clinically significant bacteremia

due to C. perfringens (Rose 1979).

Clostridia may invade the bloodstream late in gas

gangrene. This is most commonly due to C. perfringens

and C. septicum (Weinberg and Sdguin 1918; Report

1919). C. septicum bacteremia may spontaneously

complicate malignant disease of the colon and neutro-
penic enterocolitis (see below). C. perfringens bacter-

emia is rare after surgery on the gastrointestinal tract, or

after the perforation of peptic ulcers. It is an uncommon

complication of acute emphysematous cholecystitis
(Willis 1969; Gorbach and Thadepani 1975). Most idio-
pathic bacteremias are probably secondary to covert,

often intraabdorninal, pathological abnormalities.

Clinically significant bacteremia is dramatic in its

onset and follows an overwhelmingly rapid course with
intravascular hemolysis, shock, hemoglobinuria, renal

failure, and rapidly deepening jaundice and cyanosis.
The clostridium can be isolated by blood culture and
is sometimes visible in Gram-stained blood films.
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Endocarditis due to clostridia is rare (Case et al.1972;
Alvarez-Elcoro and Sifuentes-Osorio 1984). Clostridial
bacteremia in patients with gas gangrene has a grave
prognosis, but early or transient bacteremia, probably

due to mechanical causes rather than invasion, is of little
signiflcance (Butler 1937; Gorbach and Thadepalli 1975).

C. septicum bacteremia has long been recognized,
sometimes associated with spontaneous gas gangrene in
which C. perfringens or C. septicum entered the circula-
tion through a malignant lesion of the colon (Valentine

1957; Cabrera et al.1965; Francois et al. 1994). Boggs
et al. (1958) observed clostridial bacteremia in patients
with leukemia and thought that it was due to invasion of
infected leukemic infiltrates of the cecum and colon. The
association of C. septicum bacteremia with ileocecal
neoplasia is now well recognized.

The primary ileocecal syndrome has had a variety
of names (typhlitis, ileocecal syndrome, necrotizing
enteropathy) and is now usually known as neutropenic
enterocolitis because of its association with severe
neutropenia (see Borriello 1985a). The disease rs
frequently complicated by a severe and progressive
sepsis due to invasion by C. septiorn (Bignold and
Harvey 1979; Rifkin 1980; King et al. 1984; Hiew et al.
1993). C. septicum probably plays the leading primary
role in most cases of neutropenic colitis (Rifkin 1980;
King et al. 1984). Most patients with C. septicum bacter-
emia have malignant disease including hematological
malignancies (Koransky et al. 1979; Lorimer and Eidus
1994). Neutropenic patients who present with pyrexia,
abdominal symptoms, and hypotension should raise the
suspicion of endogenous clostridial infection (Warren
and Mason 1970; Gorse et al. 1984; Pelfrey et al. 1984).
The portal of entry for the organism is probably ulcera-
tion of the bowel. The organism proliferates locally to
produce an enterocolitic lesion with submucosal edema,
hemorrhage, and necrosis, which allows invasion of the
bloodstream. C. septicum is relatively sparse in the
human intestine and it is not known why it, rather than
C. perfringens, behaves in this way.

Clostridial bacteremia has been reviewed by Spencer
(1991) and Stevens et al. (1990).

Diseases caused by C. sordellii

Maclennan (1962) lists C. sordellii as one of six clos-
tridia involved in histotoxic, gas gangrene-like infections.
More recently, fatal C. sordellii infections have been
noted in association with obstetrical surgical incisions
(episiotomy) (Soper 1986; McGregor et al. 1989).
Fatality in these cases was due to clinical shock, presum-

ably toxin induced. The described cases were character-
ized by sudden onset of shock with severe hypotension,
generalized tissue edema, accumulation of fluids in the
peritoneum and other body cavities, increased hemato-
crit, marked neutrophilia, absence of rash or fever,

limited or no myonecrosis and a rapid, lethal course. A

case of spontaneous endometritis due to C. sordellii,

having the same rapidly fatal clinical course has been

described (Hogan and Ireland 1989). A fatality due to C.

sordellii infection in a deep laceration of a thigh has also

been reported (Browdie et al. L975), Intramuscular

injection of sterile fluid from cultures of C. sordellii

isolated from the thigh wound caused edema and

hemoconcentration in mice, and death within 1248 h,

the time until death depending on dose.

Pathogenicity of C. bifermentans

The involvement of C. bifermentans in infections has

been indicated by its association with liver abscess

(Nachman et al. 1989), endocarditis (Kolander et al.

1989), abdominal abscess (Rechtman and Nadler 1991),

panophthalmitis (Rehany et al. 1994), and metastatic

osteomyelitis (Scanlan et al. 7994), as well as gas-

gangrene.

C. ramosum

The name C. ramosum was proposed in l97I as a new

combination to include organisms previously named

Bacillus ramosus, Nocardia ramosa, Actinomyces

ramosus, Bacteroides ramosus, and Ramibacterium

ramosum (Holdeman et al. l97l). This organism is

frequently isolated from clinical specimens, especially in

intraabdominal sepsis (Smith and Williams 1984) and

appendicitis. Culture supernatants are nontoxic for mice,

but strains are pathogenic for guinea pigs. Pathogenicity

may be lost in laboratory cultures (Cato et al. 1986).

Enteric infections

Clostridial diseases of the gut in man and animals are

covered comprehensively elsewhere (Borriello 1985b).

This section will deal primarily with the most important

ones, namely those due to C. perfringens and C. difficile.

Food poisoning and other diarrhea

A mild diarrhea associated with the consumption of
communal meals was for some time attributed to C.
perfringens present in the food. In 1953 Hobbs and her
colleagues (Hobbs et al. 1953) established that certain
strains of C. perfringens type A were responsible for this
foodborne disease. which is described in detail in
Chapter LL, Bacteriology of foods excluding dairy
products.

It was not until 1984 that it was shown the enterotoxi-
genic strains of C. perfringens could cause diarrhea by a
mechanism other than classical food poisoning (Borriello
et al. 1984). The disease differs from food poisoning in a
number of ways, the most important being that it is
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more severe than food poisoning in most cases. The
diarrhea is more profuse and of longer duration, and
blood and mucus in the feces and abdominal pain occur
more frequently (Larson and Borriello 1988). Histologic

examination of rectal mucosa reveals mild edema, thus
implying that there may be more severe lesions in prox-

imal regions of the gut that account for fecal blood. The
disease occurs almost exclusively in the elderly (Larson

and Borriello 1988) which also differentiates it from
food poisoning, and hospital-acquired cases are signifl-
cantly associated with the use of antibiotics (Larson and
Borriello 1988; Williams et al. 1985). It is difficult to
explain why the disease predominantly affects the
elderly, though it is possible that the elderly are more
susceptible to colonization with C. perfringens, a
proposal supported by the demonstration of persistent

carriage of large numbers of organisms in healthy
elderly patients who are institutionalized (Yamagishi

et aL.1976).

A detailed epidemiological investigation of a cluster
of cases of C. perfringens diarrhea (Borriello et al. 1985)
showed widespread contamination of the hospital envir-
onment by the C. perfringens serotype, incriminated in
57 percent of areas sampled positive.

Although further studies have confirmed the impor-
tance of the observations reported in 1984 (Borriello

et al. 1984) and indicate C. perfringen^s is a cause of
between 2 and 1,5 percent of all cases of antibiotic-asso-
ciated diarrhea (Hancock 1997; Modi and Wilcox 2001;
Asha and Wilcox 2002), it is still underdiagnosed. The
enterotoxin can be detected by its cytopathic effect in
tissue culture for diagnostic purposes (Borriello et al.
1984). This approach has the advantage of also detecting
C. difficile toxins, which are readily differentiated by the
type of cytopathic effect produced. An enzyme immu-
noassay is also available for detection of C. perfringens

enterotoxin which can be applied to analysis of fecal
specimens. This has been evaluated and showed good

concordance with tissue culture (Asha and Wilcox 2002).

or intestinal obstruction due to massive mucosal edema

of the intestinal mucosa. The jejunum was principally

affected.

Sporadic cases of necrotizing jejunitis have been

recorded (Calnan 1950; Govan and Maclntosh 1951;

Patterson and Rosenbatm 1952; Wright and Stanfield

1967; Severin et al. 1984). A second major outbreak was

reported from New Guinea (Murrell and Roth 1963;

Murrell 1967), in which C. perfringens type C was again

identified as the probable pathogen (Egerton and

Walker 1964). Subsequently, the syndrome was seen in

other parts of the world (from East Africa: Foster 1966;

Sekabunga 1966; Wright and Stanfield 1967; Gurovsky

and Samuel 1972; from Thailand: Headington et al.

1967; Welch and Sumitswan 1975; Johnson et al. 1987;

from India: Narayan and Rao 1970; Pujari and Deod-

hare 1980). It has been suggested that C. perfringens

type A may occasionally also cause the disease (van

Kessel et al.  1985).

In New Guinea, necrotizing jejunitis was referred to

as the 'pig-bel' syndrome (New Guinea pidgin English,

pig-bel = abdominal discomfort after a large pork meal),

because of its relationship to the widespread practice of

pork feasting in the locality. Murrell et al. (1966) deflned

pig-bel as an acute, patchy, necrotizing, and inflamma-

tory disease of the small bowel in Highland Melanesians

in New Guinea. The disease is predominantly one of

children, males more commonly affected than females. It

is characterized by anorexia, severe upper abdominal

pain, bloody diarrhea, and vomiting and has been classi-

fied into four clinical types:

1 An acute form with fulminating toxemia and shock,

with a mortality rate of around 85 percent

2 An acute surgical form in which there may be

mechanical and paralytic ileus, acute strangulation

and perforation, and peritonitis, with a mortality rate

of about 40 percent

3 A subacute surgical form in which there may be acute

and chronic small bowel obstruction. intestinal

fistulae, ulcerative jejunitis, and peritoneal adhesions,

with a mortality rate of about 40 percent, and

4 A mild form without complications and progressing

to complete recovery.

The pathology of pig-bel has been described by Cooke
i1979\. Treatment includes resuscitation with blood

transfusion, bowel decompression and resection, and

antimicrobial therapy (Smith 1969; Pujari and Deodhare

1980; Millar 1981).

PATHOGENESIS

Pig-bel in New Guinea is due to C. perfringens and its B
toxin. The organism is widely distributed in the village

environment and is present in the feces of more than 70

percent of normal persons (Lawrence et al. 1979b).

After ingestion, C. perfringens type C proliferates in the

intestine and releases its B toxin. which under normal

Necrotizing jejunitis (enterit is
necroticans, pig-bel)

Severe bowel disease due to C. perfringens type C was
first described in 1946 in Germany as enteritis necroti-
cans (Darmbrand). It was characterized by a diffuse
sloughing enteritis of the jejunum, ileum, and colon. In
1963, a similar disease was identified in the native popu-

Iation of Papua New Guinea (Murrell and Roth 1963).
This is a severe and often fatal disease due to C. perfrin-
gens type C. It was first recorded by Zeissler and Rass-
feld-Sternberg (9a9) in northwest Germany (Fick and
Wolken 1949). Severe lower abdominal pain and diar-
rhea developed some hours after individuals had eaten
rabbit, tinned meat, or fish paste. Blood and mucosal
sloughs were present in the stools in some cases and
there were deaths due to peripheral circulatory collapse
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circumstances is destroyed by intestinal proteinases. A
number of factors may operate in Papua New Guinea to
preserve the intraluminal activity of the B toxin, with
resulting severe toxic intestinal damage (Lawrence and
Walker 1.976;Lawrence 1979; Walker 1985).

Though frank malnutrition is uncommon among native
New Guineans, the diet is very low in protein, which
markedly reduces production of intestinal proteinase

enzymes. The staple diet is sweet potato, which provides
up to 90 percent of dietary calories and contains
heat-stable trypsin inhibitors. In addition, infestation with
the roundworm Ascaris lumbricoides. which secretes
a trypsin inhibitor, may contribute to reduction of protei-

nase activity. The occurrence of pig-bel, particularly in
children, is due to their poor immunity to B toxin. When a
high protein diet is eaten together with sweet potato, the
conditions are ideal for the growth of C. perfringens type
C and the production of B toxin, which is then less likely
to be degraded by proteolytic enzymes.

Damage by the toxin occurs some time before symp-
toms are evident, by which time administration of anti-
toxin is ineffective (Rooney et al. 1,979), but active
immunization with C. perfringens type C B toxoid
confers a high degree of lasting protection (Lawrence

et al. I979a; Walker et al. 7979; Davis et al. 1982). The
pathogenesis of the disease and the effectiveness of
immunization have been demonstrated bv Lawrence and
Cooke (1980).

An account of pig-bel is given by Davis (1984).

CLOSTRI DI U M DI F FIC'T.E I N FECTION

Clostridium difficile is most commonly associated with
infections of the large bowel. It is the cause of many
cases of antibiotic-associated diarrhea and nearly all
cases of pseudomembranous colitis (PMC). As such, it is
the most common identifiable bacterial cause of nosoco-
mial diarrhea. and one of the most common anaerobic
infections. However. infection is not restricted to the
gut, and rare cases of extraintestinal infection have been
reported (Feldman et al. 1995; Pron et al. 1995).

The importance of C. difficile as a pathogen is put in
perspective by Willis (1988) who wrote: 'Among all of
the many advances that have been made in our under-
standing of anaerobic bacteria and anaerobic bacterial
disease during the last 40 years, elucidation of the
syndrome of antibiotic-associated pseudomembranous

colitis ranks as a major triumph.'

History

PMC was first described by Finney (1893) as a post-
operative complication of gastroenterostomy. Over the
years its etiology was variously ascribed to such causes
as gastrointestinal surgery ('postoperative enterocolitis'),
antibiotic therapy ('antibiotic-associated enterocolitis'),

clindamycin therapy ('clindamycin-associated colitis'),

and staphylococcal sepsis ('staphylococcal enterocolitis')

(Gorbach and Bartlett L977).

This, and other cases, preceded the use of antibiotics

but interest in the disease was stimulated in the 1950s

and 1960s because cases were associated with the admin-

istration of tetracycline and chloramphenicol (Reiner

et al. t952; Hummel et al. 1964) and again in the 1970s

because of an association with the administration of clin-

damycin (Tedesco et al. 1974). These observations

encouraged the development of an extremely active,

though relatively short, period of research, which, toge-

ther with a number of earlier. sometimes unrelated

observations, culminated in the discovery of C. difficile

as an etiological agent of antibiotic-associated PMC. In

the course of a search for a possible viral cause of PMC,

Larson er al. (1977), at the Clinical Research Centre,

Harrow in the UK, reported the detection of a cyto-

pathic agent in filtrates of feces from five patients with

histologically proven disease. They concluded that the

agent was probably a bacterial protein toxin. Animal

model studies, largely in the USA, established that the

toxin was clostridial in origin (Bartlett et al. 1977; Rifkin

et al. 1977). These studies showed that disease in anti-

biotic pretreated hamsters could be transferred serially

by intracecal injection of cecal contents from diseased

animals, and that filtrates of these cecal contents were

cytopathic for cells in tissue culture. More importantly,

the cytopathic activity could be neutralized by C.

sordellii antitoxin, though C. sordellii was not present in

diseased animals. This dilemma was quickly resolved by

the identification of C. dfficile as the dominant Clos-

tridium species in this material, that it produced disease

in antibiotic pretreated hamsters, and further that it

produced a cytopathic toxin that could be neutralized by

C. sordellii antitoxin (Bartlett et al. 1977, t978a, b;

Rifkin et al. 1977). The final cornerstone of proof was

put in place by the isolation of C. difficile from the feces

of patients with PMC (Bartlett et al. 1978c; R.H. George

et al. 1978; W.L. George et al. 1978; Larson et al. 1978).

Pathology

The disease is well deflned histopathologically (Goulston

and McGovern 1965; Price and Davies 1977;Price 7984)

and almost invariably restricted to the colon. The

mucosa becomes necrotic and, in fulminating cases, an

exudative membrane forms, which resembles that seen

in diphtheria. The pseudomembrane forms in multiple,

friable yellow-white plaques that vary in size from a few

centimeters to about 2 mm in diameter and are attached

to the mucosal surface. They may become confluent.

Between the mucosal plaques only congestion may be

apparent. Microscopically, the membrane appears as a

fibrinous exudate that contains leukocytes, epithelial

cells, and mucin. The underlying intestinal submucosa

shows a varying degree of necrosis and inflammation.
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In the earliest stages of the disease 'summit-lesions,'

tiny superficial intercryptal erosions, may be found
(Price and Davies 1977). However, for accurate diag-
nosis the adjacent mucosa must show no more than
edema and focal clusters of polymorphs. Where there is
full thickness mucosal necrosis. the features are no
longer diagnostic and may resemble other conditions
that have a stage of complete mucosal necrosis, e.g.
ischemia or radiation damage.

The association of infection with antibiotic use is due
to the requirement for disruption of the normal stable
gut microbiota (microflora) before C. difficile can estab-
lish and produce toxins. The barrier effect afforded by
the normal microbiota is frequently referred to as colo-
nization resistance. This barrier effect to infection with
C. difficile and its disruption with antibiotics has been
demonstrated in animals (Larson et al. 1980: Larson and
Borriello 1990) and in vitro with human and animal
fecal or cecal material (Borriello and Barclay, 1986;
Borriello et al. 1988a). A variety of antibiotics can
predispose to C. difficile infection (Borriello and Larson
1981; Tedesco 1984; George 1988), the frequency of
association being related to the route of administration,
frequency of use and the impact on the bacterial compo-
nents of the gut microbiota. For example, McFarland
et al. (1990) found that the short-term use of high-dose
cephalosporins (<1 week; >10 g cumulative), or the use
of broad spectrum penicillin for longer than 7 days, was
associated with C. difficile infection. Although it is diffi-
cult to extrapolate the relative risk of infection asso-
ciated with a given antibiotic from frequency of associa-
tion of particular antibiotics, there is evidence from the
hamster model of the disease that the major difference
between oral antibiotics is the duration, rather than the
degree, of susceptibility induced (Larson and Borriello
1990). It is possible that the higher incidence of infection
in the elderly is due in part to their poorer colonization
resistance (Borriello and Barclay 1986), so that a smaller
effect by antibiotics is required to induce susceptibility
to colonization with C. difficile. Neonates, who are rn
the process of developing a complex gut microbiota, are
the other age group with a poor barrier effect. Indeed,
C. difficile was first isolated from the feces of neonates
(Hall and O'Toole 1935), in whom it is commonly
present (Larson et al. 1982). C. difficile toxins are also
commonly present in such feces (Libby et al. 1983;
Borriello 1990). Why infants usually appear to be
unaffected by the toxins remains unknown. Rarely, anti-
biotic-associated PMC occurs in older children (Viscidi

and Bartlett 1981), and even more rarely in infancy
(Scopes et al. 1980; Donta et al. 1981; Richardson et al.
1981; Price et al.  1990).

Pathogenesis

Once C. difficile is established in the bowel, disease is a
consequence of the production of two large protein

toxins. toxins A and B. both of which have been cloned

and sequenced (Barroso et al. 1990; Dove et al. 1990).

Nontoxigenic strains of C. difficile are known and may

be present with toxigenic strains in patients with anti-

biotic-associated diarrhea (Borriello and Honour 1983).

Earlier studies with toxigenic isolates indicated that

toxins A and B are always present together (Lyerly et al.

L983). However, a cytotoxic isolate of C. difficile Ihat

lacks most of the gene for toxin A, but which is lethal in

the hamster model of disease, has been described
(Borriello et al. 7992b; Lyerly et al. 1992). The possibi-

lity that toxin A may be responsible for the enterocolitis

is supported by the observations of Lyerly et al. (1985).

In a series of animal feeding experiments they showed

that the culture filtrates from a strain of C. difficile

caused intestinal lesions and diarrhea. but filtrate from

which toxin A had been removed was inactive. More-

over, although toxin B was inactive, the two toxins

appeared to act synergistically. Various studies (Mitchell

et al. 1986, 1987; Ketley et al. 1987; Triadafllopoulos

et al. 1987) have shown that toxin A has both histotoxic

and 'enterotoxic' activity and that the toxin is of major

importance in the causation of tissue damage and

luminal fluid accumulation in experimental animals. In

rabbits with ileal and colonic loops, they showed that

fluid secretion occurred when the toxin had penetrated

to the deeper tissues of the bowel wall, and that this was
probably the outcome of repeated cycles of toxin uptake

and tissue damage. Gross hemorrhage occurred in the

ileal tissues and villus architecture was severely

damaged, giving rise to a bloody protein-rich luminal

fluid. There was damage to the surface epithelium in the

colon, with interstitial hemorrhages and a watery

luminal fluid containing little protein. Besides the pre-

dominant effects of toxin A in animal models, there is

evidence that in humans, toxin B may independently

cause tissue damage (Riegler er al. 1995). Further

evidence that toxin B causes inflammation of human

intestinal tissue has been provided by use of immundefi-

cient mice carrying human intestinal xenografs (Savidge

et al. 2003). Some strains produce an ADP-ribosyl-

transferase toxin (see ADP-ribosyltransferase (CDT)).

Any contributory role for this toxin in the disease
process remains to be determined.

Although the cytotoxic and biochemical activities of

C. difficile toxins A and B are very well understood at

the molecular level (see C. difficile), the precise patho-

physiological mechanisms leading to toxin-induced diar-

rhea or colitis are not clear. Studies with animal models

show that injection of toxin A into colonic or ileal loop

praparations causes increase in secretion, which is

accompanied by an increase in mucosal permeability,

epithelial cell destruction, and neutrophil infiltration.

Thus the pathological feature of C. difficile toxin-

induced alterations is clearly different from cholera

toxin which increase fluid accumulation without overt

signs of inflammation. Rho proteins are a major player
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in the regulation of tight junctions of epithelial cells (Jou

et al. 1998; Wittchen et aL.2003; Benais-Pont et al. 2003;

Mitic and Anderson 1998) and inactivation of Rho

disturbs the barrier functions of the epithelium (Nusrat

et al. 1995; Nusrat et al. 2001). It was therefore

suggested that inactivation of Rho proteins participates

in increased fluid accumulation and diarrhea caused by

C. difficile. Moreover, it was demonstrated that Rho
proteins are required for endogenous and EGF-induced

migration of small intestinal crypt cells, indicating that

the GTPases are essential for a mechanism by which

growth factors induce cell migration to reconstitute

mucosal integrity (Santos et al. 1997). These mechanisms

may be of relevance for the tissue damage of the intest-

inal epithelium observed during pseudomembranous

colitis.

On the other hand, it was suggested that toxin-

induced inflammation, involving activation of neurons

and inflammatory cells in the intestine, are of major

importance for the action of the toxins. Many por-

inflammatory mediators are released subsequent to toxin

application, including tumor necrosis factor-alpha,

leukotrien 84 (Triadafilopoulos et al. 1989), and IL-8

(Branka et al. 7997; Mahida et al. 1996). Quite early it

was proposed that the tissue damage is a consequence of

toxin A-induced recruitment of neutrophils (Triadafllo-
poulos et al. 1987; Pothoulakis et al. 1988). A direct

effect of toxin A on neutrophils has been described.

However, extremely high concentrations of the toxin

were necessary to elicit these effects (Pothoulakis et al.

1988). More likely is an activation of neutrophils by

chemokines such as interleukin 8 (IL-8). This chemokine
is released from monocytes after exposure to rather low

concentrations of C. difficile toxins A and B (Linevsky

et al. 1997). Similarly, release of IL-8 from toxin-

affected intestinal epithelial cells has been described
(Mahida et al. 1996). Further, it has been shown that

toxin A stimulated macrophages produce an intestinal

secretory factor which has many of the characteristics of

IL-1B (Rocha et al.  1998).

Evidence has been presented indicating that substance

P may be involved in the secretory and inflammatory

effects of C. difficile toxins. Administration of a specif,c

substance P-receptor antagonist effectively reduced

toxin A induced intestinal fluid secretion and inhibited

neutrophil infiltration (Pothoulakis et al. 1994; Wershil

et al. 1998). Furthermore, it was shown that the neuro-

kinin-l (NK-1, substance P) receptor is required in C.

difficile-indtced enteritis, e.g. mice genetically deficient

in the neurokinin-l receptor were protected from secre-

tory and inflammatory changes, as well as from epithe-

lial cell damage induced by toxin A (Castagliuolo et al.

1998). Moreover, injection of toxin A into rat ileal loops

causes increased substance P response in lumbar dorsal

root ganglia and lamina propria macrophages, suggesting

an increased release of substance P in the early phase of

toxin A treatment (Castagliuolo et al. 1997). Similarly,

antibodies against the calcitonin gene-related peptide

(CGRP), which is a constituent of primary sensory

neurons, reduced toxin A-induced responses of the gut

(Keates et al. 1998). Also, neurotensin receptor antago-

nists signiflcantly decreased toxin-A-induced colonic

responses. Therefore, it was proposed that the neuro-

peptide, which is released in the intestine upon a large

array of stimuli, is involved in toxin effects. So far it is

unclear how the release of chemokines and/or the

signaling by substance P are controlled or influenced by

Rho GTPases, which are the direct targets of the C.

difficile toxins A and B. Also, mast cells are suggested to

play a crucial role in toxin A effects on the gut. Treat-

ment with the mast stabilizer ketotifen inhibits intestinal

responses to toxin A (Pothoulakis et al. L993). In mast

cell-deficient mice, toxin A application causes dimin-

ished neutrophil recruitment and decreased intestinal

secretion (Wershil et al. 1998; Pothoulakis 2000). In

monocytes exposed to toxin A, MAP kinase activation

(p38) is required for IL-8 trancription and cell necrosis.

Surprisingly, in these cells activation of p38 MAP kinase

was observed after administration of toxin A within 1-

2 min, whereas Rho glucosylation became evident not

earlier than after about 15 min. These findings were

interpreted to indicate that at least two independent

effects are involved in toxin-induced effects on the gut.

In addition it was reported that toxin causes early

damage of mitochondria, depletion of ATP, and produc-

tion of oxygen radicals (He et al. 2000).

In addition to the toxins, other factors produced by C.

difficile may contribute to colonization of the gut and

pathology. These have been reviewed (Borriello 1990;

Borriello et al. 1990) and include secretion of proteases

(Seddon et al. 1990), adhesion to mucus (Borriello et al.

1988c) and production of fimbriae (Borriello et al.

1988b). More recent work also indicated a role for cell

surface proteins in adhesion. Of the two SJayer surface

proteins implicated (Calabi and Fairweather 2002), one

specifically interacts with epithelial cells (Calabi et al.

2002), as does the heat shock protein GroEL of C. dffi-

cile (Hennequin et al. 2001).

Clinical manifestations

C. difficile infection is almost always associated with

recent or current administration of antibiotics and most

commonly occurs in hospitalized elderly patients

(Borriello and Larson 1981; McFarland et al. 1990).

Disease is mainly restricted to the colon and may be

associated with a spectrum of disease severity, ranging

from trivial diarrhea, through moderately severe disease

with watery diarrhea, abdominal pain and systemic

upset, to life-threatening PMC. The latter may be

accompanied by toxic megacolon (rare), electrolyte

imbalance, and occasional bowel perforation. Frank

blood in the stool is not common. The onset of
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symptoms is frequently abrupt with explosive watery
foul-smelling diarrhea (Bennett et al. 1984; Bartlett
1992) accompanied by abdominal pain, fever in some
patients, and a raised blood leukocyte count.

Very rarely, reactive arthritis may occur as a conse-
quence of gut infection (Cope et al. 1992). In total, 14
such cases have been reported, and six of 10 cases tested
were HlA-B27-oositive.

Diagnosis

Diagnosis of. C. difficile infection is based on detection
of toxin in the feces (Report 1994a). This can be
achieved by application of fecal filtrates to cells such as
African green monkey kidney (Vero) cells in tissue
culture and observation of cytopathic effects that can be
neutralized with specific antiserum (Chang et al. 1.9791,
Borriello and Welch 1984), or by use of commercial
efizyme immunoassays, the majority of which detect
toxin A (Borriello et al. I992a; Doern et al. 1992; Mattia
et al. 1993). Kits which detect both toxins A and B are
advocated because of their apparent improved sensitivity
over toxin A alone kits, and particularly because of
cases of diseases due to strains producing toxin B, but
not toxin A (detailed in section on C. dfficile) as
reported by Johnson et al. (2001). Such kits make it
possible for laboratories without tissue culture facilities
to offer a same-day diagnosis. Stool samples that cannot
be processed for toxin assay on the day of receipt should
be refrigerated. An advantage of tissue culture for toxin
detection is that other toxins can be detected, for
example the enterotoxin of C. perfringens, another cause
of nosocomial diarrhea (Borriello et al. 1984: Jackson
et al. 1986; Larson and Borriello 1988).

Isolation of toxigenic C. dfficile from samples of feces
is not in itself diagnostic, but is essential for typing as
part of the epidemiological investigations of outbreaks.
The organism can usually be cultured by exploiting the
selective action of cycloserine and cefoxitin (George
et al. 

'1.979; 
Willey and Bartlett 1979), by selection of its

spores by alcohol treatment (Borriello and Honour L981;
Levett 1985), or by a combination of both (Borriello and
Honour 1984). Recognition of C. difficile colonies on
primary isolation is facilitated by their characteristic
yellow-green fluorescence under long-wave ultraviolet
light (George et al. 1979). Various methods have been
used for typing or fingerprinting. Though no single stan-
dard method is at present accepted for this organism,
many have been reviewed by Brazier (1995, 1998).

The presence of C. dfficile toxin in feces is diagnostic
of C. difficile infection, but this is not necessarily diag-
nostic of PMC, which can only be confirmed by detec-
tion of typical lesions on sigmoidoscopy and histological
examination of tissue. Unfortunately, negative findings
at sigmoidoscopy do not exclude the diagnosis, because
the rectosigmoid may be spared (Seppiilii et al. 1981).

Epidemiology and control

The incidence of the disease is uncertain. Published
reports show a wide variation between studies and
suggest that episodes of locally increased prevalence

occur. These may be attributable to predisposing causes

that affect particular groups, such as general surgical
patients (Testore et al. 1988), oncology patients (Gerard

et al. 1988), those with chronic renal disease (Bruce et al.
1982), or to hospital-acquired infection. Undoubtedly,

the latter is often a factor together with other predis-
posing causes. The recognition that case clustering

occurs, that the hospital environment may become

contaminated with C. difficile, and that the orgamsm can
be detected in the feces of some in contact with infected
patients, supports the view that C. difficile infection

results from cross-infection in hospitals (Greenfleld et al.
1981; Burdon 1982; Larson et al. 1982; Walters et al.
1982; Cumming et al. 1986; Heard et al. 1986; McFar-
land et al. 1989). It is recommended that infected
patients should be isolated (Mulligan et al. 1980; Kim
et al. 1981; Report 1994b), but efforts to limit dissemina-
tion of the organism in chronic-care and other long-stay

wards may meet with little success (Bender et al. 1986).

The 'carrier state' and its epidemiological associations

have been reviewed by George (1986) and Mulligan
(1988). Attempts to clear the organism from asympto-
matic excreters are of no value, though various workers

have attempted to achieve this (Johnson et al.1992).
The spores of C. dfficile are highly resistant and can

survive on inanimate surfaces for many months (Fekety

et al. 1981). Attempts to eradicate C. difficile from the
hospital environment have not been very successful
(Katz et al. 1988; Struelens et al. 1991). Most of the
reduction achieved is more consistent with the physical

removal of bacterial spores than with chemical disinfec-

tion. Where an acceptable level of reduction was
achieved (Katz et al. 1988), the concentration and pH of
the hypochlorite solution used would be unsuitable for
long-term use. Fortunately, an exposure for 10 min to 2
percent alkaline buffered glutaraldehyde is suitable for
the decontamination of medical equipment that cannot

be steam sterilized (Rutala et aI.1993).

Community cases of C. dfficile gastrointestinal infec-
tion are rare, even though the organism can be recov-
ered from a wide variety of environmental sites,
including soil (Hafiz and Oakley 1976), domestic animals
(Princewell and Agba 1982), and household pets

(Borriello et al. 1983; Riley et al. 1991).

There is little doubt that the most important factor in
preventing infection with C. dfficile is strict control of
antibiotic use. This should be coupled with good enteric
infection control practices, such as hand-washing, equip-
ment sterilization, environmental cleaning, and isolation

of patients with diarrhea (Report 1,994b). The same
approach is important for the control of outbreaks.
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Further consideration of infection control practices to
reduce cases of C. dfficile infection are given in Chapter
16. Healthcare associated infections.

Treatment and management

When diarrhea develops during a course of anti-
microbial therapy, withdrawal of the offending agent
often leads to early resolution of symptoms, even in

some cases of established PMC. Since fluid loss may be

considerable, attention to fluid replacement and electro-

lyte balance is necessary. Antimicrobial therapy in the
management of C. difficile-associated diarrhea and PMC

should be reserved for patients with severe infections or

for those in whom diarrhea fails to improve sponta-
neously within 48 h. A number of antibiotics, in parti-

cular vancomycin (Keighley et al. 1978; Tedesco et al.
1978) and metronidazole (Pashby et al. 1979; Teasley

et al. 1983), have been used successfully and are

reviewed by Wilcox and Spencer (1992). Vancomycin is
poorly absorbed from the gastrointestinal tract and high

concentrations are readily attained in the bowel after

oral administration. This agent may thereby be looked

upon as providing essentially topical therapy within the
gut. Metronidazole, on the other hand, is rapidly

absorbed from the upper gastrointestinal tract, but also
produces therapeutic concentrations in diarrheal stools.

These two agents appear to have similar efficacy and
relapse rates and are both well tolerated.

The use of ion-exchange resins as binding agents for

C. difficile toxin has not been attended with much

benefit and antidiarrheal agents, such as loperamide and

codeine, may prolong or exacerbate symptoms by

delaying toxin elimination.

The optimum treatment for relapse or reinfection is

less certain. In general, repeat courses of vancomycin or

metronidazole are successful (Fekety et al. 1984; Bartlett

1985). A regimen of tapering doses, followed by pulsed

treatment with vancomycin, has also proved effective
(Tedesco et al. 1985). For very resistant cases, various

bacteriotherapeutic approaches have been tried ranging

from rectal infusion of normal feces to use of a nontoxi-
genic avirulent strain of C. difficile (Schwan et al. 1984;

Gorbach et al. 1987; Seal et al. 1987; Surawicz et al.

1989; Schellenberg et aL.1,994).
Intravenous immunoglobulin has been used success-

fully in two cases which failed to respond to standard

antimicrobial therapy (Salcedo et al. 1997). The thera-
peutic role of passive immunotherapy awaits larger

studies, and the possible use of vaccines in emerging but

not yet available.
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INTRODUCTION

The species usually considered to belong to the group of

aerobic actinomycetes do not comprise a genetically

closely related group. They form a loose assemblage

of genera united by some similar features of colonial

and/or Gram stain morphology. They are gram-positive

rods that grow better aerobically than anaerobically, if

indeed they grow anaerobically at all. As the designation
'actinomycete' suggests, many of the organisms form

branching rods, but such branching may not occur at all

in some species and genera, and is generally variable

and dependent on growth conditions when it does occur.

At least four of the genera (Gordonia [formerly
Gordonaf, Nocardia, Rhodococcus, and Tsukamurella)

include organisms that contain mycolic acids in their cell

walls. Genera relatively commonly isolated in the clin-

ical laboratory that are considered to belong to this

group include Actinomadura, Gordonia, Nocardia,

Rhodococcus, Streptomyces, and Tsukamurella. Other

genera that are sometimes also placed in this group

include Corynebacterium and Mycobacterium (both of

which include species with mycolic acids in their cell

walls) (Brown and McNeil 2003), although in most

discussions these two genera are dealt with separately'

While all, or nearly all, the genera are included in the

order Actinomycetales of the class Actinobacteria as

proposed by Stackebrandt et al. (1997), they are distrib-

uted not only in different families but within different

suborders. For example, the genera Nocardia and

Rhodococcus are included in the family Nocardiaceae,

which, along with families including Corynebacteriaceae

and Mycobacteriaceae, are placed in the suborder Cory-

nebacterineae. The genus Streptomyces is the only genus

in the family Streptomycetacea, and is placed in the

suborder Stretomycineae (Stackebrandt et al. t997).

Chun et al. (1996) have also recently presented a phylo-

geny of the mycolic acid-containing actinomycetes based
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on 165 rRNA sequences. This entire group is under-
going considerable taxonomic flux not only at the
species level but also at the genus level, with new genera
being proposed, and merging of extant genera into
others also being recommended. Only the following
genera that contain species relatively frequently isolated
in the diagnostic laboratory will be dealt with in detail
here'. Actinomadura, Dermatophilus, Gordonia (formerly
Gordona), Nocardia, Nocardiopsis, Rhodococcus, Strep-
tomyces, and Tsukamurella. Tropheryma, containing
only the species Tropheryma whipplei, considered the
causative agent of Whipple's disease, will also be
discussed, although it is not cultivable in the routine
diagnostic laboratory. A few other genera containing
species that have reportedly rarely been isolated from
clinical specimens, but with what we think is incomplete
documentation at best, or genera with organisms causing
primarily allergic phenomena, will also be briefly
mentioned; these are the genera Amycolata, Amycola-
topsis, Dietzia, Pseudonocardia, Saccharomonospora,
Saccharopolyspora, and Thermoactinornyces. Some of
the genera of 'thermophillic actinomycetes', implicated
in hypersensitivity pneumonitis but virtually never
isolated from clinical specimens, will also be briefly
mentioned.

Generic placement of an isolate is facilitated by deter-
mination of such features as the types of diaminopimelic
acid, mycolic acids, and sugars present in cells and cell
walls (Brown and McNeil 2003; McNeil and Brown
1994; Goodfellow et al. 1998). Such determinations,
however, are beyond the capacities of most diagnostic
laboratories, which instead rely on such features as colo-
nial morphology, presence or absence of aerial hyphae,
degree of cellular acid-fastness, and reactions in a few
key phenotypic tests (such as the ability to grow in the
presence of lysozyme), for provisional generic place-
ment. Several of these genera (particularly Nocardia and
Streptomyces) contain numerous species, but only rela-
tively few of the included species have thus far been
demonstrated to be of clinical significance. Several
investigators have used huge batteries of phenotypic
tests to characterize species and to identify isolates, but
the use of such batteries is far beyond the capacity of
any diagnostic laboratory. The number of phenotypic
tests that have been found useful for discriminating
among these species and that are also feasible for use in
the diagnostic laboratory is relatively small, and of these
tests, few are regularly available in most laboratories.
Hence, referral of most isolates of aerobic actinomycetes
to a reference center, and the use of molecular methods
including DNA sequencing and even DNA-DNA hybri-
dization, are presently required for accurate species
identification.

Little is known of the relative pathogenicity of the
different species. There do appear to be differences in
geographic distribution of, and types of infection most
frequently produced by, even some closely related

species. However, it is not known what the reasons for
these differences are, and the problem is compounded
by the fact that many species have only recently been
recognized and were combined with others in the past,
and that many isolates even today are identifled either
inaccurately or incompletely to the level of the species.
Particularly when referring to the clinical literature, the
ongoing taxonomic and nomenclatural problems posed

by the aerobic actinomycetes should always be kept in
mind, as adequate data to document species assignment
are frequently lacking.

It is clear that there are antimicrobial susceptibility
differences among some of these species; indeed, some
Nocardia species were initially recognized on the basis
of such differences. A recommended susceptibility

testing procedure for the aerobic actinomycetes has
been established by the NCCLS (2003). Recommended
antimicrobial concentrations and interpretive break-
points differ to some extent to those recommended for
many other gram-positive organisms, and some experi-
ence with the technique is needed to assure both intra-
and inter-laboratory reproducibility of results. Hence,
for accurate susceptibility determinations, referral to a
reference center may be advisable.

For many reasons, both the detection of the presence

of an aerobic actinomycete, and determination of its
clinical significance, are often difficult. Many of these
organisms are widespread in the environment, particu-

larly in soil, so that, when detected, the possibility that
they may merely be contaminants needs to be consid-
ered. However, at least in our own setting, isolates of
these organisms (other than Streptomyces species) are
usually either documentable as, or presumed to be,
signiflcant pathogens. These organisms may not be
visible, or may not be recognized, in Gram-stained
direct smears of specimens, although the flrst clue to
their presence may be the detection of beaded,
branching, gram-positive rods by an astute technologist.
Most of the species are relatively slow growing, and
often will not be detected within the flrst 48 h of incuba-
tion. Even when present as pathogens, they may be
present in cultures only as a few colonies or be over-
grown by the normal flora in the specimen. Particularly
in inexperienced hands, the colonies may not be recog-
nized or they may be assumed to be a component of the
inconsequential normal flora. For example, in the
outbreak reported by Houang et al. (1980), the patient
identified as the source of the outbreak had what were
considered to be nonsignificant diphtheroids in her urine
for 7 months before it was appreciated that the organ-
isms were in fact a species of Nocardia. The modified
acid-fast stain, critical for discrimination among these
organisms, requires meticulous attention to details of
technique, examination, and interpretation for accurate
performance. Colonial and cellular morphology, and
degree of acid-fastness of cells, are all subject to varia-
tion with species, medium and culture conditions, and



Staining propert ies 1 139

number and type of subcultures performed. Hence, even
if an aerobic actinomycete is detected, its correct genus
assignment, of considerable use in assessment of patho-
genic significance, may not be possible in inexperienced
hands.

TAXONOMIC RELATIONSHIPS

Given the rapidly increasing complexity in the taxonomy
of the aerobic actinomycetes, we think that some expla-
nation of the terminology we will be using is required.

Given the widely accepted molecular-based definition of
a species, based on DNA-DNA hybridization results

and AT- (Wayne et al. 1987; Stackebrandt et al.2002),
we do not believe that many species described without

adequate molecular characterization will prove to be
valid. This would seem to us an obvious point, but has

hardly been honored by all authors and editors. On the
other hand, given the current primarily DNA-based
approach to delimiting individual species (Wayne et al.
1987; Stackebrandt et al. 2002), we do not think it is
useful to insist on the presentation of phenotypic differ-
ences to distinguish a newly described species from

other phenotypically similar ones. The aerobic actinomy-

cetes present an excellent example of the problems

inherent in the attempt to establish unique phenotypic
patterns for any species. There may be phenotypic varia-

bility for any given characteristic within a species,
requiring that an adequate number of strains be studied
and introducing the additional problem of defining
'adequate.' A large array of phenotypic tests is available
in only a small number of specialized laboratories. There

are often subtle variations in such important factors as
medium composition, inoculation method, incubation
conditions, and result interpretation by different investi-
gators, compounding the problems of intra- and inter-
laboratory reproducibility of results. Furthermore, there
are differences in phenotypic attributes for the same
species that can be found in different references, such as
whether a certain carbohydrate can or cannot be used as
a sole carbon source by a given species. Such differences
frequently are unexplained, and the reader can only
surmise as to whether the differences reflect taxonomic
changes, differences in test methodology or interpreta-

tion, or - what we suspect is most likely - undetected
typographical errors. To clarify another point, we think
the term 'sensu stricto' should mean the restriction of a
species epithet to the set of isolates that has been
demonstrated to show (or that it is presumed could be
demonstrated to show, if the appropriate tests were
performed) sufficient molecular-based similarity to the
type strain to be considered to belong to the same

species as the type strain. We might note in this regard
that we think there is a problem with the use of 'refer-

ence' strains in place of 'type' strains to establish
conspecificity of a set of isolates. Currently only
DNA-DNA hybridization and AT- determination can

unequivocally assign a 'reference' strain to the same

species as the type strain, and more often than not, such

conspecificity has been established by less rigorous

procedures. It also sometimes seems to be not under-

stood that at any given time there is only one strain that

is the type strain for a species.

Somewhat different supraspecific and suprageneric

arrangements of the aerobic actinomycetes have been

proposed by different investigators, depending upon the

set of properties analyzed (Chun et al. 1996; Stack-

ebrandt er al. 1997). Such issues, while of phylogenetic

and general biologic interest, are presently unsettled and

of little relevance for the identiflcation of unknown

isolates, and hence will not be dealt with in detail here.

Correct genus assignment is perhaps of greatest signifl-

cance; such assignment can often be made by assessment

of a few phenotypic features of the organism, although

at times chemotaxonomic or molecular methods must be

used. The modified acid-fast stain can rapidly provide

useful information for distinguishing among the various

aerobic actinomycete genera.

STAINING PROPERTIES

If visible at all in a direct Gram-stained smear, aerobic

actinomycetes will appear as gram-positive rods that are

often branched and beaded. Details of the Gram stain

appearance may suggest particular genera; such features

will be dealt with in the discussions of the individual

genera below. A critical stain for both the detection of

members of several genera in direct smears and for

distinguishing among the genera is the modified acid-fast

stain. The principal of this stain is the same as that of

the regular acid-fast stain. Because of the cell-wall struc-

ture of members of some genera - more particularly,

because of the mycolic acids present in the cell walls

(such as in the genera Nocardia and Mycobacterium) -

cells stained with a phenolic solution of carbol fuchsin

resist decolorization with an acidic decolorizer.

However, a weaker (modified) decolorization procedure

must be used compared with that used for mycobacteria,

or the cells will be decolorized. Hence, those aerobic

actinomycetes that retain the carbol fuchsin dye when

such a weaker decolorizing process is used are said to be

modified acid-fast positive. Unfortunately, this stain

requires considerable care and experience for its optimal

performance and interpretation, and known positive and

negative controls should always be simultaneously

stained. The stain is most reliable when used directly on

clinical specimens. Particularly when stained from

cultures, only a fraction of the organisms will appear

truly modified acid-fast positive. If an isolate appears

acid-fast negative but the morphology of the cells and/or

of the colonies are strongly suggestive of one of the

modified acid-fast positive genera, the organism should

be subcultured to a lipid-rich medium such as Lowen-

stein-Jensen or Middlebrook 7H10 asar and restained.
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Isolates may recover or increase their acid-fast proper-
ties when grown on such lipid-rich media. Members of
the genera Dietzia, Gordonia, Mycobacterium, Nocardia,
Rhodococcus, and Tsukamurella are generally modified
acid-fast positive. Rarely, a Corynebacterium species
may also appear modified acid-fast positive. Not surpris-
ingly, virtually all isolates in the genus Mycobacterium
will be uniformly and strongly positive with the modified
acid-fast stain, as most such organisms are also positive
with the regular acid-fast stain that uses a stronger
decolonizing procedure.

Stain reagents

The staining reagents for the regular Kinyoun stain are
commercially available, and can be used for performing
the modified acid-fast stain. The carbolfuchsin is applied
for 3 min, and then gently washed off. (If desired, the
stain can be prepared by dissolving 0.3 g of basic fuchsin
in 10 ml of 95 percent ethanol, and mixing this with a
solution of 5 ml of phenol in 95 ml of distilled water; the
solution should be filtered before use (Chapin and
Lauderdale 2003).) We use the regular decolorizer (3
percent HCI in 95 percent ethanol) applied for 5-10 s
(timed with a stopwatch), and then gently rinse off the
decolorizer. A preferable decolorizing procedure, espe-
cially for those who do not perform the stain frequently,
may be the use of a 1 percent sulfuric acid solution
(1 ml of concentrated sulfuric acid added to 99 ml of
distilled water), and decolorizing for 3 min before gentle
rinsing of the slide. The slide is then counterstained with
methylene blue (for example, 2.5 g of methylene blue
chloride dissolved in 100 ml of 95 percent ethanol) for
30 s, gently rinsed, and allowed to air dry.

ISOLATION

If infection with a member of the aerobic actinomycetes
is suspected, it is crucial that this information be
communicated to the laboratory by the clinician to
ensure that appropriate handling of the specimen is
performed. Cultures for aerobic actinomycetes must be
appropriately processed and plated and, because these
organisms are relatively slow growing, inoculated media
must be held for a minimum of 2 weeks (3 weeks for a
tissue specimen) (McNeil and Brown 1994). Most
species of aerobic actinomycetes will grow at 35"C,
however, media should also be incubated at 28-30"C as
some species show enhanced growth at these lower
temperatures (Forbes et al. 1998). Certainly, any
specimen which shows evidence of an aerobic actinomy-
cete from observation of direct smears should be
handled appropriately and held for extended incubation.
Isolation of aerobic actinomycetes from normally sterile
sites (blood, tissue, cerebrospinal fluid (CSF)) should be
relatively uncomplicated, as most types of media which

support the growth of aerobic bacteria, mycobacteria,

and fungi will also allow isolation of aerobic actinomy-

cetes (including sheep blood agar, chocolate agar, and

Sabouraud dextrose agar) as long as an extended incu-

bation is employed. Several types of commercially avail-

able blood culture media have been shown to support

the growth of Nocardia spp., including biphasic fungal

culture media (Roberts et al. 1,974), Bactec NR-660

medium, and Bactec 12B medium (Vannier et al.1,992).

Vannier et al. (1992) note that with a 5-day incubation

time used for routine blood cultures with the Bactec

NR-660 system, Nocardia spp. may not be automatically

detected and terminal subcultures may be helpful to

detect positive cultures. Nocardia spp. have also been

recovered using a lysis-centrifugation system (Vannier

et al.1.992).

The isolation of aerobic actinomycetes from respira-

tory specimens may be more difficult due to the
presence of normal respiratory flora or other pathogens,

especially if low numbers of the aerobic actinomycete

are present in the sample. Decontamination techniques
generally used to enhance isolation of mycobacteria

from respiratory samples have been shown to be toxic to

Nocardia spp. when exposure to the decontaminating

agent extends for 30 min or more (Murray et al. 1987).

In our hands a shorter decontamination step (15 min)

has had little effect on the recovery of Nocardia spp.

from contaminated specimens. With or without speci-

men decontamination, the use of appropriate selective

or enhancement media is crucial for isolation of these

organisms from potentially contaminated specimens.

The paraffin baiting technique has been used to selec-

tively isolate Nocardia species. This technique, initially

used for the isolation of actinomycetes from soil by

Gordon and Hagan (1936), is based on the ability of

Nocardia species, but not other bacteria, to utilize

paraffin as a sole carbon source. For this technique, a
glass rod coated with paraffin is immersed in a carbon-

free broth into which the sample is inoculated. Mishra

et al. (1973) report that after 1,-2 weeks of incubation,

Nocardia spp. from clinical specimens can be found
growing on the paraffin at the surface of the broth;
growth is then subcultured for further identification.

Studies carried out in an attempt to isolate aerobic acti-

nomycetes from soil have shown that the addition of

inhibitory compounds to the broth media can decrease

the numbers of contaminating species and enhance the

recovery of aerobic actinomycetes. However, all techni-
ques using this application of paraffin bait require

subculture before identification procedures can begin.

Direct plating of sample onto selective solid media

can allow more rapid detection of any aerobic actinomy-

cete that may be isolated from the sample. Shawar et al.
(L990) evaluated the use of carbon-free agar with added

carbon sources, to which samples were directly plated.

Media containing paraffin as a sole carbon source showed
good recovery of Nocardia species with suppression of



Phenotypic identi f  icat ion 1141

normal respiratory flora and other contaminating
species. Murray et al. (1988) found modified Thayer
Martin agar to be a good selective medium for isolation
of Nocardia spp., and several authors have reported
successful isolation of N. asteroides from the selective
buffered charcoal yeast extract agar (sBCYE) usually
employed for isolation of Legionella spp. (Vickers et al.
1992; Kerr et al. 1992; Garrett et al. 1992). Vickers et al.
(1992) reported that pretreatment of heavily contami-
nated sputum samples with a low pH KCI-HCI (pH
2.2 + 0.1) solution and subsequent inoculation on to
sBCYE effectively decreased the numbers of contam-
inating organisms and facilitated recovery of N. aster-
oides from these samples. A selective medium for
recovery of R. equi (containing ceftazidime and novo-
biocin) has also been described (von Graevenitz and
Piinter-Streit 1995).

For optimal recovery of aerobic actinomycetes, clin-
ical specimens from sterile sites should be plated to an
enriched medium (such as buffered charcoal yeast
extract (BCYE) agar); specimens from respiratory sites
should be plated to a selective enriched medium (such
as sBCYE). Inoculated media can be incubated at 30 or
35'C and should be held for at least 2 weeks (3 weeks
for tissue specimens). Cultures should be inspected on a
regular basis, using a dissecting microscope, if possible,
for earliest recognition of aerobic actinomycete-like
colonies.

PH ENOTYPIC IDENTI FICATION

The complete biochemical characterization of members
of the aerobic actinomycetes requires extensive testing
of numerous biochemical features (Tsukamura 1982;
Kdmpfer et al. 1990; Goodfellow 1971). Due to the
infrequent isolation of these organisms, most of these
biochemicals are impractical to perform or impossible to
obtain in small quantities from commercial sources. This
leaves a limited number of biochemical tests for char-
acterization of patient isolates, and complicates the iden-
tification of many strains. Not all newly described
species are biochemically characterized using the same
set of parameters and some biochemical tests that are
routinely used may be performed using methodologies
which vary among laboratories. These methodologic
inconsistencies include differences in medium formula-
tion, inoculum preparation, incubation time and
temperature, and interpretive criteria. The use of appro-
priate positive and negative controls is essential to elim-
inate the effects of these inconsistencies (Berd 1973).
Schaal (1977) emphasizes that in order to obtain reliable
and reproducible results with biochemical testing,
careful attention to technique is important including the
use of pure chemical ingredients and elimination of
traces of nutrients from test inocula.

Variations in tests performed and the interlaboratory
variation found using similar, but not identical, testing

techniques may prevent correct species assignment for

unknown isolates (Conville et al. 2003). In addition,

some new species that are defined on the basis of an

extremely limited number of isolates and minimal

biochemical characteristics may not adequately reflect

the actual variation within that species.

When using limited biochemical testing for identifica-

tion of unknown isolates, the initial assignment of the

isolate to the correct genus is often difficult (Berd 1973).

Attention to microscopic and macroscopic morphology,

as well as the use of discriminatory tests such as lyso-

zyme resistance, may facilitate the choice of biochem-

icals and narrow the spectrum of possible species to

which the organism may be assigned.

At least for the Nocardia species, minimal biochem-

ical and susceptibility testing may give sufficient infor-

mation to distinguish N. brasiliensis, N. farcinica, N.

otitidiscaviarum, N. nova, and N. pseudobrasiliensis from

the other Nocardia species. Kiska et al. (2002) propose

an identification scheme for Nocardia species based on a

limited number of biochemicals. assimilation tests from

the API 20C Strip (Biom6rieux, Durham, NC, USA)

and antibiograms. While this scheme was tested using a

minimal number of some species (N. asteroides dntg

pattern type IV, N. transvalensls, and N. brevicatena)

good discrimination was obtained for most common,

well-characterized species. However, for N. nova and

similar species (N. africana, N. veterana) and the species

belonging to 'complexes' (N. asteroides, N. brevicatena,

N. transvalensls) molecular methodologies may be the only

way to adequately discriminate among members of the

genus. Indeed, molecular methods including the poly-

merase chain reaction (PCR), the restriction endonuclease

assays (REA), and gene sequencing may be the most

rapid, and probably the most accurate, methods for defi-

nitive identification of all of the aerobic actinomycetes.

Table 45.1 shows basic biochemical and susceptibility

results for some commonly isolated species of Nocardia.

Results are listed only for those tests that are helpful for

species discrimination. Tests listed are commercially avail-

able and relatively easy to perform. It may be difficult to

definitively identify members of N. cyriacigeorgica (pre-

sumed to be the same as N. asteroides drug pattern type

VI); these organisms are best identified by molecular

methods such as REA (see Molecular identification

below). It is also important to note that isolates identi-

fied as N. nova may actually be members of N. veterana;

REA is helpful to clearly identify isolates of N. nova.

We have included here some basic morphologic and

biochemical characteristics which are frequently helpful

for the identification of the aerobic actinomycetes.

Microscopic morphology

If carefully performed and interpreted, the modifled

acid-fast stain from colonial growth can be a helpful test
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for initial genus assignment, as Gordonia, Myco-
bacterium, Nocardia, Rhodococcus, and Tsukamurella
are considered acid-fast or partially acid-fast (showing

both acid-fast and non-acid-fast cells). Acid-fast proper-

ties can be influenced by a number of factors which
include the lipid content of the media on which the
organism is grown, and the age of the culture (Brown

and McNeil 2003). Isolates suspected of belonging to the
aerobic actinomycetes but which show ambiguous modi-
fied acid-fast staining reactions should be subcultured to
a medium with a high lipid content (such as Lowen-
stein-Jensen medium or Middlebrook 7H10 agar) to
enhance the acid-fast properties of the cells.

Characteristic morphologic structures of the aerobic
actinomycetes can be visualized with the use of slide
cultures on a minimal medium such as tap water agar.
Using microscopic techniques, the size, structure, and
degree of branching of substrate mycelium help to
differentiate among the genera (Berd 1973; Brown and
McNeil 2003; Gordon and Mihm 1962a; McNeil and
Brown 1994). Nocardla species frequently show finely
branched filaments that branch at right angles and may
form secondary branches. The vegetative hyphae may
fragment into bacillary or coccoid forms. Rhodococcus
morphology is cyclic in nature, initially appearing bacil-
lary, and then evolving into coccoid forms. The vegeta-
tive hyphae are branched and may be arranged in a
zigzag fashion. Gordonia generally appear as short rods
and also may display a cyclic growth cycle. Tsukamurella

species usually present as long rods which fragment into
three parts, while Nocardlopsls species show character-
istic long, branched hyphae which fragment into zigzag
chains of arthroconidia.

A complete microscopic evaluation will also include

assessment of the presence or absence of aerial hyphae
and conidia. Generally, species of Actinomadura,
Amycolatopsis, Nocardia, Nocardiopsis, Sacchar-
omonospora, Saccharopolyspora, Streptomyces, and
Thermoactinomyces will produce aerial hyphae while

other genera of the aerobic actinomyces will not.
Nocardia species may have short chains of conidia
present on aerial hyphae, Nocardiopsis species produce

chains of arthroconidia, members of Thermoactinomyces
all produce spores which vary by species, and Micro-
monospora produce a characteristic single spore on the
substrate hyphae (Brown and McNeil 2003).

Colonial morphology

Aerial hyphae can be frequently visualized macro-
scopically and will give a chalky appearance to the
surface of the colonies. Of the acid-fast genera, only
Nocardia produces aerial hyphae. The colonial
morphology of members of the aerobic actinomycetes
can vary widely, even within a genus, and should be
used cautiously for tentative identification (Berd 1973).

BIOCHEMICALS

Acetamide hydrolysis

This biochemical tests for the presence of the enzyme

acylamidase, which hydrolyzes acetamide with the

production of ammonia after incubation for 7 days at

35'C. Care must be taken to note the appropriate color

change in the medium as acetamide may be assimilated

but not hydrolyzed (Remel Technical Information TI

60012-4). This biochemical is commercially available

and is a distinguishing characteristic for N. farcinica
(Kiska et al.2002; Wallace et al. 1990).

Arylsulfatase

The enzyme arylsulfatase hydrolyzes the bond between
the sulfate group and the aromatic ring of potassium
phenolphthalein disulfate incorporated in the medium.
With the addition of an alkali (sodium carbonate), free
phenolphthalein is released, resulting in a red color
change in the medium (Kent and Kubica 1985). The
CDC Actinomycete Laboratory uses a modified metho-
dology of the Kubica method, increasing the phenol-
phthalein concentration from 0.001 to 0.008 M (Brown

and McNeil 2003). The test can be read at 3 days ar'd 2
weeks, with most strains of N. nova showing positive
results by 14 days (Brown and McNeil 2003). Arylsulfa-
tase medium is available commercially, but the concen-
tration of phenolphthalein in the product being used
must be considered when comparing results obtained
with results reported in the literature.

Carbohydrates

There are two methods used for determination of carbo-

hydrate utilization for the differentiation of various

species within most genera of the aerobic actinomyces,

and either of these, or variations thereof, might be used

in defining the carbohydrate reactions for newly

described species. The 'Gordon' method utilizes basal

medium with individual carbohydrates added; brom-

cresol purple is used as an indicator. The ability of

organisms to oxidize carbohydrates with the production

of acid results in a change in medium color from purple

to yellow after 3 weeks incubation at 25 or 35'C (Berd

1973; Brown and McNeil 2003). The 'Goodfellow'

method tests the ability of organisms to utilize various

carbohydrates as a sole source of carbon. Basal medium

with single carbon sources added are inoculated with an

organism suspension; positive results are noted as

heavier growth on medium containing the carbohydrate

than is observed on basal medium after 3 weeks of incu-

bation at 25 or 35"C (Brown and McNeil 2003). To our

knowledge, neither of these carbohydrate media are

available commerciallv: however, Brown and McNeil
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(2003) give a detailed summary of media preparation,
inoculation. incubation, and interpretation.

Gelatin hydrolysis

The ability of an organism to produce gelatinases (proteo-

lytic enzymes) which liquefy or hydrolyze gelatin has been
shown to be an important test to differentiate N. brasi-
liensis and, N. pseudobrasiliensis from the other Nocardia
species (Kiska et al. 2002; Brown and McNeil 2003).
This medium is commercially available from several
sources. After inoculation the test is incubated at 35"C
for up to 7 days; tubes must be placed at 4'C for 15 min
prior to checking for hydrolysis (Kiska et aL.2002).

Su bstrate decom position

The differential ability of organisms to degrade or
hydrolyze the amino acid tyrosine, the purine adenine,
purine derivatives xanthine and hypoxanthine, and the
milk protein casein have become important criteria for
differentiation of members of Nocardia spp., Rhodo-
coccus spp., and Tsukamurella spp. (Brown and McNeil
2003; Kiska et aI.2002). Typically, heavy inocula of the
test organisms are placed on each of the substrate-
containing agars; positive reactions are seen as clearing
of the medium surrounding the colonial growth. All tests
should be evaluated weekly; casein results should be
recorded after 14 days total incubation, xanthine after 3
weeks incubation and adenine, hypoxanthine, and tyro-
sine after 4 weeks total incubation (Brown and McNeil
2003). Unfortunately, adenine and hypoxanthine are not
readily available from commercial sources.

Lysozyme

Brown and McNeil (2003) describe growth in glycerol
broth containing lysozyme as one of the most valuable
tests for the discrimination of Nocardia from some other
aerobic actinomycetes (Nocardia spp., Thermo-
actinomyces spp., and Tsukamurella spp. are lysozyme
resistant; Gordonia spp. give variable reactions). Berd
(1973) recommends the use of a very small inoculum
into glycerol broth with lysozyme and a second similarly
inoculated glycerol broth without lysozyme. After 4
weeks of incubation, results are interpreted by
comparing the growth in broth containing lysozyme to
the control without lysozyme. All Nocardia isolates
tested by Brown and McNeil (2003) were resistant to
lysozyme except for ten lysozyme-susceptible isolates
which belonged to the N. brevicatena complex.

Middlebrook opacification

Flores and Desmond (1993) describe the ability of
isolates of N. farcinica to opacify Middlebrook 7H10 or

THll agar within 2-10 days of incubation at 28 or 35"C.

Opacification was not seen with isolates of 'N. aster-

oides' (Carson and Hellyar 1994) although in a study of

a limited number of organisms, rare isolates of N. otiti-

discaviarum and Rhodococc&s spp. were positive for this

characteristic.

Temperature studies

The ability of members of the aerobic actinomycetes to
grow at various temperatures can be an important differ-

ential characteristic, especially for members of Tsuka-

murella and the thermophilic actinomycetes. Replicates

of the same medium (usually sheep blood agar or

Sabouraud dextrose agar) are inoculated with a standar-

dized inoculum and incubated at 35 and 45"C; after 3

days' incubation (Kiska et al. 2002) the amount of

growth on the two tubes or plates is compared to deter-

mine temperature tolerances. If the presence of thermo-

tolerant species is suspected, additional media should be

incubated at 50'C.

Test systems and other identif ication
methods

Several investigators have evaluated the usefulness of

various identification systems for characterization of

species of Nocardia, Rhodococcus, and Gordonia. These

studies should be interpreted with the following caveat -

most of these systems were evaluated using isolates of

uncertain identity by today's standards. Re-evaluation of

results based on molecular identifications of test isolates

might affect the discriminatory abilities determined in

these studies.

Using a combination .of eight chromogenic test

substrates from the MicroScan Rapid Anaerobe Identifi-

cation Panels (Dade Behring, Deerfield, IL) and the

Haemophilus Neisseria Identification Panels (Dade

Behring), Biehle et al. (1996) were able to identify five

species of Nocardia through the detection of preformed

enzymes. Some heterogeneity of N. asteroides isolates

was noted; identifications were obtained within 5 days.
Boiron and Provost (1990) also evaluated the detection

of preformed enzymes of Nocardia species and a limited

number of other aerobic actinomycetes using the API

ZYM System (Biom6rieux, Durham, NC, USA). Identi-

fications were obtained after a 5-h incubation; a differ-

ence of a minimal number of characteristics separated

some species while others were unidentifled by this

system. Muir and Pritchard (1997) evaluated the use of

the 32C Yeast Identification System (Biom6rieux) for

determining the assimilation profiles of numerous strains

of Nocardia species and a limited number of other

aerobic actinomycetes. After 7 days' incubation, a

considerable amount of heterogeneity was found for

most species tested, but predominant profiles for each
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species were identified. Bizet et al. (1997) examined
results of carbon utilization of isolates of Rhodococcus.
Gordonia, and Dietzia species using carbon source utili-
zation strips and found good identiflcation to the species
level using computer analysis of results.

Fiss and Brooks (1991) described a relatively simple
procedure which tentatively separates Nocardia species
and Streptomyces species from Rhodococcus species and
the rapidly growing mycobacteria, Mycobacterium
chelonae and Mycobacterium fortuitum. The procedure
uses agar-based testing for siderophore detection, ethy-
lene glycol degradation, and a disk test for B-galactosi-
dase activity. The combination of these tests was not
able to differentiate Nocardia spp. from Streptomyces
spp. but was useful for distinguishing Rhodococcus spp.
and the rapidly growing mycobacteria from the
Nocardia-Streptomyces group. Provost et al. (1995)

describe a novel procedure for the differentiation of N
asteroides, N. farcinica, and N. nova using a 'killer yeast'
phenomenon. The two yeast strains, which produce
extracellular glycoproteins ('killer toxins' which differen-
tially inhibit Nocardia species), are streaked on to
Sabouraud agar into which Nocardla species have been
incorporated. After 5 days of incubation, areas of inhibi-
tion of the Nocardia species are visible surrounding the
yeast inoculum, and each of the three Nocardia species
tested show a different pattern of susceptibility to the
toxins.

SUSCEPTI BI LITY TESTI NG

The NCCLS has published an approved standard that
includes susceptibility testing procedures for nocardiae
and other aerobic actinomycetes (NCCLS 2003). In addi-
tion to isolates in the genus Nocardia, it is specifically
recommended that isolates in the genera Actinomadura,
G ordonia, Rhodococcus, Streptomyces, and Tsukamurella
be tested with the procedure for aerobic actinomycetes.
Broth microdilution is the recommended method. with
incubation in ambient air at 37 :t 2'C for 3 days for
most species, although a few may require incubation for
up to 5 days. Drugs currently recommended for testing
include amikacin, amoxicillin-clavulanic acid, ceftriaxone,
ciprofloxacin, clarithromycin, imipenem, linezolid, mino-
cycline, sulfamethoxazole or trimethoprim-sulfamethox-
azole, and tobramycin. Secondary drugs that could be
considered for testing include cefepime, cefotaxime,
doxycycline, gatifloxacin or moxifloxacin, and genta-
micin. Interpretive breakpoints for most of these agents
are also provided, and a recommended quality control
procedure is specified. We think it advisable for a
laboratory lacking extensive experience with the
susceptibility testing of these organisms to assure that it
can obtain results equivalent to those obtained by an
experienced reference laboratory before reporting
results for patient care purposes. Also, as the NCCLS
updates its documents regularly, it is important for

laboratories to assure that they are following the most

currently recommended procedures.

CELL.WALL AND CELL.MEMBRANE
coMPosrTroN

DAP and sugars

The aerobic actinomycetes vary in their cell wall compo-

sition in regard to the isomeric form of diaminopimelic

acid (DAP) and the presence of various cell-wall sugars.

These components have been useful in discrimination

among genera; based on DAP type and sugar content,

the aerobic actinomycetes and related specieS...can be

classified into nine wall chemotypes (Lechevalier and

Lechevalier 1970). Becker et al. (1964) and Lechevalier

(1968), using whole cell hydrolysates and paper chroma-

tography, demonstrated that the cell walls of most

genera of aerobic actinomycetes contain meso-DAP with

high concentrations of arabinose and galactose (wall

chemotype IV), while Streptomyces contains L-DAP

and no detectable cell-wall sugars. The genera Actino-

madura and Dermatoplzllus possess cell walls with

meso-DAP and madurose (Lechevalier and Gerber

L970); Nocardlopsls has meso-DAP and no detectable

sugars. Staneck and Roberts (1974) describe a procedure

using thin layer chromatography for detecting these

components.

Isoprenoid quinones are found in the plasma

membranes of most species of bacteria with menaqui-

nones being the form of isoprenoid quinone found in the

aerobic actinomycetes. The menaquinones can vary in

the length and degree of saturation of their C3 isoprenyl

side chain. Using mass spectrometry, Collins et al.

(1985) found that members of the aerobic actinomyces

can be classifled into a number of distinct groups based

on the structure of their membrane menaquinones. The

species of Nocardia studied showed similar menaqui-

none structures which differed from those obtained from

Mycobacteria and Rhodococcus species. Several

different patterns were observed among various species

of Rhodococcr.ts. Yassin et al. (1988) used thin layer

chromatography and mass spectrometry to study the

menaquinone composition of several genera of the

aerobic actinomycetes. These investigators propose that

menaquinone analysis, combined with DAP and carbo-

hydrate analysis, would be useful methods for genus

assignment among this group of organisms.

Lipids

Chromatographic analysis of cell wall-associated lipids

has been used to differentiate genera and species of the

aerobic actinomycetes. Species of Dietzia, Gordonia,

Nocardia, Rhodococcus, and Tsukamurella as well as

members of the related senera Corvnebacterium and
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Mycobacteriutn are known to have high levels of mycolic
acids as major constituents of their cell walls. The
mycolic acids are high molecular weight a-branched, B-
hydroxy fatty acids associated with the cell-wall pepti-

doglycan and contribute to the staining characteristics
and pathogenicity of these organisms (Beaman and
Beaman 1994). Mycolic acids of various organisms have

been found to differ in the number of their constituent
carbon atoms (Alshamaony and Goodfellow 1976).
Corynemycolic acids (found in Corynebacterium spp.)
are the shortest with an average of 32 carbon atoms,
while nocardiomycolic acids have an average of 50
carbon atoms. Mycobacterial mycolic acids are the
largest with more than 70 carbons in their long chains
(Alshamaony and Goodfellow 1976). Mycolic acids also
differ in the number of carbon-carbon double bonds and
in the types of functional groups they contain.

Mordarska (1968) and Goodfellow et al. (1973)

discussed Lipid A (a lipid characteristic of Nocardia,
LCN-A), discovered on thin layer chromatography of
cell-wall lipids which were present in Nocardia and
Rhodococcus species but not in Streptomyce.r spp. These
LCN-A molecules were found to be free nocardiomy-
colic acids. Using mass spectroscopy, Alshamaony and
Goodfellow (1976) were able to characterize these free
mycolic acids and showed'rhodochrous' complex species
to possess carbon numbers intermediate between those
of Corynebacterium spp. and Nocardia spp.

Gas chromatography combined with mass spectro-
metry has been used to more completely analyze the
mycolic acids of the aerobic actinomycetes. Using
average carbon numbers and peak areas, Baba et al.
(1997) found distinctive patterns for isolates of N. nova
but were unable to definitively discriminate between
isolates of N. asteroides and N. farcinica. In addition,

significant carbon number variation was noted among
isolates of N. asteroldes, confirming the well-known
heterogeneity of this species complex. Using a limited
number of isolates, Nishiuchi et al. (1999) were able to
differentiate isolates of N. asteroides, N. farcinica, and
N. nova by the average number of carbon atoms, the
relative degree of saturation in the mycolic acid mole-
cules and the structure of the u-alkyl branch. Nishiuchi
et al. (2000) used these same identifying criteria to
discriminate among members of Rhodococcus,
Gordonia, and Dietzia with species of Rhodococcus
clearly dividing into two distinct groups.

Using high performance liquid chromatography
(HPLC) of bromophenacyl esters of mycolic acids,
Butler et al. (1986) showed the relative retention times
of the carbon chains of Corynebacterium, Rhodococcus,
Nocardia, and Mycobacteria species to be different
enough to allow differentiation at the genus level.
Further investigations by these authors (Butler et al.
1987) defined species-specific peak patterns for Nocardia
and Rhodococcas species, with members of Rhodo-
cocczs splitting into short and long chain groups.

McNabb et al. (1.997) used the Microbial Identification

System and Library Identification software (MIDI, Inc.

Newark, DE, USA) to identify a variety of species of

aerobic actinomycetes. A custom reference library was

assembled using data obtained from 39 type strains.

After analysis of the pattern of mycolic acid peaks

obtained for each test isolate, the software generates a

similarity index to profiles stored in the library. The

authors found 33.5 percent of isolates tested to give

satisfactory similarity indices with library strains and

recommend the system for grouping isolates into similar

species or subspecies groups. One interesting finding was

that none of the patterns of the N. asteroides strains

tested matched the pattern of the N. asteroides type

strain stored in the library.

MOLECU LAR IDENTIFICATION

The aerobic actinomycetes are becoming increasingly

difficult to differentiate on the basis of phenotypic char-

acteristics alone due to the paucity of commercially

available biochemical tests and the rapidly increasing

number of recognized species (see Phenotypic identiflca-

tion section above). For these reasons, molecular meth-

odologies have become the most reliable and rapid

methods for precise species (and sometimes genus)

assignment. The use of these methods has brought

about the recognition of a number of new species, clar-

ification of taxonomic relationships, and a new appre-

ciation of the heterogeneous nature of this group of

orgamsms.

Amplification of portions of the 165 rRNA gene and

detection of the product by gel electrophoresis has been

used to identify some members of the aerobic actinomy-

cetes isolated in culture to the genus or species level.

Laurent et al. (1999) describe genus-specific primers

which allow amplification of the 165 rRNA gene of

Nocardia species but not that of the other related

aerobic actinomycetes. Bell et al. (1996,1999) developed

species-specific primers for the differential amplification

of R. equi and several other Rhodococcas species grown

in culture; cross-reactivity only occurred between R.

rhodochrous and R. ruber.

Lungu et al. (1994) reported a PCR-REA which

amplified a portion of the groEL gene (which codes for

a heat shock protein) and subsequent digestion of the

amplicons with the restriction endonuclease HaeIII.

Resulting restriction fragment length polymorphism

(RFLP) patterns allowed differentiation of Nocardia

species from Mycobacterium species and identification of

many isolates of both of these genera to the species

level. In 1995, Steingrube et al. reported a PCR-REA

assay using amplification of the 65-kDa heat shock

protein (HSP) gene and subsequent digestion with the

restriction endonucleases MspI and BsaHI. This method

allowed identification of 12 species and taxa of Nocardia

and in addition, showed molecular differences among
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the drug pattern types of N. asteroides described by
Wallace et al. (1988). Enhancement of this method with
the use of an additional endonuclease (Steingrube et al.
1997) allowed the identification of more species of
aerobic actinomycetes and a decrease in the intraspecies
variation seen among some species. Significant intra-

species variation was still observed with members of the
gents Streptomyces and inconsistent amplification with
N. otitidiscaviarum complicated identification of that
species. In 2000, a PCR-REA method was described
(Conville et al. 2000) using amplification of a 999-bp
region of the 165 rRNA gene and subsequent REA
which allowed the differentiation of nine species of
Nocardia. When PCR-REA of portions of both the 165
rRNA gene and the 65-kDa HSP gene was employed,
more accurate identifications could be obtained than was
possible with the use of one gene region alone. In addi-
tion, discrepant results obtained from the two gene

regions allowed the recognition of isolates which, as

confirmed by 165 rRNA gene sequencing, were unusual
(Conville et al. 2003) or undescribed species.

PCR-REA methodologies provide rapid (2-5 days)
and accurate identification of many species of clinically
relevant Nocardia (Wilson et al. 1998) and are reason-

able alternatives to phenotypic testing for any laboratory
with basic molecular biology capabilities. However, it is
possible that as more Nocardia species are described and
as species 'complexes' are more fully characterized, the
number of restriction endonucleases needed to
adequately identify these species will also increase,

making the procedure more time consuming.

Specific information about identification of Nocardia
isolates by REA can be found in the following refer-

ences: HSP, Steingrube et al. (1997), Brown et al.
(1997), Wilson et al. (1997); 165 rRNA, Conville et al.
(2000. 2003).

While most molecular methods are used on growth

from cultures, Qasem et al. (2001) describe a semi-
nested PCR method with amplifles a portion of the
groEL gene for detection of Nocardia spp. in blood and
tissue samples of mice. This method was reported to be
more sensitive than culture for those samples. This
method was also able to detect N. asteroides and N.

farcinia from spiked human blood samples.

Ribotyping is a somewhat labor-intensive method
which has been shown to be useful for the identification
of aerobic actinomycetes. Ribotyping involves extraction
of DNA from bacterial cells, digestion with restriction

endonucleases, and separation of the resulting fragments
by gel electrophoresis. Fragments are transferred to a
membrane using a Southern blot technique and hybridi-
zation is performed using labeled DNA probes to

nucleotide sequences which code for rRNA. This
method has been shown to be useful in the differentia-
tion of Rhodococcus species and related strains (Jorks

1996; Lasker et aI.1.992) and Nocardia species (Laurent

eI al. t996; McNeil et al. 1997).

PCR-randomly amplified polymorphic DNA (RAPD)

fingerprinting has also been used for the identification of

Nocardia species. The procedure involves extraction of

DNA from the organism and PCR using arbitrary

primers and low stringency conditions. Gel electrophor-

esis of the amplification products shows patterns of

banding which vary from strain to strain. Isik and Good-

fellow (2002) studied the use of RAPD for identification

of Nocardia spp. and obtained species-speciflc banding

patterns for representatives of five species and unique

patterns for single strains of eight other species. Multiple

banding patterns were seen for representative isolates of

N. asteroides, N. nova, N. pseudobrasiliensis, and N.

transvalensis, possibly illustrating the heterogeneous

nature of each of these species.

Sequencing of the 165 rRNA gene is becoming more

widely used for more definitive species identiflcations of

the aerobic actinomycetes. Using sequence analysis of

Streptomyces sp., Stackebrandt et al. (1991) deflned

areas of the 165 and 23S rRNA genes which hold poten-

tial as targets for species-speciflc primers and probes.

Cloud et al. (2002) evaluated a commercially available

sequencing kit (MicroSeq 500, Perkin Elmer Applied

Biosystems, Foster City, CA, USA) which provides

sequence data for the flrst 500-bp region of the gene

which, when used with an expanded database, seems to

be sufficient for the identification of many clinically

significant species of Nocardia. Sequence data from an

extended region of the gene is necessary, however, for

identification of a few species. Conville et al. (2000)

described a hypervariable region of the 165 rRNA gene

which provides species-specific base patterns for many

Nocardia species. Due to the heterogeneous nature of

the non-Nocardia aerobic actinomycetes, gene sequen-

cing may be more reliable than phenotypic testing for

the correct identification of these isolates. However, in

using gene sequencing for identiflcation, one must be

careful to fully assess the sequence similarity of closely

related species. It has been shown that some distinct

Nocardia species show a high degree of sequence simi-

larity (>99.0 percent of a 1350-bp region) (Conville et al.

2003) and that investigation of additional gene regions

might more accurately determine species identity. Care

must also be used when utilizing public databases as a

basis for sequence comparison; errors inherent in the

databases may result in an erroneous identiflcation

(Turenne et al.2001).It may be that DNA-DNA hybri-

dization may be the only definitive method for unequi-

vocal species identification (Conville et al. 2003; Stack-

ebrandt et al.2002).

In the absence of adequate methods for the in vitro

cultivation of Tropheryma whipplei, microscopy and

molecular methods are the sole alternatives for the diag-

nosis of Whipple's disease. The use of broad spectrum

165 rRNA eubacterial primers, PCR and direct sequen-

cing of the amplified product by Wilson et al. (1991) and

Relman et al. 1992) resulted in extensive information
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about the 165 rRNA sequence of the Whipple's disease-
associated bacterium. From these sequences, specific
primers were developed (Relman et al. 1992; von
Herbay et al. 1996) and a probe sequence was identifled
and tested (Maiwald et al. 1996, von Herbay et al. 1996)
which can be used as an adjunct to histiologic testing for
the diagnosis. Using nested PCR, direct sequencing and
single-strand conformation polymorphism, Hinrikson
et al. (1999) detected three genetic variants in the 165-
23S ribosomal spacer region among 38 clinical isolates
containing Tropheryma whipplei.

STRAIN TYPING

The aerobic actinomycetes are ubiquitous in nature and
it is not surprising that some nosocomial infections with
these organisms, especially with Nocardia spp., have
occurred. In the hospital setting these species present
especially serious complications for the immunocompro-
mised patient, and several outbreaks have been docu-
mented in transplant units. Strain typing of isolates from
these outbreaks is important for defining the scope of
organism spread. Pseudoepidemics of species of aerobic
actinomycetes caused by laboratory contamination have
also been reported; typing of these isolates is necessary
to pinpoint the source of contamination. Numerous
methodologies have been applied to the epidemiologic
study of Nocardia spp. (and occasionally to other
members of the aerobic actinomycetes).

Prior to the widespread use of molecular techniques,
immunologic or biologic methods were employed to
characterize Nocardia strains involved in outbreaks. Pier
and Fichtner (1971) describe an immunodiffusion
method for strain typing isolates of N. asteroides which
classifies isolates into four antigenic types. This method
was used by Stevens et al. (1981) for strain typing of
patient and environmental isolates involved in an
outbreak in a renal transplant unit. All isolates in this
outbreak were found to belong to antigen type III.
Morace et al.  (1988) appl ied a'ki l ler yeast 'methodology
to 13 strains of aerobic actinomycetes. All N. asteroides
(six unrelated isolates) and A. madurae (five unrelated
isolates) showed different patterns of sensitivity with a
panel of nine yeast strains, and use of this system was
proposed as a possible strain-typing methodology. Saha-
thevan et al. (1991) used a biotyping methodology to
characterize three strains involved in an outbreak of M
asteroides in a liver disease unit. The method was based
on detection of bacterial enzymes using fluorogenic
substrates; the exact methodology and the enzymes
examined were not described.

As with strain typing of other bacterial species, mole-
cular methodologies have become important tools in
evaluating strain relatedness of the aerobic actinomy-
cetes. Plasmid proliling was one of the first molecular
methods used for strain comparison; the method is based
on the detection and comparison of plasmids of similar

sizes from suspected outbreak strains. However, Provost

et al. (1996) found plasmid analysis to be of little value

in epidemiologic studies of Nocardia species as only 3L
percent of 87 clinical isolates evaluated showed evidence

of the presence of plasmids. Using the enzyme Pvull

and REA of total DNA, Patterson et al. (1992) investi-
gated a pseudoepidemic of N. asteroides attributed to

ineffective needle sterilizatron in the BACTEC TB

System. Gel electrophoresis of the DNA digest of

outbreak isolates showed RFLP patterns which were

identical to one another but different from those of a

reference strain. Auerbach et al. (1992) used biochem-

ical and antibiogram data along with ribotyping with the

restriction enzyme PslI to investigate a pseudoepidemic

of T. paurometabolum (see Molecular identification

section for an overview of the ribotyping methodology).

The source of this pseudoepidemic was traced to

contamination in the laboratory at the time of specimen

processing. Using ribotyping with the restriction errzyme

Ps/I, Lasker et al. (1,992) found considerable hetero-
geneity with R. equl isolates and proposed that this

methodology may be a useful epidemiologic tool in R.

e q u i -r elated outbreaks.

Exmelin et al. (1996) compared ribotyping and RAPD

analysis in an investigation of an outbreak of N. farci-
nica among heart transplant recipients (see Molecular

identification section for an overview of the RAPD

methodology). Ribotyping of outbreak strains with five

enzymes showed no significant differences from unre-
lated reference strains. Using RAPD with two primers

used alone or in combination, outbreak strains showed

identical patterns while all unrelated reference strains

showed different patterns.

Louie et al. (1997) investigated a pseudoepidemic of

N. asteroides again linked to ineffective needle steriliza-

tion with the BACTEC 460 TB system. Patterns

obtained with RAPD and pulse field gel electrophoresis
(PFGE) showed outbreak strains to be identical to the

index strain and also to the isolate cultured from the

BACTEC needle heater. These isolates were sisnifl-

cantly different from unrelated clinical isolates.

PFGE is also a popular method for studying the relat-

edness of many species of bacteria implicated in nosoco-

mial infections. The technique involves preparation of
genomic DNA and digestion of the DNA with restric-

tion enzymes which have a limited number of recogni-

tion sites. The digests are then subjected to alternating-

field electrophoresis; UV illumination of the ethidium

bromide-stained gel reveals DNA banding patterns

which vary depending on the DNA sequence of the

organisms. Bli.imel et al. (1998) used PFGE with the

enzyme AseI to study the relatedness 18 isolates of N.

farcinica recovered from postoperative infections over

an 11-year period in a surgical ward. The authors found

all patient isolates and two environmental N. farcinica
isolates recovered from the operating suite to have iden-

tical PFGE patterns. The patterns of these isolates were
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different from those of clinical isolates from other cities
and other nearby environmental sites. The authors
considered this strain to be endemic to the ward and
thought it was most probably introduced during hospital
renovation.

Strain typing may also prove useful in assessing the
persistence of specific strains in patients with long-term
infections. Provost et al. 1997\ used RAPD to show
that a single patient was infected with two strains of N
asteroides, while two additional patients remained
infected with the same strains of N. otitidiscaviarum.

PATHOGENICITY

Through the use of animal models, a significant amount
of information has been accumulated to define the
disease-causing properties of Nocardia species and other
aerobic actinomycetes. An early study by Gonzales-
Ochoa and Sandoval-Cuellar (1976) found N. brasiliensis
to be more virulent than N. asteroides and N. caviae
when these organisms were inoculated into the plantar
pad of mice. Also using mouse pathogenicity studies,
Desmond and Flores (1993) found the LD511 for N. farci-
nica to be lower than that determined for N. asteroides
and N. nova.

Based on numerous studies of nocardial virulence in
murine models, Beaman and Beaman (1994) present an
extensive review of the pathogenic capabilities of
Nocardia species. Using strains of N. asteroides with
varying degrees of virulence, these authors and their
colleagues have defined specific properties of Nocardia
which may contribute to their virulence in the human
host. The complex nocardial cell wall is the site of many
of these virulence factors. Some aspects of nocardial
virulence are related to the phase of growth of the cell
and the structure of the peptidoglycan-arabinogalactan-

mycolate complex present in the cell wall. The chain
length of mycolic acids and the relative level of unsa-
turation (number of double bonds) is also related to
virulence. Nocardia species also possess a biologically
active cord factor (trehalose-6, 6'-dimycolate) in the cell
wall which is presumed to play a role in pathogenicity

through its effects on leukocyte migration, and its immu-
nomodulator properties. Nocardia species are known to
be resistant to the 'oxidative burst' of the polymorpho-
nuclear cells (PMN) responding to bacterial invasron;
this is accomplished through the organism's ability to
produce catalase (which breaks down peroxidase) and
superoxide dismutase (SOD) (which inactivates super-
oxides, 02 ) produced by the PMNs. Beaman and
Beaman (1994) also discuss specific interactions between
macrophages and invading nocardial cells. Nocardia
species seem to be able to inhibit phagosome-lysosome
fusion within the macrophage (possibly through the
action of cord factor), which renders the macrophage
incapable of destroying the nocardial cell. Nocardia also
appear able to block acid production within the phago-

some (the pH of which generally drops to 5 when organ-

isms are engulfed), allowing the invading bacterium to

survive and multiply within the vesicle intended for its

destruction.

Black et al. (1983) determined that pathogenic strains

of Nocardia that have been phagocytized by macro-

phages in vitro are able to affect the level of lysosomal

enzyme activity, particularly that of acid phosphatase.

Beaman et al. (1988) determined that Nocardia species

use acid phosphatase as a carbon source, eliminating the

killing activity of the erzyme. N. otitidiscaviarum has

been shown to produce toxins in vitro, and other species

produce hemolysins which play an uncertain role in

pathogenesis.

The ability of nocardial species to form L-forms (cell-

wall-deficient variants) has also been evaluated by

Beaman and colleagues. These variants have been recov-

ered from CSF from a patient with probable brain invol-

vement, however the role of L-forms in the development

of disease or their role in latent infections remalns

unclear (Beaman and Beaman L994).

SEROLOGIC TESTING

Because Nocardia species are frequently difflcult to

isolate from clinical specimens, there have been

attempts to diagnose Nocardia infections through detec-

tion of antibodies in serum to unspecified antigens

recovered from culture filtrates or bacterial cells. or to

specific nocardial proteins. The specificity of these tests

must be adequately investigated, as most described

assays are based on antigens derived from patient

isolates identified as N. asteroides or N. brasiliensis.'fhe

usefulness of these serologic techniques requires assess-

ment of the presence of these antigens from the

numerous species of Nocardia now recognized as agents

of human disease. In addition, false-positive results are

likely to be obtained from patients infected with myco-

bacterial species or with other species of aerobic actino-

mycetes, especially with tests which use antigens

prepared from disrupted bacterial cells (Sugar et al.

1985). Results from serologic tests may show low sensr-

tivity, especially when testing sera from immunocompro-

mised patients who have a decreased antibody response,

but who are among those most likely to develop

nocardial disease.

Tests have been developed based on the detection of

serum antibodies to nocardial antigens present in

culture filtrates (Blumer and Kaufman 1979; Shainhouse

et al. 1978) or cell extracts (Humphreys et al. 1975), ro

specific proteins (Angeles 1987; Angeles and Sugar 1987;

Salinas-Carmona et al. 1993; Sugar et al. 1985) or to a

panel of these antigens (Kjelstrom and Beaman

1993). Various methodologies for antibody detection are

employed by these tests including immunoprecipitation,

immunoblot assays, complemen fixation tests and enzyme-

Iinked immunosorbent assay (ELISA). Salinas-Carmona
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et al. (1993) suggest that serologic tests may be useful
for following the clinical course of infected patients as
antibody titers have been shown to be related to the
patient's clinical course. Serologic tests are not widely
used and have been shown to be of limited practical

utility; to our knowledge no commercial serologic test is
available.

ACTINOMADURA

The most common infection caused by organisms in this
genus is mycetoma. Such infections are usually initiated
by trauma, are more common in tropical regions, and
result in chronic, locally progressive infections producing

considerable swelling and tissue destruction. Draining
sinuses are frequent; 'grains' or'granules,' consisting of
clumps of organisms, may be found in the sinus
discharge, and the color of the grains may assist in
deflning the etiology of the mycetoma (Brown and
McNeil 2003). Mycetomas may be caused either by true
fungi 'eumycotic mycetoma' or by aerobic actinomycetes
'actinomycotic mycetoma.' Worldwide, species in the
gents Actinomadura evidently cause mycetomas less
frequently than species in the genus Nocardia (Maiti

et at.2002; Lopez Martinez et aI.1992) (see below under
N. brasiliensis for further discussion of mvcetoma and its
causative agents).

Clinically significant isolates of Actinomadura species
do occur outside the tropics. In a report in 1990, McNeil
et al., attributed 11.5 percent of the aerobic actinomy-
cete isolates submitted to the CDC from October 1985
through February 1988 to the species A. madurae. Of
lhe 42 isolates in that group, 57.1 percent were from
sputum, 31.0 percent from wounds, and 2.4 percent each
from blood and brain. By the susceptibility testing that
they performed, all isolates were sensitive to amikacin,
ceftriaxone, and imipenem. Over 80 percent of the
isolates were sensitive to amoxicillin-clavulanic acid,
cefotaxime, ciprofloxacin, doxycycline, minocycline,
erythromycin, and trimethoprim-sulfamethoxazole; over
half the isolates were resistant to ampicillin. Wiist et al.
(1990) reported a patient on continuous ambulatory
peritoneal dialysis who developed peritonitis attributed
to A. madurae; the patient responded to treatment with
amikacin. Both biochemical testing and cell-wall analysis
was performed on the isolate. Interestingly, the patient,
who had no history of foreign travel, worked in a flower
shop, and the authors speculated that the plants or soils
with which he came in contact may have been the source
of the organism. McNeil et al. (1992b), reported a case
of an IV drug abuser with acquired immune deficiency
syndrome (AIDS) with fever and weight loss who had a
blood culture positive for an isolate identified as A.
madurae. Sputum cultures, as well as subsequent blood
cultures, failed to grow the organism again. The patient
expired despite treatment with a variety of antibiotics.
At autopsy he was found to have a necrotizing pneu-

monia; no autopsy cultures were obtained, but
pulmonary histopathology showed organisms morpholo-

gically consistent with A. madurae.

Species in this genus lack mycolic acids in their cell

walls but their cells do contain the sugar madurose

(McNeil and Brown 1994). Colonies may produce an

aerial mycelium. These organisms appear as branching

gram-positive rods.

Only three species in the genus are known to be

human pathogens: Actinomadura latina, Actinomadura

madurae, and Actinomadura pelletierl (Trujillo and

Goodfellow 1997). A. latina rs the most recently

described; the species name refers to the fact that many

pathogenic isolates in the genus have originated from

Latin America (Trujillo and Goodfellow 1997). The

three species can be discriminated in the laboratory by

such features as color of substrate mycelium, and

decomposition and sole carbon source utilization tests

(Trujillo and Goodfellow 1997; Brown and McNeil

2003); note, however, that there are some differences rn

the positivity rates for the same tests in the latter two

references.

AMYCO LATA AN D AMYCO LATO PSIS

These two genera were proposed to accommodate two

groups of species that lacked mycolic acids but differed

in terms of their phospholipid patterns and menaqui-

nones (Lechevalier et al. 1986). At least one species in

each genus, Amycolata autotrophica and Amycolatopsis

orientalis, has been reported to have been isolated from

clinical specimens (McNeil and Brown 1994), but we

have not been able to find any recent reports docu-

menting their association with invasive disease. Some

strains of the latter species produce vancomycin.

Warwick et al. (1994), subsequently recommended that

the genus Amycolata be merged into an emended genus

Pseudonocardia on the basis of molecular studies.

DERMATOPHILUS

This genus currently contains two species, Dermato-

philus chelonae and Dermatophilus congolensis; only D.

congolensis is known to be a mammalian pathogen (and

perhaps a pathogen of some non-mammalian species as

well), but it only rarely causes human disease (McNeil

and Brown 1994). The dermatitis produced by these

organisms is known as dermatophilosis. Both members

of the genus are unique among the aerobic actinomy-

cetes in that they produce motile zoospores. Colonies do

not produce an aerial mycelium, and the organisms do

not contain mycolic acids and are not acid-fast (Brown

and McNeil 2003; McNeil and Brown 1994). It is said

that isolation of the organism may be difflcult. It is

recommended that material for culture be obtained from

beneath skin scabs, and that incubation of some material

be at 36'C in 5-10 percent CO2. Contaminated speci-
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mens may need to be inoculated into the skin of a rabbit
in order to isolate the organism (Brown and McNeil
2003). The organisms have a characteristic morphology,
with the formation of both transverse and longitudinal
septa. While they are gram-positive, morphologic detail
may be better seen in using a stain such as the Giemsa
stain, which does not stain the organism so darkly.
Organisms may be visualized directly in clinical material.

In a 1995 paper describing a new species pathogenic
for chelonids, D. chelonae, the authors compared their
isolates to a number of mammalian isolates of D. congo-
lensis, and described a variety of phenotypic features,
including colony morphology and biochemical reactions,
for both species (Masters et al. 1995).

Disease in man is usually the consequence of contact
with infected animals or materials from such animals
(McNeil and Brown 1994). However, the organism may
also cause the condition known as 'pitted keratolysis,'
pitted lesions in the keratinized layer of the skin,
evidently generally occurring on the feet. Gillum et al.
(1988) reported a case of pitted keratolysis of the soles
of both feet of a physician with no history of contact
with infected animals; the organism was visualized histo-
pathologically and isolated in culture. This condition is
generally asymptomatic and self-limiting, and so may be
more common than generally recognized; in these cases,
it seems likely that infection results from soil contact.
The organism (identifled histopathologically and by
immunofluorescence staining) was considered to be the
causative agent of 'hairy' Ieukoplakia (a hyperkeratotic
lesion of the tongue) in an HlV-positive animal handler
(Bunker et al. 1988). Towersey et al. (1993) reported
four cases of infection, including one patient who had
nail as well as skin involvement; they also tabulated the
clinical features of 26 other human cases for which they
found reports in the literature.

DIETZIA

This genus was distinguished from the genus Rhodo-
coccus on the basis of 165 rDNA sequence differences
(Rainey et al 1995). We are aware of only one report
claiming the recovery of one species in the genus, Dietzia
maris,Irom clinical specimens, both a blood culture and
a catheter culture from an immunocompromised patient
(Bemer-Melchior et al. 1999). The organism was identi-
fied on the basis of a variety of tests including HPLC,
but it is not clear from the report which Rhodococcus
species were included in the HPLC database, and mole-
cular techniques were apparently not used.

GORDONIA

Many of the species currently placed in this genus

(formerly Gordona) were previously placed in the genus

Rhodococcus. An account of the history of the genus

can be found in the discussion of rhodococcal svstema-

tics by Goodfellow et al. (1998). Stackebrandt et al.

(1988), on the basis of phylogenetic heterogeneity

demonstrated by 165 rRNA sequencing, proposed

reviving the genus Gordona and emending the genus

Rhodococcus, so that the genus Gordona would contain

organisms with mycolic acids in the range of 48-66

carbon atoms and major amounts of dihydrogenated

menaquinones with nine isoprene units, and the genus

Rhodococcus would contain organisms with mycolic

acids in the range of 34-52 carbon atoms and menaqui-

nones with eight isoprene units. As is the case for

species in the genus Rhodococcus, some phenotypic

differences have been noted that may provide some

discrimination among the different species in the genus,

but it is not yet clear that phenotypic procedures can

provide truly accurate identification of any of the

species. The morphology of individual organisms and of

bacterial colonies of the species in the genus is very

similar to that of Rhodococcus species. SpeciesJevel

identification is best made by using molecular methods.

A brief account follows for those species for which we

could find some account of their isolation from human

clinical specimens.

Gordonia aichiensis

This species has been reported to have been obtained

from human sputum (Klatte et al. 1994), but we were

not able to find any case report regarding illness

attributed to this species, nor any recent reports of its

isolat ion from cl inical specimens.

Gordonia bronchialis

An outbreak of seven cases of sternal wound infection

following coronary artery bypass surgery was reported

by Richet et al. (1991). (The report referred to the

organism as Rhodococcus (Gordona) bronchialis.) All

involved patients were men who had required multiple

grafts during the surgery, but all incisions healed well

postoperatively; the average time interval after surgery

before appearance of infection was 53 days. Four

patients required surgical debridement of the sternum,

and two of these required sternectomy. Three patients

did well with antibiotic treatment alone; no patient

relapsed after treatment. Epidemiologic investigation

traced the hospital reservoir of the infection to 'nurse

A'. Cultures from nurse A's flngers after she wet them

in a water bath in the course of performing an intra-

operative clotting test, a nasal swab from nurse A, and

air samples collected in an operating room in which

nurse A had spent 5 min, all were positive for the same

organism cultured from the patients. Further investiga-

tion resulted in growth of the organism from the scalp

and vagina of the nurse and from the surfaces of her

operating room locker, and also from the neck-scruff



1152 Nocardia and other aerobic actinomvcetes

skin of two of her three dogs, from a furnace vent in the
floor where one of the dogs would often lie, and from
the inside of the nurse's deck shoes. The nurse was
assigned to duties not involving open-heart surgery, and
there were no subsequent cases of wound infection
caused by the organism. A regimen of vigorous hand
washing, along with application of bacitracin to her
hands and treatment with oral rifampin, failed to elim-
inate carriage from the hands and scalp of the nurse.
Organisms were never cultured from the water bath, and
it was surmised that transmission of the organism on her
hands to the affected patients was facilitated by the
droplets of water on her hands after the performance of
the clotting tests. The organisms involved were identified
by a variety of phenotypic tests, as well as mycolic acid
analysis by HPLC. Molecular methods including plasmid
analysis, restriction endonuclease analysis, and ribosome
typing established that isolates from the nurse and the
patients all belonged to the same strain. In vitro suscept-
ibility testing showed the isolates to be susceptible to
many agents, including amikacin, ceftriaxone, ciproflo-
xacin, erythromycin, imipenem, and trimethoprim-sulfa-
methoxazole. Antimicrobials used for patient treatment
included ceftriaxone, ciprofloxacin, and trimethoprim-
sulfamethoxazole. We are not aware of any subsequent
reports of human infection attributed to this species.

G_9rdonla ?ythropotlt
An isolate identified as this species (reported as Rhodo-
coccus erythropolis) was reported from the sputum of
one patient with a chest disorder (Osoagbaka 1989), but
no further clinical details were provided, and, if any mole-
cular methods were used to identify the isolate, these
were not stated. This organism was also reported (again as
R. erythropolls) as a cause of peritonitis in a patient recei-
ving continuous ambulatory peritoneal dialysis (Brown
and Hendler 1989); the patient responded to treatment
with vancomycin. The organism was grown from culture
of the dialysate and identified at a reference laboratory,
but no other information about the organism is
provided. In 1991, Yernazza et al. reported the case of
an HIV-positive patient with multiple subcutaneous
nodules, biopsy of one of which showed granulomatous
inflammation with acid-fast rods. A culture grew out an
organism identifled at a reference laboratory as R.
erythropolis (now G. erythropolis), but the procedures
used to identify the isolate were not specified. An isolate
of this species along with an isolate of Rhodococcus
luteus (now R. fascians) was also reported from a patient
with endophthalmitis (see below under Rhodococcus).

Gordon i a ru broperti ncta

An isolate of this species (reported as
rubropertinctus) was considered to be

Rhodococcus

the cause of

lingular consolidation, accompanied by cough, fever, and

weight loss in a young woman with no evident immuno-

compromise (Hart et al. 1988); the organism was visua-

lized in and grown from pus obtained at bronchoscopy.

The isolate was identifled at a reference laboratory, and

considerable phenotypic information concerning the

organism was provided in the report.

Gordonia sputi

This species was initially described (as Rhodococcus

sputi) on the basis of isolates obtained from human

sputum specimens (Tsukamura and Yano 1985). Riegel

et al. (1996) reported the case of a patient with meta-

static melanoma who had several blood cultures positive

for an isolate considered 'related' to this species. The

isolate was carefully studied by a variety of techniques

including DNA-DNA hybridization. The DNA hybridi-

zation results revealed only 60 percent similarity with

the type strain of the species, suggesting that the isolate

may have belonged to some other species. ln 1999,

Kuwabara et al. reported the case of a patient who

developed mediastinitis attributed to this species after

undergoing coronary artery bypass graft surgery. The

isolate was identified on the basis of cell wall and
phenotypic features, but no molecular studies such as

DNA sequencing were performed. Lesens et al. (2000)

reported a case of bacteremia and endocarditis consid-

ered to catheter-related that occurred in a patient with a

hemoglobinapathy and multiple associated problems.

This isolate was also extensively studied and reported as

a Gordonia species; DNA-DNA hybridization studies

indicated 55 percent relatedness to the G. sputi type

strarn.

Gordonia terrae

Martin et al. (1991) reported the case of a girl who

developed a wrist lesion with accompanying axillary

lymph node enlargement. Acid-fast bacilli were seen rn a

biopsy of the lesion, and an organism identified by the

authors as a Rhodococczs species was isolated from a

7H9 broth culture of the specimen, but not from any of

the other media planted. The isolate was noted by the

authors to resemble R. terrae (now G. terrae\ on the

basis of its phenotypic features, but to be somewhat

atypical. Nonetheless, the case is sometimes cited as one

caused by G. terrae. Buchman et al. (1992) reported the

cases of two patients who were receiving total parenteral

nutrition and developed what was considered to be
catheter-related sepsis. One isolate was considered
related to G. rubropertincta, but could not be identified

beyond the genus level even with the molecular methods

employed. The other isolate was considered to be
'most likely G. terrae or "terrae-like"' on the basis of

the studies performed, which included dot-blot DNA
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hybridization. Drancourt ef al. (1994) reported the case
of a child with a primary cerebral rhabdoid tumor who
developed a brain abscess attributed to this species
following his third surgical ablation procedure. The
isolate was biochemically somewhat atypical compared

to the type strain, but was identifled as G. tenae on the
basis of ribotype analysis; DNA hybridization was not

done. Drancourt et al. (1997) reported a case of central
nervous system infection attributed to this species in an
apparently immunocompetent patient; the organism was
isolated from CSF, and radiographic studies indicated
the presence of multiple brain abscesses. Sequencing of
1 481 positions of the 165 rRNA gene revealed 100
percent similarity with the sequence of G. terrae, blut
DNA-DNA hybridization was not done. Pham et al.
(2003), reported on five patients with underlying malig-
nancies who developed bacteremias which were consid-
ered catheter-related and were attributed to this species.
Identification to the species level was based on the
sequencing results for a 1 066 bp portion of the 165
rRNA gene, compared to the type strain. The percen-

tage identity of the sequences of the five isolates with

that of the type strain ranged from 98.5 to 99.9; for three
of the isolates, it was 99.8-99.9. No DNA hybridization
studies were performed. The patients all responded to
treatment with a variety of antibiotics; in two cases, the
catheter was removed.

NOCARDIA

General features

The nocardiae produce long, thin (0.5-1.2 pm diameter)
hyphae that branch extensively. On Gram stain they
generally appear as finely beaded gram-positive rods;
the individual 'beads' may not be immediately juxta-

posed to one another. When stained in direct clinical
material, they are almost always weakly acid-fast posi-

tive. On solid media, colonies of most isolates form a
fine, powdery aerial mycelium as the colony ages; the
reverse is usually pigmented in a shade of yellow,

orange, or salmon. When stained from cultures on a
solid medium, the organisms easily break up into short
rods and cocci, although a few longer, branching forms
can often be found. However, the very long and
branching forms typically seen in direct smears are
rarely found in culture. Also, unless subcultured to lipid-
rich media. the cells lose much of their acid-fastness
with progressive subcultures. Nocardiae also typically
produce an'earthy'odor. (In fact, the odor attributed to
soil is probably largely a consequence of aromatic

compounds produced by nocardiae and other aerobic
actinomycetes.) Conidia may be produced in culture,
particularly on the aerial hyphae (Goodfellow and
Lechevalier 1989). Nocardiae are generally recognized
as such in the clinical laboratory by the combination of

their typical cellular morphology (long, thin, branching

rods), staining reaction (beaded on Gram stain, positive

on modified acid-fast stain), and colonial morphology

(colonies that may take approximately 3-7 days to

become clearly visible to the naked eye, developing a

whitish, powdery aerial mycelium and a more-or-less

orange reverse).

Nocardiae also possess other important attributes,

although these are rarely assessed in the clinical labora-

tory. They are aerobic, catalase-positive, and nonmotile,

and have characteristic cell-wall components. In the

previous edition of this work, Goodfellow (1998)

detailed the chemotaxonomic features of the nocardiae

and the other aerobic actinomycetes. Among the impor-

tant features are meso-diaminopimelic acid in the pepti-

doglycan layer of the cell wall, both arabinose and galac-

tose in the polysaccharide component of the cell wall,

and cell wall mycolic acids containing an average of 50

carbon atoms (Alshamaony and Goodfellow 1976). A

set of chemotaxonomic properties, including these and

some others, has been recommended as the defining

characteristics for organisms assigned to the genus

Nocardia (Goodfellow 1998). At present, however, the

decision to assign newly described species to the genus is

based largely on degree of relatedness to other species

of nocardiae as determined by molecular methods. On

the basis of 165 rRNA sequence data, Chun and Good-

fellow (1995) concluded that the gerus Nocardia was

most closely related to the genus Rhodococcus, and

Roth et al. (2003) assessed the phylogeny within the

genus, concluding that it contained at least ten taxa that

warranted descriptions as new species.

Nocardiae will grow on a wide variety of media incu-

bated in ambient air; buffered charcoal-yeast-extract

agar supplemented with antibiotics (as used for the

isolation of Legionella species) seems particularly useful

for isolating nocardiae from specimens such as sputum

that contain normal flora (Garrett et al. 1992). Nocar-

diae are typically found in a fungal culture in the clinical

laboratory, and do grow at 30"C; however, particularly

the pathogenic isolates will generally grow a little more

rapidly at 35'C.

There are currently approximately 31 recognized

species in the genus, not including several species for

which transfer to another genus has been recommended

(Euzeby 1997). From our review of the literature, largely

confined to that in the English language, we are aware

of data indicating isolation from human sources for the

following species: N. abscessus, N. africana, N. brasi-

liensis, N. brevicatena, N. carnea, N. cyriacigeorgica, N.

farcinica, N. nova, N. otitidiscaviarium (formerly known

as N. caviae), N. paucivorans, N. pseudobrasiliensis, N.

transvalensis, and N. veterana. Note that N. asteroides

sensu stricto is not on the list; we are not aware of an

isolate of that species having been documented as

isolated from any human or other animal specimen.

The organisms designated by Wallace et al. (1988) as
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N. asteroides drug pattern types II and IV almost
certainly belong to as yet unnamed species, and particu-
larly the drug pattern II group probably consists of more
than one species (Roth et al. 2003). (See below under N.
asteroides for further discussion of these issues.) It can
be anticipated that additional human pathogenic species
will be described in the near future. Indeed, there is
already some evidence available that the species N.
brevicatena and N. transvalensis are in fact each species
complexes. Other pathogenic species that will not be
discussed in detail here include the fish pathogens N.
salmonicida (Isik et al. 1999), N. seriolae (Kudo et al.
1988), the oyster pathogen N. crassostreae (Friedman

et al. 1998), and the blueberry pathogen N. vaccinii
(Goodfellow and Lechevalier 1989).

Disease presentations

The majority of infections caused by aerobic actinomy-
cetes are produced by members of the genus Nocardia.
The vast majority of infections result either from post-
traumatic inoculation of the organism, or from inhala-
tion and subsequent establishment of a respiratory focus.
Most infections in the immunocompetent host are
secondary to trauma and remain localized. Once a focus
of infection is established in an immunocompromised
host, metastatic foci may develop virtually anywhere.
Disease caused by Nocardia species is often fairly indo-
lent, even in an immunocompromised patient, and the
infection may be widespread before the diagnosis is
established. Often an invasive procedure such as a
bronchoalveolar lavage must be performed to obtain
adequate material containing the organism to establish
the diagnosis of a respiratory infection. Diagnosis may
be delayed even when an appropriate specimen has been
obtained. The organisms may be undetectable or unrec-
ognized in direct smears of clinical material. Cultures
may not be held long enough for visible growth of the
organism to occur, other contaminating organisms may
prevent the detection of Nocardia colonies, or the detec-
tion of other potential pathogens may prematurely

terminate the search for more slowly growing pathogens
such as Nocardia. The data presently available suggest
that no one species of Nocardia produces a unique form
of infection. Perhaps the most that can be said at present
is that post-traumatic infection in tropical regions, parti-
cularly mycetomas, if caused by a Nocardla species at
all, are most frequently due to Nocardia brasiliensis. A
recent report on a series of Nocardia infections in
patients with chronic granulomatous disease (Dorman
et al. 2002) gives some indication of the wide array of
species involved in such infections. When molecular
identification methods were applied to the 2l available
isolates, the following identifications (with numbers of
isolates in parentheses) were obtained: N. asteroides
drug pattern type VI (now considered to be the same as

N. cyriacigeorgica) (4), N. farcinica (4), N. nova (2), N.

otitidis cav iarum (2), N. ps eudobrasiliensis (l), N ocardia

species (not further identiflable at the time of the study)
(8). One of the then-unidentiflable isolates has since

been found to be N. veterana (Conville et al. 2003). It is

not surprising that in immunocompromised patients,

infections with Nocardia species can occur along with

other organisms such as fungi, or that some patients may

be sequentially infected with different Nocardia species
(Casale et al. 1984; Gaafar et al. 200L; Dorman et al.

2002). Stamm et al. (1983) reported the case of an

immunocompromised patient who developed pulmonary

infection attributed to N. brasiliensls and subsequently

developed disseminated infection attributed to N. aster-

oides; the infections ultimately could not be controlled

by sulfonamides and trimethoprim, and the patient

succumbed, presumably from his disseminated infection.

The isolation of three different Nocardia species at

essentially the same time from a patient with sarcoidosis

being treated with steroids has also been reported (Hidri

et aI.2002); in that case, N. asteroides and N. nova were

recovered from respiratory specimens and N. otitidisca-

viarum was recovered from skin biopsies and urethral pus.

/V. abscessus

This relatively recently described species (Yassin et al.

2000b) was named after the source of the initial isolates.

It is the same organism as that formerly known as N.

asteroides drug pattern I. Isolates of this drug pattern

type were found to be susceptible to ampicillin, carbeni-

cillin, and broad-spectrum cephalosporins; half the

isolates had a high minimum inhibitory concentration
(MIC) to imipenem (Wallace et al. 1988). DNA-DNA

hybridization was used to demonstrate that this species

was distinct from N. asteroides (in the strict sense). Acc-

ording to those who initially described the species, it

differs phenotypically from the type strain of N. aster-

oides by its inability to hydrolyze esculin, to utilize gluco-

nate as a sole carbon source, and to utilize proline as a

sole source of nitrogen and carbon, and by its ability to

utilize citrate and maltose as sole carbon sources.

N. africana

The description of this species was based on eight

isolates obtained from the sputum of patients with
pulmonary disease in Africa (hence the species name)

(Hamid et al. 2001). On the basis of 165 rDNA sequen-

cing the organism was found to be most closely related

to N. vaccinii, to which it showed a maximum similarity

of 98.7 percent. Among the phenotypic features of the

organism found to be useful in separating it from other

members of the genus were its inability to hydrolyze

esculin or urea, its inability to use citrate or mannitol as

sole sources of carbon, its ability to decompose casein,
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and its ability to grow at 45'C. Some in vitro suscept-
ibility test result differences between this and other

species of Nocardia for some antibiotics were also

reported, but the currently recommended NCCLS

susceptibility testing procedure was not used. No clinical

details pertaining to any of the patients from whom the

organisms were obtained were provided. Hattori et al.
(2003) subsequently reported isolating this species from

a subcutaneous nodule of an 'American shorthaired cat'.
The isolation of the organism occurred while the cat was

in Japan, but no travel history for the cat was provided.

Phenotypic testing of the isolate and of a 'reference

strain' of N. africana produced identical results for both.
The 165 rDNA portion of the isolate that was

sequenced showed '99 percent homology' (according to

the text of the manuscript, but '100 percent homology'

according to the abstract) with the corresponding
portion of the gene of the reference strain.

N. asteroides

The confusion regarding the strain designations and the
nomenclature of early isolates placed in the 'Nocardia

asteroides' category results at least in part from the fact

that the phenotypic properties initially used for the

description and identification of aerobic actinomycetes

did not allow clear discrimination among the various
genera, let alone among the various species, involved
(Gordon and Mihm 1962b). Consequently, many species
considered distinct according to the modern molecular-

based species deflnition were lumped together under the

name 'N. asteroides.' For a brief account of the early
taxonomic history of this species, see below under N.

farcinica (the name originally proposed for the first type

strain of the genus Nocardia).It eventually became clear

that groups of 'N. asteroldes' isolates with different in
vitro susceptibility patterns were all, or nearly all, sepa-

rate species (Wallace et al. 1988). Of the six drug
pattern types distinguished by Wallace et al. (1988) drug
pattern type I is now N. abscessus, drug pattern type III

rs N. nova, drug pattern type V is N. farcinica, and drug
pattern type VI is most probably N. cyriacigeorgica.'fhe
other two drug pattern types (II and IV) have not been

formally named as yet; drug pattern type II in particular

may contain more than one species (Roth et al. 2003). A

further complication is that the type strain of N. aster-

oides (A-ICC 19247) ts sufficiently different by 165

rDNA sequencing from both drug pattern types II and
IV that it may be a different species from both. Also, it

appears that the type strain does not fit into any of the
drug pattern types described by Wallace et al. (1988) but
would be included with the small number of 'miscella-

neous' isolates that did not have any of the six patterns

delineated (Wallace et al. L988; Wallace and Steele
1988). Furthermore, it is not clear that any clinical
isolates have been obtained that really belong to the

same species (strictly deflned) as the M asteroides type

strain. So even the phrase 'N. asteroides sensu stricto' is

ambiguous; it should refer to organisms belonging to the

same species as the type strain, but in practice it essen-

tially never does, because of failure to appreciate the

extremely restrictive nature of 'sensu stricto' in this

particular case. (Note in this regard the use of 'N. aster-

oides sensu stricto' to refer to N. asteroides drug pattern

type VI in one recent comprehensive reference (Brown

and McNeil 2003). Sometimes these species were

referred to together as the 'N. asteroides complex' - but

it is rarely clear which species are intended to be

included in the 'complex.' More recently it has been

found that susceptibility differences alone do not

provide adequate discrimination among all the species

actually involved, and yet additional species need to be

distinguished (such as N. veterana from N. nova). As a

consequence of all this taxonomic confusion, it is impos-

sible to know to precisely which species most clinical

reports - even quite recent ones - pertain, unless at least

thorough molecular testing (such as RFLP analysis of

more than one gene region and 165 rDNA sequencing)

was performed. At present it seems to us an almost

insurmountable problem to identify isolates in this group

accurately to the species level by phenotypic testing.

Even the most recent publications comparing the pheno-

typic features of these and other Nocardia species do

not, for example, include N. asteroides drug pattern type

II or the type strain of N. asteroides (which as indicated

above may actually represent a species not yet reported

to be a pathogen) (Brown and McNeil 2003; Kiska et al.

2002).
As the majority of Nocardia infections reported from

nontropical regions have been attributed to this species,

we will briefly review such infections here.

Infections attributed to this species have occurred in

patients with a wide variety of immunocompromising

conditions, including patients with cancer, AIDS, solid

organ transplants, and chronic granulomatous disease.

Infections in these patients most commonly begin with a

pulmonary focus, and may subsequently disseminate to

virtually any organ in the body, but one of the common-

est sites of dissemination is the central nervous system.

Occasionally infection is initially detected at a nonpul-

monary site, with the (presumably initial) pulmonary

focus only detected during the ensuing work-up.

Chouciflo et al. (1996) presented six patients from

their institution who developed Nocardia infection after

bone marrow transplantation, and reviewed the cases of

four other patients previously described in the literature.

Eight of the patients had had leukemia, one had had

non-Hodgkin's lymphoma, and one had had aplastic

anemia. Six of the isolates were identified as N. aster-

oides, lhree as N. nova, and one as N. otitidiscavtarum.

Four patients had soil or dust exposure prior to devel-

oping their infections. Four patients had a fungal infec-

tion diagnosed at the same time as, or shortly after, the
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diagnosis of a Nocardia infection was made. Torres et al.
(2002) reviewed episodes of nocardiosis occurring at
their cancer center between 1988 and 2001. Of 39
isolates identified to the species level, 30 were called N.
asteroides complex, seven, N. brasiliensis, and two, N.
otitidiscaviarun. Forty-two infected patients were found
in their retrospective review, giving an incidence of 60
cases per 100 000 admissions. Over half the patients (27,
or 64 percent) had hematologic malignancies. Infection
occurred after bone marrow transplantation in 13
patients. In the 30 days before the infections began, ster-
oids were administered prior to 58 percent of the epi-
sodes, and chemotherapeutic agents, prior to 23 percent
of the episodes. The infections were pulmonary in
70 percent, soft tissue in 16 percent, catheter-related in 7
percent, and disseminated (with lung involvement) in 2
percent. For the 15 patients for whom data regarding
infection outcome were available, the infections were
thought to have been contributory to the deaths of
nine. Nocardia infections occurring from 1974 through
1986 at the same institution in patients with a variety of
malignancies (and in one patient with no underlying
disease) had been reviewed earlier by Berkey and
Bodey (1989). They found 14 cases of infection; all were
attributed to N. asteroides, except for one cutaneous
infection attributed to N. brasiliensrs. Ten patients had
pulmonary involvement. Two patients with normal chest
films had positive sputum cultures for N. asteroides; the
organism was considered a colonizer, not a pathogen, in
both.

Krick et al. (1975) discussed seven cases of pulmonary
N. asteroides infection in heart transplant patients, six of
which were diagnosed pre-mortem and five of which
were confined to the lungs. In two patients the infection
disseminated to the skin. All infected patients had been
treated with prednisone and azathioprine. Percutaneous
needle aspiration was done in all six patients who were
diagnosed during life; diagnosis was established by the
initial aspirate in four of the patients. The organism was
eventually recovered from sputum cultures from three of
the patients. Diagnosis and management in one patient
were complicated by the prior and concurrent presence
of Aspergillus pulmonary infection. One patient with
pulmonary, calf, and shoulder lesions had a prolonged
course and required several surgical interventions,
including a mid-thigh amputation because of progressive
leg infection. This patient eventually resolved his infec-
tion after a prolonged course of sulfisoxazole, along with
multiple other antibiotics administered at various times
during his infection.

There have been numerous reports of infection in
renal transplant recipients. Houang et al. (1980) and
Lovett et al. (1981) discussed an outbreak involving
seven patients on a transplant unit in a London hospital.
The index patient was eventually found to have had N.
asteroides present in nephrostomy urine for some time,
and the authors speculate that the manner in which her

urine was disposed of in the unit may have resulted in

environmental contamination, with 13 isolates being

obtained from environmental samples. Five of the six

subsequently infected patients had pulmonary involve-

ment. The authors suggested that the outbreak was due

to 'patient-to-patient transmission', but as the authors

essentially indicate, the transmission more probably

occurred through the intermediation of a contaminated

environment. Isolate identity among the patients was

presumed on the basis of phenotypic similarities; at that

time molecular confirmatory testing had not been devel-

oped. Formaldehyde fumigation of the unit apparently

resulted in termination of the outbreak. Wilson et al.

(1989) discussed six cases of N. asteroides infection that

had occurred between 1975 and 1987 in a total of 251

transplant patients; all involved a pulmonary focus and

one also involved the skin. They also reviewed the

literature regarding Nocardia infections in renal trans-

plant patients up to that time; they found 88 additional
patients for which sufficient data were available to be

included in their review. Of these 88 patients, 88 percent

had pulmonary involvement. Of the 81 cases for which

organism identiflcation was reported 78 were identified

as N. asteroides, two as N. brasiliensls, and one as N.

caviae. 
'fhe most frequent symptoms were fever and

cough. The most frequent radiographic chest abnorm-

ality was a nodular infiltrate, with some patients showing

cavitation; a number of other radiographic abnormal-

ities, including alveolar infiltrates and pleural effusions,

were seen. Of the patients treated with a sulfa drug, 82
percent survived. Arduino et al. (1993) discussed nine

cases of nocardiosis that had occurred in 1 255 renal

transplant patients between 1980 and 1992, for an inci-

dence of 0.7 percent. These patients had received a

combination of cyclosporine and prednisone for immu-

nosuppression, and had a lower incidence of Nocardia

infection than an earlier group of 154 patients who had

received azathioprine and prednisone for immunosup-

pression. In the earlier group there were four episodes

of Nocardia infection, for an incidence of 2.6 percent. Of

their nine patients, eight had pulmonary involvement,

with one each of these also having brain and skin invol-

vement. One patient had only skin involvement. Seven

of the isolates were identified as N. asteroides and two as

N. brasiliensis. Nearly all patients required a relatively

invasive procedure such as a bronchoalveolar lavage or a

biopsy to obtain diagnostic material. Eight patients were

cured of their infections; trimethoprim-sulfamethoxazole

and amoxicillin-clavulanic acid were the principal anti-

microbials used. Unusual sites of infection in transplant

patients in whom no pulmonary involvement was

detected include a case of sphenoidal sinusitis attributed

to N. asteroides rn a renal transplant patient (Roberts

et al. 1995), and a case of thyroid infection attributed to

M asteroides in a patient who had undergone a

combined renal and liver transplant (Carriere et al.

1999).
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Forbes et al. (1990) discussed seven liver transplant
patients who developed Nocardia infection during a 3r/2-
year period during which 191 transplants had been
performed. Four patients had pulmonary infection only;
two had cerebral involvement, presented with grand mal

seizures, and also had skin involvement, and one had an

axillary mass and was subsequently found to have both
pulmonary and cerebral involvement. One of the two
patients who presented with seizures was also found to
have pulmonary involvement at autopsy. Diagnostic
material was obtained by bronchoscopy, fine needle
aspiration of a pulmonary lesion, and aspiration of cuta-
neous lesions. A positive blood culture was obtained
from one patient with disseminated disease. A diagnosis
was made by direct examination of clinical material in
several of the patients. The isolates from all the patients

were identified as Nocardia asteroides. The patients were
treated with a variety of antibiotics; three of the patients

died. and in two of these. their Nocardia infections were

considered to have played a major role in their demise.

Susceptibility testing was done, although not using the
procedure now recommended. The authors specifically
note that one of the patients responded to trimethoprim-

sulfamethoxazole despite an in vitro susceptibility result
to the drug combination that suggested 'reduced' effi-
cacy. Lopez et al. (1994) presented a case of testicular

Nocardia infection in a liver transplant patient in whom

no other focus of infection was found; they also
reviewed four other reported cases of testicular involve-
ment, all of which had occurred in immunocompromised
patients, and in three of whom pulmonary involvement

was also detected.

Hasain et al. (2002) reported on ten lung transplant
patients who developed Nocardia infection over an
approximately l0-year period at their institution, during
which time 473 lung transplants had been performed.

Isolates from three patients each were identified as N.
asteroides complex, N. farcinica, and N. nova; the isolate

from the remaining patient was identified as N. brasi-
liensis. 

-fhere 
was pulmonary involvement in all ten

patients; one patient also had brain and bone involve-
ment. All three patients with N. farcinica infections died.
In three of the four patients who died, death was attrib-

uted to thet Nocardia infections.

Uttamchandani et al. (1994) discussed 30 patients with

advanced HIV infection who were diagnosed with a
Nocardia infection at their institution over a 4rf2-year
period; they also briefly mention several other case
reports and series of such infections in HlV-infected
patients published prior to their report. In 2L patients,

infection was evidently confined to the lungs, and one
patient was found to have involvement of lungs, skin,
and CNS. In three patients, infection was first detected
in a skin or soft tissue site; in five patients, it was first
found in a variety of other sites. It is not entirely clear
whether any of these eight patients with an initial
nonpulmonary presentation had any subsequent

evidence of pulmonary involvement. The authors note a

significant association of intravenous drug abuse in the

patients with a Nocardia infection; 53 percent were IV

drug abusers, compared with an overall incidence of 30

percent in the 1 655 AIDS patients seen at their institu-

tion over the same time period. Isolates from all 30

patients were identified as N asteroides. Of the patients

with a pulmonary focus, 14 had radiographic evidence of

upper lobe involvement, and 14 had an alveolar infil-

trative pattern. Two patients had a reticulonodular

pattern, and two, a mixed pattern. Cavitary lesions were

eventually seen in 18 patients. Three patients had

pleural effusions, and two of these required thor-

acostomy for empyema drainage. In most cases of

pulmonary disease the diagnosis was made on a broncho-

scopically obtained specimen. Of the 27 patients

receiving antibiotics, 22 improved, bttt 14 of these

relapsed in less than six weeks after antibiotics were

stopped. Of the 25 patients who died, t2 were thought

to have died from their nocardial infection, and the

infection was thought to have been a contributing factor

in the deaths of seven others. In 1994 Ray et al.

described an HlV-positive, IV drug abuser who

presented with septic knee arthritis and had concomitant

pulmonary lesions; N. asteroides was isolated from

cultures of both synovial fluid and sputum. Arabi

et al. (1996) described an AIDS patient who pre-

sented with fever, nausea, and epigastric pain who had

no discernible pulmonary involvement but did have

widespread abscesses and positive blood cultures; in

addition to being obtained from blood cultures, the

organism, identified as N. asteroides, was also obtained

from an aspirate of one of his markedly enlarged

adrenal glands. This patient was initially treated with

doxycycline because of a reported sulfonamide

allergy; he initially improved, but subsequently re-

lapsed, and ultimately responded well to trimethoprim-

sulfamethoxazole.

Infection attributed to N. asteroides has also been

reported in patients with systemic lupus erythematosus

(SLE) (for example, by Gorevic et al. (1980), who

reported three infections in men and noted that they had

not seen any Nocardia infections in their female patients

with SLE, despite that fact that they followed nearly

seven-fold more women than men), in patients with

chronic granulomatous disease (Dorman er al. 2002)

(and see above under Disease presentations), in patients

receiving steroids for rheumatoid arthritis (Narushima

et al. 2002) and sarcoidosis (Jastrzembski et aI.2002),

and very rarely in patients who are pregnant (Braun

et al.  1991).

While the role of Nocardia species in brain abscesses

is well known, Nocardia infection can cause, and, rarely,

present as a subacute or chronic meningitis. In a review

of 28 patients with meningitis caused by Nocardia

species, Bross and Gordon (1991) reported that one was

attributed to N. caviae, two to N. brasiliensis, and the
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rest to N. asteroides; in 21 of these cases the organism
was grown from a CSF culture, and in the remaining
eight, from culture of some other site. Some predis-
posing condition was noted in 75 percent of the cases. A
number of cases of endophthalmitis caused by this
organism have also been reported (Knouse and Lorber
1990; Ng et aI.2002); virtually all have appeared to have
resulted from hematogenous metastasis from another
focus, usually pulmonary, and nearly all have resulted in
blindness of the affected eye.

Nocardia species may occasionally be isolated from
patients with some underlying pulmonary disease. For
example, Lumb et al. (2002) reported isolating N. aster-
oides from three patients with cystic fibrosis. These
authors noted that in these three patients, despite
multiple isolations of the organism, it seemed more
likely to be a colonizer than a pathogen.

In some of the reported cases of infection attributed
to N. asteroides, the infection may have resulted from
traumatic introduction of the organism. There have been
a few reports of catheter-related bacteremia attributed
to this organism in which no other tissue focus that
could have served as the initial focus of infection was
detected. Kontoyiannis et al. (2000) described two
patients, one with Hodgkins' disease and the other with
metastatic breast cancer, both of whom had positive
blood and catheter-tip cultures. Lui et al. (2001)
described a patient with thalassemia and diabetes who
developed bacteremia; the bacteremia in this patient was
cleared without removing the catheter. Torres et al.
(2002) reported that in five of their 42 patients with
cancer who developed Nocardia infections, the infec-
tions were catheter-related. Vanderstigel et al. (1986)
reported the case of an IV heroin abuser who developed
pulmonary infection but was apparently otherwise
healthy. Although neither the heroin nor the injection
paraphernalia used were available for culture, a history
was obtained that the patient had hidden his syringes
and needles in a flower-bed, and the authors speculated
that his injection materials may have become contami-
nated with N. asteroides at that time.

Endocarditis caused by Nocardia species apparently
may result either from traumatic introduction of the
organism at surgery (presumably the most common
cause), but may also result from intravascular dissemina-
tion from another traumatic focus, or from another
established site of infection. Dhawan et al. (1998)

described a patient who developed native mitral valve
infection which was thought on the basis of its histo-
pathological features to be most likely a Nocardia
species, although no etiologic organism was cultured
from any site in the patient. The patient had a history of
recurrent skin infections, a Gram smear of the drainage
from one of which revealed Nocardia-llke organisms, but
the organism was not isolated in culture; possibly one of
these lesions was the source of her mitral valve involve-
ment. These authors also reviewed six other cases of

endocarditis in patients with prosthetic valves, five of
which were attributed to N. asteroides, and one, to N.

farcinica. Four of these six patients died. Watson and

Wilson (2001) reported the case of an IV drug abuser

who developed native aortic valve endocarditis

attributed to N. asteroides.

N. asteroides has been associated with many other
types of infection as well. Peritonitis associated with

continuous ambulatory peritoneal dialysis has been
reported (Arfania et al. 1981). A case of peritonsillar

abscess attributed to N. asteroides was reported by
Adair et al. (1987) in a patient with no known under-

lying disease and no evidence of pulmonary infection;
however, the patient had a 5-year history of recurrent
pharyngitis of unknown etiology. The authors hypothe-

sized that the infection may have resulted from iatro-
genic introduction of the organism during a tonsillar
incision. Tsuboi et al. (1986) reported a patient with
lymphocutaneous lesions (an ulcer and nodules on the

right hand and forearm) mimicking sporotrichosis;

cultures grew out organisms identified as N. asteroides.
The patient, a fisheries student, had no history of trauma
to the affected area; lesions had begun on the tip of his
right index finger. The patient had no evidence of other

disease at the time of presentation, but he did have a
history of having had a lung abscess several years
previously. Dinulos et al. (1999) presented the case of a
previously healthy young girl who developed septic

arthritis of her right knee; symptoms began some 6
weeks following puncture of the skin of the knee by a
claw of a rooster that had attacked her. Multiple
abscesses developed in the structures surrounding the
knee; three drainage procedures and almost 5 months of
antibiotic treatment were needed to eradicate the infec-
tion. Astudillo et al. (2001), reported a patient who
developed a nodule on her arm at the site of a cat
scratch 5 months previously; culture of a biopsy of the
lesion grew out an organism reported to be this species,
although no information was provided on how or where

the identification was made.

There are a few reports of keratitis and corneal
ulceration caused by Nocardia species; most are
secondary to trauma. Tendolkar et al. (1998) presented a
patient with a corneal ulcer who also had leprosy; there
was no history of trauma, but the patient had no sensa-

tion in the affected eye, possibly secondary to her

leprosy, and so would likely not have noticed any

trauma that occurred. These authors also briefly
reviewed the other cases of corneal ulceration attributed
to Nocardia species that they found in the published

literature. Also in 1998, Sridhar et al. retrospectively

reviewed 16 cases of keratitis caused by Nocardia
species (out of 908 culture-positive keratitis cases) that
had been seen at their institution between early l99l
and the end of 1996. Four patients had a history of
trauma. N. asteroides was identified in 15 patients, and
N. caviae (now N. otitidiscaviarum) in one. A variety of
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topical antibiotics were used as treatment. In 11 patients,

there was healing with some residual corneal scarring. in

one there was a persisting epithelial defect, one patient

with concomrtant Sfteptococcus pneumoniae infection

required enucleation, and the other three were lost to

follow up.

N. brasiliensis

Along with their detailed account of the infections

attributed to this species in seven patients from their

institution, and their review of 55 additional cases

reported from the USA up to the time of preparation of

their review, Smego and Gallis (1984) include a brief

taxonomic history of the species. The organism that

eventually became known as N. brasiliensis was flrst

isolated in 1909 by Lindenberg from a Brazilian man

with a mycetoma. It is relatively easy to differentiate

from all other human pathogenic Nocardia species

except N. pseudobrasiliensls because of its capacity to

break down casein, hypoxanthine, and tyrosine, but not

xanthine (Brown and McNeil 2003). Wallace et al.

(1995) reported that within their collection of isolates

that had all been considered to be N. brasiliensis there

appeared to be another species, most isolates of which

could be distinguished by several phenotypic features

including decomposition of adenine and susceptibility to

ciprofloxacin. Approximately 60 percent of their invasive

isolates that had been considered to be N. brasiliensis

appeared to belong to this new species; only about 3

percent of the N. brasiliensis isolates involved in loca-

lized cutaneous isolates appeared to be members of the

new species. In the additional studies carried out for the

subsequent description of this new species by Ruimy

et al. (1996), as N. pseudobrasiliensis, molecular methods

including DNA-DNA hybridization established that N.

pseudobrasiliensls was indeed a species separate from N.

brasiliensis. Given that N. pseudobrasiliensis was only

recently recognized as a separate species, it is impossible

to know how many infections attributed to N. brasi-

liensis reported in the older literature were in fact

caused by N. pseudobrasiliensis. It seems particularly

likely that N. pseudobrasiliensis was actually the etio-

logic agent in many of the cases of noncutaneous disease

that had been attributed to N. brasiliensls. In their

analysis of N. brasiliensis infections in 62 patients,

Smego and Gallis (1984) noted a number of differences

between such infections and those attributed to N. aster-

oides. N. brasiliensis caused disease primarily in rmmu-

nocompetent patients (only 28 percent if the patients for

whom adequate data were known to be available were

immunocompromised) and infection often resulted from

trauma. In one of the cases reviewed by Smego and

Gallis the trauma involved was reportedly a cat scratch,

and there have also been subsequent reports of lympho-

cutaneous infection following a cat scratch (Sachs 1992;

Bottei et al. 1994). A case occurring at the site of an

insect bite has also been reported (Paredes et al. 1988).

As with disseminated infections attributed to N' aster-

oides, disseminated infections attributed to N' brasi-

Iiensis can involve virtually any body site. Koll et al.

(1992) reported a case involving infection of the left

knee, and briefly reviewed 13 additional reported cases

of disseminated disease; among the sites involved were

brain, liver, lung, and skin.

N. brasiliensr and other aerobic
actinomycetes as causes of mycetoma

N. brasiliensi,l is probably the most common cause of

actinomycotic mycetoma (see above under Actinoma-

dura) in the western hemisphere, although, as most cases

occur in relatively impoverished tropical regions, accu-

rate flgures are not available, and probably few if any

isolates have been examined by modern molecular iden-

tification methods to assure that they belong to N. brasi-

/lensis sensu stricto. The importance of trauma in rela-

tion to the development of infection was appreciated

before the differences in the etiologic agents were

understood (Pijper and Pullinger t927). Indeed, the

condition has been recognized for centuries. Khatri et al.

(2002\ cite a reference indicating that the first written

reference to mycetoma occurs in 'the ancient Indian reli-

gious book, Atharva Veda, where it is described as

"Padavalmika" (foot ant hill).' The condition, as it

affects the foot. is often called 'Madura foot' the name it

was evidently given by Gill in 1842, with its first recogni-

tion as a clinical entity occurring in Manurai, India, in

1842. Gonz6les Ochoa (1962) reported that N. brasi-

liensis was the etiologic agent of 94 percent of Mexican

cases of mycetoma, while the organisms then called N.

asteroides were responsible for less than 1 percent. He

also noted that the prevalence of foot and back involve-

ment was the consequence of the frequency of walking

barefoot and of carrying contaminated fiber sacks on the

back. Some 30 years later Castro et al. (1993), also noted

the preponderance of N. brasiliensi,t among their cases

of mycetoma from Sao Paulo, Brazil, with this species

the etiologic agent in 13 of the 16 cases from which an

actinomycete could be identifled to the species level, and

N. asteroides the agent in only one. In their report on

mycetomas in Mali, Mahe et al. (1996) found that, of 30

actinomycotic mycetomas, 15 were caused by Actinoma-

dura pelletieri, 12 by Actinomadura madurae, and three

by Streptomyces somaliensls; identiflcation of organisms

was based on histopathologic examination of biopsies. In

their report including 13 patients with actinomycotic

mycetoma from Yemen, Khatri et al. (2002) attributed

eight cases to S. somalien^sls, one to S. madurae, and four

to Nocardia species. In this study, identification was

based on histopathological appearance of the grains. In

their review of 264 cases of mycetoma seen at the

Calcutta School of Tropical Medicine between 1981 and

2000, Maiti et al. (2002) report that 197 were actinomy-
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cotic; of these, 75 were attributed to N. brasiliensis,3S to
N. otitidiscaviarum, 52 to N. asteroides, 9 to Strepto-
myces spp., and 23 to Actinomadura spp. At least some
of their identiflcations were based on determining a few
phenotypic properties of isolated organisms. There is a
marked preponderance of mycetoma in males, presum-
ably reflecting a greater likelihood of trauma to males
than to females in settings such as agricultural work
where exposure to actinomycetes may more likely occur.
The importance of plant-related trauma in the etiology
of mycetoma is highlighted by the report by Ch6vez et al.
(2002) of 20 cases of perianal actinomycetoma. Of the
18 isolated and identified agents, 17 were N brasiliensis
and one was A. madurae; Nocardia-like granules were
seen in the other two cases. Seventeen patients were
male, and 18 were farmers. Of the 18 patients from
rural areas, 14 reported that 'they defecated outdoors
and sporadically wiped their rectums with different
objects, such as herbs, leaves, grainless corn cobs, bran-
ches, etc.' - during the course of which they presumably
sustained sufficient trauma to inoculate the etiologic
agents. With regard to the case of a student who had
always lived in Mexico City, the authors comment that
'the patient reported being homosexual and had the
habit of introducing various vegetables into the anus,
such as carrots, cucumbers, and radishes; we think that
this is a possible explanation for the disease, as all of
these vegetables are tubercles that grow underground
and therefore must be rich in actinomycetes and fungi'.
The patients with infections attributed to Nocardia
species were treated with the combination of diaminodi-
phenylsulfone and trimethoprim-sulfamethoxazole,
generally until clinical cure was achieved. The authors
comment that treatment was more protracted than
generally required for mycetomas involving the extre-
mities, the average treatment period being 2.2 years,
with a range of 6 months to 4.5 years.

N. hrevicatena

Brown et al. (1,997) recommended inclusion of three
groups of Nocardia isolates into the 'Nocardia brevica-
tena complex.' based on their similar pattern of amino-
glycoside susceptibility, all the isolates being susceprible
to amikacin, kanamycin, and tobramycin, and most
being resistant to gentamicin. These groups included
three ATCC 'reference strains' of N. brevicatena, 19
clinical isolates of 'N. asteroides complex antibiogram
type II' (see above under N. asteroides for a discussion
of the drug pattern types), and ten lysozyme susceptible
Nocardia isolates (presumably all from clinical sources)
from Australia. By certain PCR-RFLP procedures
applied to a region of the heat shock protein gene, this
set of organisms could be distinguished from all other
Nocardia species studied up to that time. Other PCR-
RFLP procedures applied to the same gene region

allowed discrimination among each of the three groups;
therefore, it seems likely to us that further molecular
study of this group will reveal that several different
species are involved.

N. carnea

The organism now known as this species was initially
described in 1891 by Rossi-Doria. The type strain has
since been lost, and a neotype strain was selected by
Gordon et al. (1978), in their study of several isolates
which were thought to belong to this species. Of those
isolates, a few had evidently been obtained from human
clinical material. We are not aware of any recent reports
of clinical isolates attributed to this species, nor of any
molecular studies of the similarity of this to other
currently accepted species within the genus.

N. corynebacterioides

This species was originally described as Corynebacterium
rubrum by Crowle, and subsequently transferred to the
gents Nocardia on the basis of its physiological,

chemical, and ultrastructural features by Serrano et al.
(1972). The speciflc epithet was changed to coryne-
bacterioides because at that time 'Nocardia rubra' was
the valid name of another species. Serrano et al. (1972)

describe the growth on solid media as 'orange-red

pigmented colonies with a granular central region . . .
surrounded by a smooth and shiny peripheral zone;'no
mention is made of an aerial mycelium. In his taxonomic
comments on the genls Rhodococcus, Goodfellow
(1989) stated that N. corynebacterioides was a synonym
of Rhodococcus globerulus, but N. corynebacterioides
evidently remains the accepted name for this organism
(Euz6by 1997). Rhodococcus globerulis has been
reported at least once as a clinical isolate (see below
tnder Rhodococcus). The appropriate generic place-
ment, species epithet, and clinical significance of this
species remain ambiguous.

N. cyriacigeorgica

This species was recently described by Yassin et al.
(2001) as N. cyriacigeorgici; the name was corrected to
its current spelling on notification (IJSEM 2001). It is
presumed on the basis of 165 rDNA sequencing to be
the same as the organisms grouped by Wallace et al.
(1988), as N. asteroides drug pattern type VI (Roth et al.
2003; Conville et al. 2003). The type strain (the isolate to
which the species name was first applied) was obtained
from the 'bronchial secretions' of a patient with chronic
bronchitis. The name refers 'to the origin of the name of
the German town Gelsenkirchen where the type strain
was isolated.' In a report in 2003 of which we have seen
only the English abstract, Fux et al. (2003) stated that
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theirs was the 'first report of invasive human infection'

caused by this species; in fact, such evidence as is avail-

able thus far indicates that this species, although only

recently formally named, is the most common human

pathogen of all the species once lumped together as
'Nocardia asteroides'. See the discussion above under

N. asteroides.

N. farcinica

Ertl et al. (1987) reported a case of endocarditis attrib-

uted to this species that developed shortly after the

patient's calcified aortic valve had been replaced with a

prosthesis. No evidence of a pulmonary focus was

detected, and the authors hypothesized that the

organism may have been introduced intraoperatively, or

that the operation may have reactivated a preoperatively

acquired infection. These authors published their report

before the work of Wallace et al. (1990), discussed

immediately below, had been published. They do not

report any of the specific phenotypic features of their

isolate, but refer to another publication on classification

of the aerobic actinomycetes wherein the procedures

and tests for making the identification were presumably

contained.

Wallace et al. (1990) reported that a significant
percentage of isolates that they had studied, which at

that time were considered to belong to the species N.

asteroides, had the same antibiotic susceptibility testing

profile, and the same results in a selected set of pheno-

typic tests, as the type strain and several reference

strains of N. farcinica. This susceptibility test result

profile was that of N. asteroides drug pattern type V (see

above under N. asteroides). The group of isolates was

noteworthy because of their significant degree of anti-

biotic resistance as compared with other isolates then

contained in the species N. asteroides, and because of

the role of many of the isolates in disseminated disease.

These authors presented an illuminating account of the

history pertaining to the designations of the species N.

asteroides and N. farcinica. Briefly, the isolate obtained

by Edmond Nocard in 1888 and thought to be the etio-

logic agent of bovine farcy was initially named N. farci-
nica by Trevisan in 1889, the genus name honoring the

discoverer of the organism and the species epithet indi-

cating the disease with which the organism was asso-

ciated. However, the cultures of that isolate contained in

two different collections were subsequently demon-

strated to be very different, one a mycobacterium and

the other a Nocardia species. When the Nocardia isolate

was compared to isolates considered to be N. asteroides

by Gordon and Mihm (I962b), it was considered indis-

tinguishable from the N. asteroides strains. The recom-

mendation of these authors that a new type species for

the genus, with the name N. asteroides, be chosen was

accepted in 1980. However, as work by other investiga-

tors (prior to that of Wallace et al. (1990)) had demon-

strated that there were differences between the original

Nocardia strain that had been designated N. farcinica on

the one hand (along with some other strains as well), as

compared with other N. asteroides isolates on the

other hand, the International Judicial Committee

allowed continued use of the name N. farcinica,
although the nature of the entity to which the name

referred was uncertain. Goodfellow and Lechevalier

(1989) also discussed some of these problems, noting

that the 'Gordon tests' could not distinguish between N.

asteroides and N. farcinica but that the 'Goodfellow

tests' could. Wallace et al. (1990) suggested the

following set of phenotypic features for discriminating

what they thought should be considered the separate

species N. farcinica from the species N. asteroides'. (l)

Growth at 45'C within 3 days; (2) utilization of acet-

amide as a nitrogen and carbon source; (3) acid produc-

tion from rhamnose; (4) resistance to cefamandole

and tobramycin. At least 80 percent of the clinical

isolates that they considered to belong to the species N.

farcinica were positive for each of these features consid-

ered separately. In addition, all their N. farcinica isolates

were susceptible to amikacin and sulfamethoxazole.

Wallace et al. (1990) also referred to several earlier

reports of infections attributed to N. farcinica. Subse-

quent molecular work has conflrmed that N. farcinica
is indeed a different species from N. asteroides and

the other recently named species that have been sepa-

rated out from the 'N. asteroides complex' (Roth et al.

2003).
Miksits et al. (1991) reported a case of CNS infection

in a renal transplant recipient attributed to this species.

These authors were apparently unaware of the 1990

publication by Wallace et al. but they based their identi-

fication on criteria proposed by other investigators. They

refer to publications by Schaal (1977) and Schaal et al.

(1986), the latter of which we were unable to obtain,

which described at least some of the phenotypic features

by which N. farcinica could be distinguished from N'

asteroides that were subsequently also reported by

Wallace et al.  (1990).

Schiff et al. (1993) reported the case of a previously

healthy man who developed an infection attributed to

this species after being accidentally hit in the face with a

shovel. It took several months for symptoms to develop;

when he presented some 6 months after the injury, he

was found to have an abscess and osteomyelitis of the

zygomatic arch. His infection resolved following surgical

debridement and long-term treatment with amikacin.

These authors also found and reviewed 13 other cases of

infection attributed to this organism reported since 1966

(but not including the case reported by Miksits et al.

1991). Of the 14 cases considered by Schiff et al. (1993)

50 percent involved the lung, 29 percent, the brain, and

2l percent, skin and nearby tissues.

Torres et al. (2000) reported a case of disseminated

infection attributed to this species in an elderly man
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with lymphoma; the organism was isolated from a blood
culture and from several urine cultures. These authors
also reviewed 52 other cases reported in the literature
for which there was adequate clinical information and
from which the organism had been identif,ed from a
clinical specimen. They noted that the lung was the most
commonly infected site (43 percent of the cases), with
CNS infection occurring in one-third of the cases.
Assuming that CNS infection always represents dissemi-
nation, 45 percent of the cases involved a disseminated
infection. Included in their review were 14 cases of post-
operative wound infection that occurred in two different
hospitals; the source of the organism reportedly was dust
from construction work that contaminated operating
room alr.

Some additional cases of interest include an elderly,
apparently immunocompetent patient with no
pulmonary findings who had an intracerebral abscess
that was successfully treated with enucleation and both
amikacin and imipenem, followed by oral minocycline
(Krone et al. 1989); a patient with severe keratitis who
presumably acquired the infection through cleaning her
rigid contact lenses in nonchlorinated, presumptively
contaminated rainwater stored in a basin (Eggink et al.
1997) (also included in the review by Torres et al. 2000);
an AIDS patient with disseminated infection from whom
the organism was cultured from both blood and CSF
(Minamota and Sordillo 1998); and a case of laryngeal
abscess and unilateral vocal cord paralysis in an immu-
nocompromised man in whom no other focus of infec-
tion was identified (Cohen et al. 2000).

Wenger et al. (1998) reported the results of their
investigation of an outbreak of sternotomy site infec-
tions which occurred in one hospital following open-
heart surgery. Five patients developed such infections. A
case-control study identified two risk factors, diabetes
(four of the five patients), and exposure to one parti-
cular anesthesiologist (four of the five patients).
Although the anesthesiologist had not participated in
the surgical procedure performed on one of the infected
patients, that anesthesiologist had participated in two
surgical procedures on the day preceding the procedure
on the patient who subsequently became infected. For
strain identification both RFLP of chromosomal DNA
and ribotyping were performed. Seven hand cultures
from the anesthesiologist, as well as perineum and scalp
cultures, were positive lor N. farcinica. Of the ten colo-
nies obtained from these hand cultures, RFLP analysis
revealed seven distinct patterns. One of these patterns
was identical to the pattern obtained from the isolates
from four of the patients; another was identical to the
pattern obtained from the patient with a pattern distinct
from that of the other four patient isolates. No Nocardia
isolates were obtained from body site cultures from 27
other hospital personnel. One of the infecting strains of
N. farcinica, as well as several others. was also recovered
from the anesthesiologist's house. Symptoms did not

develop in the patients until 21-45 days post-operatively.

All infections were serious, requiring some degree of
debridement; three patients required sternum resection,
and one required anterior mediastinal debridement.
The infections in all patients ultimately resolved, but
required long-term antimicrobial treatment. After
the anesthesiologist began a program of vigorous
hand washing, and some other barrier precautions were
introduced as well, N. farcinica could no longer be
cultured from his hands. and no additional infections
developed.

N. nova

In a numerical analysis involving 107 characters reported
in 1982, Tsukamura found that isolates considered to
belong to the species N. asteroides could be divided into
two subgroups; one of these he described as N. nova
(nova meaning a new species). Seven characters were
useful for distinguishing the isolates of N. nova from the
isolates considered to be N. asteroidesi these included
14-day arylsulfatase (positive in TL percent of 14 N. nova
isolates and negative in all of nine N. asteroides isolates),
and utilization of citrate as a sole carbon source (nega-

tive for all N. nova isolates and positive 89 percent of N.
asteroides isolates). Two of the 13 N. nova slrains
studied by Tsukamura (1982) were noted to have been
isolated from the sputum of patients with pulmonary

disease.

Wallace et al. (1991) presented their findings on the
clinical significance of the organism and the character-
istics by which it could be identified in the diagnostic
laboratory. Of 223 isolates previously identified as N.
asteroides, 17 percent were found to belong to this
species. In all cases for which adequate data could be
obtained, the isolate was considered to be clinically signi-
ficant. Some 35 percent of the patients from whom an
isolate was obtained were thought to have disseminated
disease. Common single sites of involvement included
skin, lungs, joints, and cornea. Infected patients had a
spectrum of predisposing conditions similar to those
noted for other Nocardia infections. Tests most useful in
the diagnostic laboratory for identifying the species were
14-day arylsulfatase (positive in 75 percent of the
isolates) and susceptibility to erythromycin (100 percent

of the isolates). This species has the drug pattern type
III susceptibility result profile previously described by
Wallace et al. (1988) (see above under N. asteroides).

Monteforte and Wood (1993) described a cardiac
transplant patient who developed pulmonary infection
caused by both N. nova and Aspergillus fumigatus.
Miron et al. (199a) described a child with acute lympho-
cytic leukemia who had a central venous catheter in
place and developed pulmonary disease attributed to
this species that was thought to be secondary to prior
catheter-related infection. The child sustained some
splinter injuries to his left palm while playing outside;
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mild inflammation developed at one site but resolved
with only local care. He presented one week later
because of fever and diarrhea. Two blood cultures
obtained through the left subclavian catheter were
positive for what proved to be N. nova; peripheral
blood cultures were negative and pulmonary examina-
tion was also negative. The patient was treated for one
week with intravenous ampicillin, followed by four
weeks of intravenous ceftriaxone and did well. The
catheter was left in place. A few months later the child
was found to have several nodular densities on a CT
scan of the chest. Needle aspiration of lesions revealed
no organisms, but cultures through the catheter were
again positive for N. nova, while peripheral blood
cultures were again negative. The catheter was removed,
and the organism was also recovered from the catheter
tip. The patient responded well to antibiotic treatment.
The authors speculated that a local infection at the
trauma site was followed by hematogenous dissemina-
tion to the catheter, with subsequent dissemination to
the lungs from the catheter.

See above under N. asteroides for some additional
reports of infections.

N. otitidiscavlarum

This species was originally described by Snijders; the
name was chosen because the initial isolate was obtained
from a guinea pig (genus Cavia) with ear inflammation
(otitis) (Goodfellow and Lechevalier 1989; Clark et al.
1995). This is the same species as that known for a
number of years as N. caviae. This species can usually be
distinguished from other species in the genus by its abi-
lity to decompose xanthine (Brown and McNeil 2003).

This species has only rarely been reported as a human
pathogen. Lee et al. (1994) reported a case of catheter-
related sepsis attributed to this species in a bone marrow
transplant patient with thalassemia; several blood
cultures from one of the catheter lumens were positive,
but not peripheral blood cultures or cultures from the
other lumen. The organism was resistant to trimetho-
prim-sulfamethoxazole but susceptible to imipenem by
in vitro testing; treatment with imipenem appeared to
cure the infection. Clark et al. (1995) reported a
previously healthy elderly man who developed an
infection attributed to this species following a fore-
head laceration sustained in a motor vehicle accident.
These authors briefly reviewed 27 olher cases they
were able to find in a review of the English language
literature. Trauma was the most frequent predisposing
event mentioned. Most of the patients for whom
treatment results were reported improved with antibiotic
treatment. References to a few reports of pulmonary
and disseminated infections are also provided.

It is sometimes stated that sulfonamides with or
without the combination of trimethoprim are ineffective
against isolates of this species (Lerner 1996), but there

are reports of the successful use of these agents for the
treatment of such infections (Wallace et al. 1,982; Clark
et al. 1995).

N. paucivorans

This species was described by Yassin et al. (2000a), on

the basis of isolates obtained from respiratory specimens

from a patient with chronic lung disease. The species

epithet means 'eating little', and was chosen because few

compounds were found that the organism could utilize

as a sole carbon source. By 165 rDNA sequencing and

DNA-DNA hybridization the organism was found to be

closely related to, but specifically distinct from, the type

strain of N. brevicatena. A number of phenotypic

features were found that were useful for distinguishing

this organism from the other type strains in the genus

that were studied by the authors. Eisenbliitter et al.

(2002) reported a case of CNS infection in an immuno-

compromised patient. The organism was eventually

isolated from a CSF culture and initially identified by

sequencing a portion of the 165 rDNA gene; the identi-

fication was confirmed by a national reference labora-

tory. The organism was determined to be susceptible by

in vitro testing to virtually every antibiotic tested,

although the recommended NCCLS procedure was not

used. The patient showed sustained clinical improve-

ment after a protracted course involving several

different antibiotics.

N. pseudobrasiliensis

This species, phenotypically quite similar to N. brasi-
liensis, has been found to be the causative agent of a
signiflcant number of the pulmonary and invasive infec-
tions previously attributed to N. brasiliensls. See the
discussion above under N. brasiliensls. Interestingly,
disseminated disease in a Brazilian patient with AIDS
caused by this species has been reported (Brown et al.
1999). As other cases have been reported from the USA
and Australia, this species may well be distributed
worldwide.

N. transvalensis

A description of some of the phenotypic properties of

this species was provided by Gordon et al. (1978). From

the title of the paper in which the species was originally

described, which we have not been able to review, we

presume the name of the species pertains to the region

of South Africa from which the species was flrst isolated.

Of the four apparently separate strains studied by

Gordon et al. (1978) three were said to have been

isolated from mycetomas.

McNeil et al. (t992a) reviewed the clinical features of

16 additional patients from whom N. transvalensrs was
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isolated. The phenotypic characteristics of the isolates
were also described, as well as the antibiotic suscept-
ibility results for 11 of the isolates. Of these 16 isolates,
15 were studied by the authors themselves; the results
for the remaining isolate were obtained by the Queens-
land State Health Laboratory in Brisbane, Australia.

Available information suggested that two of the isolates
probably were colonizers; for four patients, the clinical
significance could not be determined. Four patients had
pulmonary infection, four had disseminated infection
(with the brain involved in two patients), and two had
localized, presumably trauma-related, infections (a

mycetoma of the thumb in one patient and a corneal
ulcer in the other). Many of these patients had some
source of immunocompromise. Two patients had chronic
granulomatous disease, and two had diabetes mellitus;

one of these diabetic patients had also received a renal
transplant. Of the three patients who were known to
have died. all had disseminated disease. Almost two-
thirds of the patients were male. Trimethoprim-

sulfamethoxazole was used for treatment in nine of the
ten patients considered to be infected, but a variety of
other agents were used in many of these as well. For the
16 isolates, decomposition reactions were variable, with
25 percent of the isolates decomposing adenine, 31
percent, casein, 75 percent, hypoxanthine, 63 percent,

tyrosine, and 56 percent, xanthine. The susceptibility
testing procedure employed indicated a significant
degree of resistance to many agents; 18 percent were
resistant to amikacin and to trimethoprim-sulfamethox-

azole, 70 percent were resistant to amoxicillin-clavula-
nate, 50 percent were resistant to cefotaxime and to
ceftriaxone, 46 percent were resistant to minocycline,
and 40 percent were resistant to ciprofloxacin.

Weinberger et al. (1995) described a patient who
developed pulmonary and disseminated infection with

N. transvalensis following a liver transplant. The
patient's pulmonary manifestations were initially

thought to be caused by a pulmonary embolism. The
organism was eventually isolated from several respira-
tory specimens, an open lung biopsy, and an aspirate of
a subcutaneous nodule in the temporal region. His infec-
tion appeared to clear with long-term trimethoprim-
sulfamethoxazole therapy.

In an extensive study by Wilson et al. (1997) of 58
isolates that were either amikacin resistant, or in other
respects similar to such isolates, it was found that four
separate groups could be identified that could be recog-
nized by certain phenotypic features and also by distinc-
tive RFLP patterns obtained from ampliflcation of a
portion of the HSP gene. The 58 isolates studied could
be separated into four subgroups; the authors proposed

that the set of four subgroups be designated the N.
transvalensis complex. One subgroup comprised what
had been previously designated N. asteroides complex
type IV (or N. asteroides dntg pattern type IV; see
above under N. asteroides), a second subgroup (which

contained the N. transvalensis type strain) which was

designated N. transvalensis sensu stricto, a third

subgroup designated N. transvalensis new taxon 1, and a

fourth subgroup designated N. transvalensls new taxon2.

According to the results presented in one of their tables,

most isolates in all the subgroups were resistant not only

to amikacin but also to gentamicin, kanamycin, and

tobramycin. All their isolates in the subgroup N. transva-

/ensls sensu stricto were resistant to amoxicillin-clavu-

lanic acid, all their isolates in the subgrotp N. transva-

lensis new taxon2 were sensitive, and 13 percent of their

isolates in the other two subgroups were resistant. The

subgroups could also be distinguished by using a

variety of substrates as sole carbon sources, but probably

the most reliable procedure for distinguishing among

the subgroups was RFLP. (Note that the phenotypic

data for the four subgroups presented by Brown and

McNeil (2003) differ significantly, without explanation,

from those presented by Wilson et al. (1997). Also,

the reason for the difference in frequency of amikacin

susceptibility in the study of Wilson et al. 1997 and

that of McNeil et aI. (1992a) is not clear.) There was a

clear difference in the geographic distribution of the

four subgroups, based on the 58 isolates. Al1 the isolates

in N. asteroides complex type IV and in N. transvalensis

new taxon 2 came from the USA. and none from

Australia. Four of ten N. transvalensis sensu stricto

isolates and six of eight N. transvalensls new taxon 1

isolates came from Australia, and the remainder from

the USA. It is possible that each of the subgroups may

prove to be a distinct species, but to the best of our

knowledge, no DNA-DNA hybridization studies of

isolates in the subgroups with one another have yet

been done.

Yorke and Rouah (2003) described a patient with

pulmonary and cerebral involvement with N. transva-

lensis who had initially been diagnosed as having lung

cancer. The patient died despite antimicrobial treatment

with several different agents and undergoing three

craniotomies for resection of abscesses. It was not

known whether or not the patient had some underlying

immunocompromising condit ion.

Lopez et al. (2003), described the case of a heart

transplant patient who developed a pulmonary infection

wrth Nocardia transvalensls new laxon 2, isolated from

the aspirate of a pulmonary nodule and identified at a

reference laboratory using molecular methods. The

patient was treated with trimethoprim-sulfamethoxazole

and subsequently sulfamethoxazole alone, to which the

organism had been found to be susceptible. He subse-

quently developed skin and brain lesions from which the

same species was isolated; ribotyping was used to

demonstrate that the initial and subsequent isolates were

all the same strain. By in vitro testing, the subsequent

isolates were found to be resistant to trimethoprim-

sulfamethoxazole and sulfamethoxazole. The patient

responded to treatment with ceftriaxone, ciprofloxacin,



Nocardia 1165

and amoxicillin-clavulanic acid, and was subsequently
maintained on oral ciprofloxacin without any recurrence
of his infection. During his post-transplant course the
patient also suffered from infections with Aspergillus

fumigatus and Cunninghamella bertholetiae.

N. veterana

Giirtler et al. (2001) reported the flrst isolate of this
species from a bronchoscopic lavage of an elderly man
with a history of tuberculous pleurisy; although the
patient had bilateral pulmonary lesions, the isolate was
not thought to be clinically significant. No further clin-
ical information regarding the patient was provided. The
species name refers to the veteran's hospital at which
the first isolate was obtained. By 165 rDNA sequencing,
the organism appeared most closely related to N.
vaccinii, but DNA-DNA hybridization demonstrated
that it was a distinct specles.

Kano et al. (2002) reported isolating this species from
a culture of a biopsy of one of several cutaneous nodules
on the right ankle of a middle-aged woman who had a
history of systemic lupus eythematosus but was not
being treated with steroids. No additional clinical infor-
mation was provided. The 165 rDNA sequence of the
clinical isolate showed 99.8 percent similaritv to that of
the type strain.

In 2003 there were three reports of infections caused
by this species. Pottumarthy et al. (2003) reported the
isolation of this species from a lung biopsy, a broncho-
alveolar lavage, and sputum from a patient who had
undergone a liver transplant, a patient with systemic
lupus erythematosus, and a patient with bronchiectasis.
The first two patients responded to trimethoprim-sulfa-
methoxazole treatment, and the third, to azithromycin.
The isolates were identifled by both phenotypic and
molecular methods. The authors noted that by their
RFLP analysis of the HSP gene, N. nova and N.
veterana were indistinguishable. Godreuil et al. (2003)
reported the isolation of this species from ascitic fluid of
an AIDS patient with lymphoma who died before any
treatment was begun. The isolate was identified by both
phenotypic and molecular methods; the authors found
that 165 rDNA gene of their isolate showed 100 percent
identity to that of the type strain for the region
sequenced, and they also noted that N. veterana
appeared more closely related to N. africana than to N.
vaccinii. Conville et al. (2003) reported a study of
isolates obtained from fine needle aspirates of
pulmonary lesions from two patients, one with chronic
granulomatous disease and another who had undergone
a single-lung transplant, as well as an isolate obtained
from a bronchoalveolar lavage from a patient for whom
no clinical history was available. The first patient
responded well to a regimen involving a variety of
different antimicrobial agents, and the second patient
showed an initial response to trimethoprim-sulfamethox-

azole treatment prior to the patient's decision to termi-

nate immunosuppressive treatment and his subsequent

demise. Both phenotypic and molecular methods were

used to compare the clinical isolates to the type strains

of N. africana, N. nova, N. vaccinii, and N. veterana.

The routine performance of RFLP analysis of portions

of both the 165 rDNA and HSP genes in their labora-

tory for Nocardia species identification made the

authors suspect that they were dealing with an unusual

species. The RFLP pattern obtained with the HSP

gene was identical (resembling N. nova) for the

patient isolates and all the type strains except that of

N. vaccinii, while the pattern obtained for the 165

rDNA gene was identical for the patient isolates and

the type strains of N. africana and N. veterana. Sequen-

cing of the 165 rDNA gene revealed 100 percent

similarity of the patient isolates to the sequence

obtained from the N. veterana strain and 99.0 percent

similarity to the N. africana type strain. DNA-DNA

hybridization showed that one of the patient isolates

was indeed N. veterana and not N. africana or N.

nova. Whtle some phenotypic differences were found

among the isolates, too few isolates of N. africana and N.

veterana were available to establish the reliability of

the phenotypic tests for species discrimination.

Susceptibility testing results were essentially the same

for N. africana, N. nova, and N. veterana. The authors

also noted that, as both N. africana and N. veterana

have only recently been recognized and are phenotypi-

cally so similar to N. nova, published data on N. nova

are likely to be confounded by inclusion of isolates

belonging to one or both of the two more recently

described species.

Treatment of Nocardia inlections

Some treatment regimens described in various reports

have been noted above. Probably the most commonly

used treatment regimen for infection with Nocardia

species in patients who can tolerate the agents is the use

of a sulfonamide, usually in combination with trimetho-

prim; the efficacy of trimethoprim-sulfamethoxazole for

both cutaneous and pulmonary nocardiosis was demon-

strated by Wallace et al. (1982). A few isolates of several

Nocardia species have been reported to be resistant to

trimethoprim-sulfamethoxazole by in vitro testing at the

time of initial isolation (Lee et al. t994; Lopez et al.

2003; Cockerill et al. 1984; Garlando et al. 1992). Stein-

grube et al. (1991) reported the case of a cardiac trans-

plant patient with N. brasiliensis infection whose initial

isolate was sensitive in vitro to amoxicillin-clavulanic

acid and who initially responded well to treatment with

these agents, but who subsequently relapsed with a resis-

tant isolate, that was determined to belong to the same

strain by PFGE of genomic DNA restriction fragments.

The resistant isolate was found to produce a beta-lacta-

mase that differed from that of the initial isolate by a
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small shift in the isoelectric point of its major band and

to be 200-fold more resistant to clavulanic acid. Dissemi-

nated nocardiosis accompanied by a cerebral abscess

attributed to N. asteroides has been successfully treated

with the combination of amikacin and ceftriaxone
(Garlando et aI. 1,992). Various drug and drug combina-

tions, such as amikacin and imipenem, that can be used
for the treatment of nocardiosis are discussed in the

review by Lerner (1996). Linezolid has recently been
reported to have been used successfully in the treatment

of six patients with nocardiosis, four of whom had disse-

minated disease; the species involved were 'N. asteroides

sensu stricto,' N. brasilieresis, and N. otitidiscaviarum
(Moylett et al. 2003). In vitro susceptibility testing

results suggest that gatifloxacin and moxifloxacin may be
superior to ciprofloxacin, and tigecycline, superior to

minocycline, for the treatment of nocardiosis (Crist et al.
2003). In certain circumstances surgical intervention is

required in addition to antimicrobial therapy for

adequate treatment of a nocardial infection. Suscept-
ibility testing of all clinically significant isolates should

be performed by a laboratory with experience in such
testing.

NOCARDIOPSIS

The transfer of the organism once known as Actinoma-

dura dassonvillei to the proposed genus Nocardiopsis
was made by Meyer (1976) on the basis of several
features by which this species differed from other

members of the gents Actinomdura, including the

absence of the sugar madurose in whole cell hydro-
lysates, substrate hyphae that fragment into coccoid
forms, and aerial hyphae that may have a 'ztg-zag shape

and divide into segments that then divide into smaller

spores of irregular size.' Mycolic acids are absent. The

genus name is derived from the word'Nocardia' and the
Greek word 'opsis,' which means 'appearance;' hence,

the genus name means 'having the appearance of
Nocardia' (Meyer 1976). Using molecular methods,

Rainey et al. (1996), demonstrated that the genus was
'phylogenetically coherent' and that the species then
recognized appeared to be quite closely related to one
another.

Very few human infections have been attributed to

Nocardiopsis species; most have been attributed to M

dassonvillei (Brown and McNeil 2003). Ajello et al.
(1987) stated that in the 6-year period 1981 through

1986,2l isolates of N. dassonvillei had been identifled at

the CDC. In one case presented by Beau et al. (1999),

an isolate identified as N. dassonvillei was obtained from
one blood culture of a patient with cholangitis; the
organism was identified by a combination of phenotypic

studies, cell-wall analysis, and molecular methods. An

isolate identified as this species by Mordarska et al.
(1998), on the basis of phenotypic features, glycolipid

analysis, and chemotaxonomic and molecular studies

was isolated from a 'pus sample' from a pulmonary

abscess of a patient with chronic pneumonia.

Yassin et al. (1997b) described a new species, N.

synnemataformans, or the basis of an isolate obtained

from the sputum of a kidney transplant patient. The

organism was shown to be a separate species from N.

dassonvillei and other species in the genus by DNA-

DNA hybridization. The authors also noted some

phenotypic features by which the species in the genus

might be distinguished. The aerial hyphae of the isolate

were noted to form synnemata; hence the species name.

No clinical details regarding the patient were provided,

and we are not aware of any subsequent reports of

isolation of this species.

The phenotypic, chemotaxonomic, and molecular

aspects of the species in the genus were reviewed by

Evtushenko et al. (2000). These authors also delineated

a subspecies of N. dassonvillei, N. dassonvillei subsp.

albirubida. Isolates of the species not in that subspecies

would then automatically be in the subspecies N.

das s onv illei s'lbsp. das s onv ille i.

Salazar et al. (2002) reported the development of

genus-specific primers for use in the assignment of

isolates to the genera Nocardiopsis and Saccharothrix.

PSEUDONOCARDIA

See above tnder Amycolata and Amycolatopsis.

RHODOCOCCUS

The genus Rhodococcus contains gram-positive to gram-

variable, weakly acid-fast positive organisms that often

appear coccal, but generally do also form short rods,

which may show at least rudimentary branching. Colo-

nies are often mucoid but may be smooth or rough; a

more or less reddish pigment is often produced, but

colony color may vary from buff to red, and some may

be colorless. An aerial mycelium is generally absent, or

at best rudimentary. A rod-coccus cycle continues during

growth, as the longer rods fragment into cocci and short

rods. The genus is deflnable by chemotaxonomic

features such as the presence of meso-diaminopimelic

acid, mycolic acids with carbon chains of 30-54 atoms in

length, MK-8 as the predominant menoquinone, and cell

walls rich in arabinose and galactose. The taxonomic

history of the genus, and the features by which it can be

distinguished from the other genera of aerobic actino-

mycetes, have been relatively recently recounted by

Goodfellow et al. (1998). Members of the genus are

widely distributed in the environment. Their abilities to

synthesize or degrade a large variety of compounds

make them of potential use for certain industrial proce-

dures. or for environmental functions such as bio-

remediation (Bell et al. 1998). Several new species in the

genus have recently been described from environmental

sources (Euz6by 1997), and continuing recognition of
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additional species is to be expected. Further study of the
species currently in the genus may well result in delinea-
tion of additional genera (Goodfellow et al. 1998). A
PCR-based procedure has been developed for the detec-
tion of several species in the genus in seeded artificial
soil (Bell et al. 1.999); some of the species detectable by
the procedure, including Rhodococcus erythropolis and
Rhodococcus globerulus, have been implicated in one or
more reports of human infection. A PCR-based proce-
dure for the identification of Rhodococcus equi isolates
has also been described (Bell et al. 1996). Recently the
species R. equi has been shown to be 'an heterogeneous
taxon,' both on the basis of 165 rDNA sequence data
and Curie-point mass spectrometric data (McMinn et al.
2000). It remains to be determined if the R. equi taxon
contains several species within it, and if the PCR proce-
dure of Bell et al. (1996) can recognize the molecular
variants currently contained therein. Also, it is impor-
tant to note the comment by Goodfellow et al. (1998), to
the effect that species in the genus are difficult to iden-
tify phenotypically because of a lack of suitable tests,
and that phenotypic tests can 'only give presumptive
identifications.'

Rhodococcus equi

This species is currently the principal animal and human
pathogen in the genus (Prescott 1991). The organism,
initially isolated in 1923 by Magnusson from foals
(hence the species epithet) and named Corynebacterium
equi, is a signiflcant cause of pneumonia and lung
abscess in foals less than 4 months old, and is also
commonly isolated from the cervical lymph nodes of
pigs (Prescott 1991). The age range of particular suscept-
ibility in horses is thought to be related to the gradual
decline of maternally acquired antibody levels on the
one hand, and the time required for the development of
immunity secondary to organism exposure on the other.
Disease appears most likely to develop in animals
exposed to a large organism burden after the decline of
maternally acquired antibody; most animals do not
develop clinical disease if exposure is not too great. This
species is a soil organism for which herbivore manure at
the appropriate temperature apparently provides an
ideal growth environment. The most common mode of
infection is thought to be via inhalation of contaminated
dust particles, but infection via the oral route and
secondary to trauma may also occur. This species is
evidently primarily an intracellular pathogen that
eventually destroys the phagocytic cell within which
organisms are contained.

Both the clinical and laboratory aspects of infection
with Rhodococcus equi have been recently reviewed in
depth by Cornish and Washington (1999). The first case
of disease in man clearly attributable to this species
(reported as Corynebacterium equi) was described by
Golub et al. (1967). The patient had a progressive

pulmonary infiltrate that eventually cavitated; he had a

long history of immunosuppressive treatment, including

prednisone, for 'plasma cell hepatitis.' The etiologic

agent was not obtained until material was aspirated from

the patient's lung via a catheter passed through a

bronchoscope; thereafter, the organism could also be

isolated from expectorated sputum. The isolate was

identifled in two separate reference laboratories. In

addition to bronchoscopic drainage, treatment included

administration of erythromycin for eight weeks; the

cavity disappeared, and the organism could no longer be

isolated from his sputum. However, six weeks after

the erythromycin had been stopped, a subcutaneous

abdominal nodule was noted, and the organism was

again isolated from material obtained from the

nodule. The patient was again treated with erythro-

mycin, and had no further signs of infection. Interest-

ingly, a history was eventually obtained from the patient

that, although he had a clerical job, shortly before his

infection developed he had spent a few weeks working

in stockyards, cleaning pens that housed cattle, sheep,

and pigs in a dusty environment contaminated with

animal excrement.

Infection in humans remains relatively rare and has

occurred primarily in individuals with some form of

immunocompromise such as steroid treatment or HIV

infection. The lung is the most common site of infection;

particularly in the immunocompromised, dissemination

via the blood may occur to virtually any body site. Occa-

sionally, infection is flrst noted at nonpulmonary sites in

patients with no apparent lung involvement; in the

absence of a history of trauma, the route of infection in

such cases generally cannot be determined. Capdevila

et al. (1997) presented two cases of R. equi pneumonia

in HlV-positive patients, and reviews 76 others that had

been reported. In the 78 patients, the right upper lobe

was involved in 41 percent, there was a single cavity in

almost 60 percent, and positive sputum and blood

cultures were obtained in approximately 60 percent and

50 percent, respectively. Weinstock and Brown (2002)

also recently reviewed cases of R. equi infection. Only

10-15 percent of infections were found in immuno-

competent hosts; approximately two-thirds occurred in

HlV-infected patients, generally in those with low CD4

cell counts. Approximately half of the infected HIV-

positive patients died as a result of the infection,

compared to approximately 20 percent of infected HIV-

negative patients. A nodular pulmonary infiltrate may

be present; cavitation is fairly common (Scott et al.

1995). Histopathologically, microabscesses may be

conspicuous, along with a marked histiocytic infiltrate.

These macrophages may be periodic acid-Schiff stain

positive, and resemble the cells seen in Whipple's

disease. The presence of malakoplakia has been noted

by several authors (Guerrero et al. 1999; Scott et al.

1995). Malakoplakia is a histopathologic lesion

consisting of aggregates of histiocytes within some of



1 168 Nocardia and other aerobic actinomvcetes

which are layered basophilic inclusions known as
Michaelis-Gutmann bodies. These bodies are thought to

be composed largely of undigested bacteria (Guerrero

et al. 1999). In their multicenter review of infections in

HlV-positive patients, Torres-Tortosa et al. (2003) noted

that all the deaths in these patients due to R. equi tnf.ec-
tion occurred in patients who did not receive highly
active antiretroviral therapy. Of their patients, 95.5
percent had pulmonary involvement, and 59.8 percent

had positive blood cultures.
Infections also occur rarely in transplant patients;

these have been recently reviewed by Perez et al. (2002).

Cases have been reported in patients with bone marrow,
heart, liver, lung, and kidney transplants.

Some patients, both immunocompromised and nonim-
munocompromised, have a history of horse or pig expo-
sure prior to the development of infection. Kedlaya et al.
(2001) present an interesting case of an apparently
immunocompetent man who developed pulmonary

infection after having been stranded in a horse stable on
a windy day when his car broke down, three weeks prior

to hospital admission. These authors also review 19
other cases of infection in immunocompetent patients,

including several trauma-related eye infections. Inter-

esting case reports of infection in apparently immuno-
competent hosts include a case of meningitis in a patient

with no pulmonary findings (DeMarais and Kocka 1995),
and a case of what was considered to be nosocomial

meningitis following surgery in a patient with a prior

history of head trauma (Scotton et al. 2000).

This species will grow well at 37"C on a variety of
media. Colonies are generally smooth to mucoid, but
may take approximately 48 h to develop their character-
istic mucoid appearance. Pigmentation increases with
time; a salmon color is often present after about 4 days.
Individual organisms may be quite coccoid, but espe-
cially if stained early from liquid media, more bacillary
forms may be seen. Organisms are modifled acid-fast-
positive, but often only a small percentage of the organ-
isms retain the carbol fuchsin dye. Acid-fastness may be
enhanced by culturing on media such as Lowenstein
Jensen or Middlebrook 7H10 medium. This species is

catalase- and urease-positive and can degrade adenine
(Prescott 1991; Goodfellow et al. 1998). Molecular

methods are probably the most definitive for identifica-
tion of Rhodococcus species, particularly for those other
than R. equi. Recently a PCR-based procedure for iden-
tifying R equi that targets the cholesterol oxidase gene
(choE) has been reported (Ladr6n et al. 2003), but these
authors examined only two isolates thought to belong to
Rhodococcus species other than R. equi, so further study
would seem to be required to establish the speciflcity of
the assay. The enzyme in question is evidently respon-
sible for the synergistic hemolytic reaction that occurs
between isolates of R. equi and isolates of certain other
species such as Staphylococcus aureus, and may be an

important virulence factor. However, while considered

characteristic for R. equi, such synergistic hemolysis is

said not to be unique to the species (Prescott 1991).

There have been no treatment regimens for R. equi

established by prospective clinical trials. In vitro, the

organism has generally been found to be sensitive to

aminoglycosides, erythromycin, fluoroquinolones, glyco-

peptides, imipenem, linezolid, and rifampin, although

most in vitro studies probably have not used precisely

the methodology now recommended by the NCCLS

(Weinstock and Brown 2002; NCCLS 2003). Treatment

recommendations for different circumstances are

provided by Weinstock and Brown (2002). Mutations in

the rpoB gene conferring rifampin resistance has

recently been reported in a few isolates obtained from

AIDS patients in northern Thailand (Asoh et al. 2003).

Rhodococcus species other than R. egui

Given the widespread occurrence of Rhodococcus

species in the environment, at least occasional cases of

infection caused by species other than R. equi would not

be surprising. Rhodococcus rhodochrous was reported as

isolated from a corneal ulcer of an elderly patient

(Gopaul et al. 1988); no organisms were seen in a direct

Gram smear. The organism was identifled at a reference

laboratory, and some phenotypic features of the

organism are described. Both Rhodococcus luteus (now

Rhodococcus fascians) and Rhodococcus erythropolis

(now Gordonia erythropolis) were reported as the cause

of endophthalmitis that occurred subsequent to extra-

capsular cataract extraction and implantation of a

posterior chamber lens in an elderly, apparently immu-

nocompetent woman (von Below et al. 1991). The

organisms were identified at a reference laboratory, but

other than noting that gram-positive bacilli were seen

and cultured from material obtained subsequently from

the eye, no information about the isolates is provided.

Rhodococcus globerulis was recently reported as the

cause of keratitis following laser in situ keratomileusis

(Cuello et al.20O2). The isolate was identified in a refer-

ence laboratory, and phenotypic features of the isolate

were reported. In none of these reports on isolation of

Rhodococcus species were any molecular studies done,

and given the problems with identifying Rhodococcus

species isolates accurately by phenotypic procedures

alone, we are not certain that the identity of these

isolates has been adequately established. We have found

a few other reports of human infection attributed either

to a Rhodococcus either not identified to the species

level, or to species other then R. equi but with no clin-

ical or microbiologic data provided.

STREPTOMYCES

The characteristics by which the gents Streptomyces can

be distinguished from other genera of aerobic actinomy-
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cetes have been presented by McNeil and Brown (1994)

and more recently by Anderson and Wellington (2001).

Important features include the presence of both an

aerial mycelium with conidia and a substrate mycelium,

the presence of r--diaminopimelic acid in the cell wall,

the absence of characteristic sugars in the cell wall, and

the failure of organisms to stain with a modified acid-

fast stain. A vast number of different species has been

described, many in order to patent strains producing
potentially useful compounds (Anderson and Wellington

2001). The genus is widespread in soil, and new species
are continually being described. More study is warranted

to assure that the currently described species have been

appropriately distinguished based on current molecular

criteria such as DNA-DNA hybridization. Given the
large number of species in the genus, we think that an
attempt to identify an isolate to the species level using
phenotypic features alone is fraught with uncertainty. In
their 1990 report on the species distribution and anti-
biotic susceptibility patterns of 366 aerobic actinomycete

species evaluated from October 1985 through February
1988, McNeil et al. (1990) attributed 7.7 percent to the

species Streptomyces griseus and an additional 7.7
percent to Streptomyces species. Of the 28 S. griseus

isolates, 35.7 percent came from sputum, 32.1, percent

from wounds, 25.0 percent from blood, and 7.1 percent

from brain. However, no data were provided whereby
the clinical significance of any of the isolates could be

assessed.

Streptomyces somaliensis has been reported as a cause

of actinomycotic mycetoma from many parts of the
world (McNeil and Brown 1.994);Hay et al. (1992) state
that it is the main cause of actinomycotic mycetoma in

Africa, but do not provide any substantiating data. Some
phenotypic features of the species are given in a recent

reference (Brown and McNeil 2003), but the extent to
which these features will suff,ce to separate the species
from other members of the genus is not clear. While
most actinomycotic mycetomas involve a lower extre-
mity site, cases of such mycetomas involving other parts

of the body have also been reported, such as the cranro-
facial actinomycetoma in the patient described by Baril

et al.  (1999).

There are only a small number of invasive infections
other than mycetoma attributed to Streptomyces species;
many of these have been mentioned in recent revlews
and case reports (McNeil and Brown 1994; Dunne et al.
1998). Reported infections have included endocarditis,
pericarditis, peritonitis, brain abscess, and pneumonia.

Recent reports include the following: Dunne et al.
(1998) reported the case of an HlV-positive patient with
pneumonia; a sulfur granule was seen histopathologi-

cally, and a Streptomyces species was isolated from the
biopsy culture. The patient responded well to initial
treatment with ceftriaxone, followed bv 6 months of
clarithromycin.

Carey et al. (2001) reported the case of a woman with

metastatic breast cancer with a central venous catheter

in place, who developed fever after receiving an infusion

of holistic preparations, including a compound called
'NeyTumorin.' The authors quoted a source describing

this material as 'a combination of peptides and proteins

of 15 different organs from fetal and young pigs and

cows;' this mixture supposedly contained 'physiologic

repair aids' that, via immunologic mechanisms, would

enhance patients' responses to malignancies. Several

blood cultures sets drawn both peripherally and through

the catheter grew out a Streptomyces species. The

catheter was removed and a culture of its tip was nega-

tive, but by the time of removal, the patient had been

treated for several days with vancomycin. The patient's

infection responded well to the combination of

ceftriaxone and clarithromycin. The authors thought that

the fact that the patient's fever resolved and that her

blood cultures cleared after removal of the catheter

made it likely that the infection was catheter related,

with the source of the organism likely to be one of the

holistic medications that the patient had received,

although none of these preparations were available for

culture.

Moss et al. (2003) reported the case of a girl with

tibial osteosarcoma treated with a limb salvage proce-

dure involving replacement of a portion of her tibia with

a cadaveric bone graft. A central venous catheter had

been in place for over a year. A brief episode of fever

followed a methotrexate infusion; she had no other signs

of infection on physical examination. Blood cultures

obtained through the catheter at the time of the fever

and several days later, as well as a subsequent peripheral

blood culture, grew a Streptomyces species. The patient

was treated with catheter removal and 6 weeks of vanco-

mycin treatment and did well. The authors thought that

the brief episode of fever was most likely attributable to

the methotrexate itself, and considered that the bone

graft was the potential source of an asymptomatic infec-

tion. The organism was identified as Streptomyces biki-

niensis on the basis of 165 rDNA sequencing, but the

authors did not state either the length of the portion of

the gene sequenced or the degree of concordance of

their sequence with published sequences for the S. biki-

niensis 165 rDNA gene.

There have been no prospective, controlled studies of

antibiotic regimens for treatment of Streptomyces infec-

tions. In their in vitro study, McNeil et al. (1990)

reported that, of the isolates they identified as ,S.

griseus, 10 percent were resistant to minocycline, 14

percent were resistant to erythromycin, L9 percent were

resistant to imipenem, 20 percent were resistant to

ceftriaxone, 29 percent were resistant to trimethoprim-

sulfamethoxazole, and 43 percent were resistant to

sulfamethoxazole. Clindamvcin and vancomycin were

not tested.
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TH E R M O P H I LI C ACTI N O MYCETES:
SACCHAROMONOSPORA,
SACCHARO PO LYSPORA, AN D
THERMOACTINOMYCES

One or more species in each of these three genera have
been implicated in the etiology of various forms of
hypersensitivity pneumonitis (McNeil and Brown 1994),
but we are not aware of any documentation of their
involvement in invasive disease. These organisms will
grow at temperatures of at least 50"C (McNeil and
Brown 1994). Molecular methods appear to be the most
useful for the identification of the species involved (Xu
et a|.2002).

TROPHERYMA

Tropheryma whipplei, now generally considered to be
the causative agent of Whipple's disease, was formally
described and named in 2001 (La Scola et al. 2001).
There have been three recent comprehensive reviews of
the clinical, microbiological, and pathological features of
Whipple's disease (Maiwald and Relman 2001; Marth
and Raoult 2003; Fenollar and Raoult 2001). To briefly
summarize a complex history, George Whipple is gener-
ally credited with the first description of the disease in
1907, although the condition had evidently been
previously described 18 years earlier (Fenollar and
Raoult 2001). Whipple's description was based on the
autopsy flndings of a physician who had suffered from
fever, weight loss, diarrhea, and arthritis. The patient
had aortic valve lesions, but the most prominent finding
was the infiltration of mesenteric lymph nodes and the
lamina propria of the small intestine with foamy macro-
phages, as a consequence of which Whipple named the
condition'intestinal lipodystrophy' (Fenollar and Raoult
2001). The disease, which primarily affects males, most
commonly produces gastrointestinal symptoms but is in
fact a systemic illness, and may in particular also involve
the heart and the brain. In a study of relapse in relation
to antibiotic treatment in 88 patients, Keinath et al.
(1985), noted that, of 37 relapses in 31 patients, 13
primarily involved the CNS, and two, the heart. The
heart may be affected without obvious signs of disease
elsewhere, and Whipple's disease has been well docu-
mented to be a cause of culture-negative endocarditis
(Gubler et al. 1999; Fenollar et al. 2001). An example of
a most unusual presentation of the disease is the report
by Rickman et al. (1995), of a patient whose presenting
problem was bilateral uveitis, although she did have a
long history of'seronegative' arthritis. It has long been
speculated that patients with Whipple's disease may
have an underlying immune defect, and Marth et al.
(1997) reported finding decreased production of inter-
leukin-12 by monocytes and of interferon-y by T cells, as
well as decreases in serum immunoglobulin G2 and in

transforming growth factor B. There is at least one

report of infection in a patient with AIDS (Maiwald

et al.  1995).

Whipple himself noted the presence of numerous rod-

like organisms in some affected tissues, but apparently

did not attribute any causal role to them (Relman et al.

1992; Fenollar and Raoult 2001). In the 1960s, bacteria-

like structures were visualized in intestinal tissue by

electron microscopy. Until recently diagnosis has

depended largely on the detection of macrophages

containing periodic acid-Schiff (PAS) staining inclusions,

with electron microscopy recommended for confirma-

tion, particularly if the diagnosis is being made on an

extraintestinal specimen. These magenta-colored inclu-

sions are comprised of both intact and degenerating

organlsms.

Despite numerous attempts, the organism has never

been cultured in an axenic medium. There are two

recent reports of culture of the organism by inoculating

a human fibroblast cell line using a centrifugation shell-
vial procedure; in the first report the organism was

isolated from a mitral valve (Raoult et al. 2000), and in

the second, from a duodenal biopsy (Raoult et al. 2001).

In the first case a cytopathic effect was first detected 65

days after inoculation; in the second case organisms

were detected by immunofluorescence staining 30 days

after inoculation.

Despite the problems presented by the difficulties in

culturing the organism, considerable progress has been

made in elucidating genetic and phylogenetic features of

the organism through the application of molecular

biologic techniques directly to patient specimens. Wilson

et al. (1991) were able to amplify and sequence an
approximately 721-bp segment of bacterial 165 rDNA

from a small bowel biopsy of a patient with Whipple's

disease. The sequence obtained indicated that what the

authors described as the Whipple's-associated bacterial

organism (WABO) belonged to what was probably a
hitherto undescribed genus, and was a member of 'the

phylogenetic branch of gram-positive bacteria that
possess a high G+C content.' Relman et al. (7992)

sequenced approximately 90 percent of the 165 rDNA
gene of the organism, working with frozen duodenal

tissue from two patients with Whipple's disease, and
formalin-fixed lymph node tissue from three others. The

sequence obtained from the first patient differed by not

more than 2 bp from the sequences obtained from the
other five patients. No similar product was obtained

from specimens from patients who did not have Whip-
ple's disease. Only two differences were noted between

the sequence obtained by Relman et al. (1992) and the

corresponding portion of the sequence obtained by
Wilson et al. (1991). The evolutionary tree constructed

by Relman et al. (1992) indicated that the organism
'shares an ancestor with the actinobacteria that is more

recent than the one it shares with the nocardioforms.'

These authors proposed the name 'Tropheryma whip-
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pelii' for the organism. The genus name was derived
from the Greek words trophe, meaning nourishment,
and eryma, meaning barrier, referring to the malabsorp-
tion found in patients with Whipple's disease. The

species name was chosen to honor George Whipple; the
spelling was corrected to 'whipplei' in the formal

description of the organism (La Scola et al. 2001).
Maiwald et al. (1996), on the basis of still more exten-
sive sequencing studies, concluded that the organism was
not 'the deepest branching organism of the actino-
bacteria group,' finding that its phylogenetic position lay
between the actinomycetes with group B peptidoglycan

and the cellulomonads. Von Herbay et al. (1996)

reported the development and evaluation of a system
employing modifled primers and a specific oligonucleo-
tide probe, which they found to be a sensitive and
specific procedure for making the diagnosis of Whipple's
disease from formalin-fixed tissues. These authors also
studied follow-up specimens obtained after treatment,
and found that in most patients the PCR results had
become negative by 18 months of treatment. Subsequent
genetic studies indicated the existence of a few different
sequence types of the organism (Hinrikson et al. 1999,
2000; Maiwald et al. 2000). Both the extent to which 7.
whipplei may be present in the environment and the
frequency with which individuals may become colonized
with the organism remain unknown. There have been
some reports of positive PCR results for the organism
that may have represented environmental or other
contamination, or colonization, rather than true infec-
tion. Utilization of a quantitative real-time PCR, such as
that reported by Fenollar et al. (2002), involving amplifi-
cation of portions of two different genes, may prove
helpful for distinguishing between infection and other
circumstances in which small amounts of organism DNA
may be present in a patient specimen.

There have been no randomized prospective studies

of antibiotic therapy for Whipple's disease. The
currently recommended regimen is the use of parenteral

treatment for approximately 2 weeks with penicillin and
streptomycin or with a third-generation cephalosporin,
followed by a year or more of trimethoprim-sulfa-
methoxazole (Maiwald and Relman 2001; Marth and
Raoult 2003). Effective treatment of CNS disease
remains a signiflcant problem.

TSUKAMURELLA

The genus Tsukamurella was created by Collins et al.
(1988) to accommodate organisms that were similar to
some then in the genera Corynebacterium and Rhodo-
coccus, but that contained long-chain mycolic acids with

62-78 carbon atoms and 1-6 double bonds. which on
pyrolysis yielded fatty acid esters with 20-22 carbon
atoms. Also, the predominant menaquinone is MK-9.
The organisms are gram-positive and modified acid-fast-
positive but do not branch, and colonies do not produce

an aerial mycelium. There are presently five species tn

the genus. Transfer of the species Tsukamurella wratisla-

viensis to the genus Rhodococcus has recently been

proposed (Goodfellow et al. 2002); this species has

evidently been isolated only from soil. Isolates assigned

to all five species have been reported from human clin-

ical specimens, but to date there have been only a small

number of well-documented infections attributed to any

of the five species. However, these organisms are easily

mistaken for corynebacteria, and virtually certainly their

incidence is higher than heretofore appreciated. Colo-

nies of most species tend to be flat, dry, and velvety;

color may vary from more or less nonpigmented to

orange (Kattar et al. 2001). There do appear to be some

phenotypic features useful for distinguishing among at

least some of the species, but test results for some of

these features are method-dependent (Kattar et al.

2001), and only a small number of isolates of each

species have been studied, so these species are probably

most reliably identified by molecular methods. Few data

are available regarding antibiotic susceptibility, and

there have been far too few cases for a controlled treat-

ment trial. In one recent study in which five significant

isolates, three of one species and one each of two others,

were tested by E-test, all isolates were found to be

susceptible to amikacin, ciprofloxacin, clarithromycin.

imipenem, and sulfamethoxazole; all were resistant to

cefoxitin (Schwartz et al.2002).

Ts u ka m u rel I a pa u ro meta bo I a

This species has a complex history, dealt with up to 1988

by Collins et al. (1988). Briefly, the organism flrst

described as Gordona aurantiaca by Tsukamura and

Mizuno (1971) was later transferred to the genls Rhodo-

coccus and called Rhodococcus auranti4c,.t. Steinhaus

(1941) isolated an organism from bed bugs that he

named Corynebacterium paurometabolum. Collins et al.

(1988) in their analysis of the 165 rRNA sequences of

the two species, concluded that the 'exceptionally high

level of sequence homology (>99 percent) exhibited by

Corynebacterium paurometabolum and R. aurantiacus

indicates that these taxa should be reduced to a single

species.' DNA-DNA hybridization studies, however,

were not done. Previous chemotaxonomic studies had

shown that the two species were 'distinct from all other

mycolic acid-containing taxa.' The type strain of C.

paurometabolum was ATCC 8368; the type strain of

R. aurantiacus was ATCC 25938. Collins et al. (1988)

described Tsukamurella paurometabolum comb. nov. as

the type strain of the genus, selecting the species epithet

paurometabolum because it had priority over auran-

tiacus, and designating strain ATCC 8368 as the type

strain of the species. The genus name was selected to

honor the microbiologist Michio Tsukamura; the species

name is from the Middle Latin word meaning 'little
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changeable,' and presumably refers to the fact that the
organism is relatively unreactive in most phenotypic
tests. Subsequently, to be in accord with nomenclatural
rules, the spelling of the species epithet was changed to
'paurometabola.' In a study of an outbreak of pseu-
doinfections caused by T. paurometabola reported in
1991, in which outbreak isolates were compared both
with the new type strain ATCC 8368 and the strain that
was the type strain for R. aurantiacus (ATCC 25938),
Auerbach et al. (1992) noted that these two strains
differed 'in terms of colonial morphology, biochemistry,
antimicrobial susceptibility, and ribotyping,' and
suggested that the two strains might in fact belong to
separate species. The outbreak-related isolates were
more similar to strain ATCC 25938 than to the type
strain of T. paurometabola, ATCC 8368. In their study
of various isolates of different species in the genus
Tsukamurella published in 2001, in which the new
species Tsukamurella strandjordae was described, Kattar
et al. (2001) noted, 'We also found that the complete
165 rRNA gene sequence of T. paurometabola ATCC
25938 is 100 percent identical to that of T. inchonensis
type strain ATCC 700082. These data, together with
DNA-DNA hybridization and phenotypic data, provide
strong evidence that T. paurometabola ATCC 25938
is a misnamed, T. inchonensls strain.' Unfortunately,
according to our understanding of the nomenclatural
rules, the nomenclatural issues are more complex than
Kattar et al. (2001) suggest. Had Collins et al. (1988)
realized then that the two species they were synono-
myzing were in fact different, they would assuredly have
placed them both in the genus Tsukamurella, but
retained the original species epithets, so there would
have been two species placed simultaneously in the
genus, Z. paurometabolum (now corrected to T. paur-
ometabola), and a species that they presumably would
have designated'Tsukamurel la aurantiacus' (which
would have been corrected subsequently to'7. auran-
tiaca'). The species T. inchonensls (described in 1995
(Yassin et al. 1995)), if indeed the same as '7. auran-
tiaca' (initially described rn 1971, as Gordona auran-
tiaca),wolld be merged into that species, and the name
'inchonensis' would be invalid. The environmental
isolates studied by Auerbach et al. (1992) also would
appear to belong to'7. aurantiaca.' Most, if not in fact
all, other isolates attributed to the species T. paur-
ometabola have not been sufficiently analyzed to be sure
that they are not more appropriately placed in'7. auran-
tiaca' or elsewhere.

In the study of an outbreak of pseudoinfections attrib-
uted to T. paurometabola mentioned above, 12 isolates
were obtained from ten patients at one hospital over a
17-month period. The phenotypic and molecular studies
performed all indicated that the isolates belonged to the
same strain, and were separable from two isolates
obtained after the outbreak and from ATCC strains
8368 and 25938. Positive soecimens tended to have

certain features in common, such as being more likely to

have been processed in the laboratory's TB/fungal room.

All these features suggested a common-source outbreak,

but a speciflc source could not be identifled. A possibi-

lity was the use of saline obtained for a long period of

time from the same bottle for processing specimens; 7.

paurometabola was not obtained from the one such

bottle available for study, but several other microorgan-

isms were. Once single-use vials were substituted,

there was no recurrence of the outbreak for 2 years

thereafter. The organism may be fairly widespread in

the environment. In their review of the four cases of

infection reported prior to their study that they found

in the literature, Auerbach et al. (1992) suggested that

at least three may have represented contamination

rather than true infection. An example is the case of a

woman with a relentless progressive process involving

her right upper extremity, reported by Tsukamura

et al. (1988). The patient underwent numerous surgical
procedures, culminating in amputation of the arm

without resolution of the process. A variety of different

organisms were isolated from different specimens, but

organisms identified phenotypically as Rhodococcus

aurantiacus (now T. paurometabola) were isolated

from several specimens in amounts ranging from
'several to 60 colonies.' No mention is made of direct

visualization of any organisms in any of the specimens,

and there was no response of the process to the adminis-

tration of numerous antibiotics. However, the authors do

note that 'the organism became resistant to 5 pg of

ofloxacin per ml 2 months after the beginning of the

administration,' although details of dates of organism

isolation, drug administration, and isolate MICs are not
provided.

Casella and Tommasi (1987) reported a case of perito-

nitis in a patient undergoing continuous peritoneal

dialysis that was attributed to this species. The organism

was reported as Gordona aurantiaca (Rhodococcus

aurantiacus), and was identified at a reference labora-

tory, evidently on the basis of the numerous phenotypic

features described by the authors.

Granel et al. (1996) reported a case of cutaneous

infection attributed to this species in a man with a

history of treated syphilis who presented with a three-

month history of asymptomatic papular and pustular

lesions and an indurated area on his left wrist. Nonca-

seating granulomas were seen on a skin biopsy, but

apparently no organisms were visualized directly. On

culture of a skin specimen a heavy growth of an

organism was obtained that was identified as this species

at a French national reference laboratory. The lesions

resolved following local treatment with hexamidine and

fusidic acid.

Lai (1993) reported an elderly immunocompromised

woman with acute lymphoblastic lymphoma and a

central venous catheter in place who became febrile.

Several blood cultures, both peripheral and drawn
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through the catheter, and the culture of the tip of the
catheter after its removal, were all positive for an
organism identified as this species at the CDC. The
patient became afebrile 48 h after institution of vanco-

mycin. The patient's treatment was later changed to

erythromycin and gentamicin, and she did well. By the
in vitro susceptibility testing procedures performed, the
isolate was found to be sensitive to gentamicin but
resistant to erythromycin. The procedures employed to
identify the organism were not stated.

References to a few other case reports of infections
attributed to this species can be found in the report and
review by Schwartz et al. (2002).

Tsu ka m u rel la i nchonensrs

Yassin et al. (1995) described this species on the basis of
isolates obtained from two patients; one had ingested
hydrochloric acid and had four separate blood cultures
positive for the organism, and the other had a necrotic
lung tumor, the organism being isolated from a 'smear'

of the lung. No further clinical information was
provided. The organisms were found to be different
from the T. paurometabola type strain by a variety of
phenotypic and molecular procedures, including DNA-
DNA hybridization. However, the strain ATCC 8368
was not compared to the patient isolates (see above
wder Tsukamurella paurometabola). The species name
refers to the South Korean citv of Inchon. where the

type strain was isolated.

Tsukamurella pulmonis

Yassin et al. (1996) described this species on the basis of
a sputum isolate from an elderly woman. The woman
was described as having had cured pulmonary tubercu-
losis, and possibly an infection with another myco-
bacterium. She later appeared to have another
pulmonary infection, at which time this organism was
isolated. She was said to have recovered'only after anti-

biotics that were active against the Tsukamurella strain
in question had been administered;' no further clinical
details were provided. The results of molecular studies,
including DNA-DNA hybridization, comparing the
isolate to the type strains of T. paurometabola and
T. inchonensis indicated that the isolate was a new species
of Tsukamurella; phenotypic differences between the
isolate and the two type strains were also noted. The
species epithet designates the site of origin (the lung) of
the type strain. Of the six cases of catheter-related
bacteremia in immunocompromised patients attributed

to Tsukamurella species described by Schwartz et al.
(2002), three were attributed to this species. These

occurred in patients with metastatic breast cancer,
severe combined immunodeficiency disease, and chronic
renal failure. All patients did well following catheter

removal and antibiotic treatment; different agents were
used in different patients, and included trimethoprim-
sulfamethoxazole, amikacin, clarithromycin, cipro-
floxacin, and vancomycin. The isolates were identified
by HPLC, dot-blot DNA-DNA hybridization, and 165
rRNA gene sequencing.

Ts u ka m u rel I a tyros i n oso lven s

Yassin et al. (1997a) described this species on the basis

of four strains, two of which were each isolated from

several different blood cultures from two patients with

implanted cardiac pacemakers, and the other two of

which were isolated from sputum specimens from two

patients with chronic lung infections. The results of

molecular studies, including DNA-DNA hybridization,

comparing the isolates to the type strains of T. paur-

ometabola, T. inchonensfu, and T. pulmonis indicated

that the isolates comprised a new species of Tsukamur-

ella; phenotypic differences between the isolates and the

three type strains were also noted. The species epithet

refers to the ability of the isolates to hydrolyze tyrosine,

which the authors thought was a characteristic feature of

the species; the three type strains of the other species

studied did not hydrolyze tyrosine. However, in their

study of several isolates of different Tsukamurella

isolates, Kattar et al. (2001) found that two of the four

T. inchonensis isolates thev evaluated did hydolyze

tyrosine.

Of the six cases of catheter-related bacteremia in

immunocompromised patients attributed to Tsukamur-

ella species described in2002 by Schwartz et al., one was

attributed to this species. This occurred in a patient with

chronic myelogenous leukemia who had recently

received a bone marrow transplant. The organism was

obtained from blood cultures drawn both peripherally

and through the catheter. The catheter was removed

accidentally, and the tip was not cultured. The patient

was treated with a variety of antibiotics, including

amikacin, clarithromycin, and ciprofloxacin, and did

well. The isolate was identifled by HPLC, dot-blot

DNA-DNA hybridization, and 165 rRNA gene sequen-

cing. Sheridan et al. (2003) reported the case of a patient

with end-stage renal failure with a tunneled internal

jugular hemodialysis line in place who developed a

catheter-related infection attributed to this species.

Blood cultures were positive on some six occasions over

the course of approximately a year. The isolates were

variously thought to be a Corynebacterium species, a

Bacillus species, and Nocardia otitidiscaviarum. Hts

presenting fevers responded to a variety of antibiotics.

The catheter was removed during the last episode, and

the same organism was cultured from the tip. The

patient was treated with amikacin and trimethoprim-

sulfamethoxazole and remained afebrile thereafter. The

organism was ultimately identified by sequencing 165

rDNA from four of the isolates; all showed 'at least a
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99 percent sequence identity with Tsukamurella tyrosi-
nosolvens over 1290 base pairs.' However, with what
degree of probability species-level identification can be
made by such sequencing alone, perhaps particularly in
this genus. In their initial description of the species,
Yassin et al. (1997a) noted well over 99 percent
sequence similarity for the 165 rDNA region of the
organism they selected as the type strain for this species
and the corresponding regions for several other Tsuka-
murella species type strains, including 99.9 percent
similarity for the type strain of T. pulmonis.

Ts u ka m u rel I a stra n dj o rd ae

Kattar et al. (2001) described this species on the basis of
several isolates obtained from the blood of a child with
acute myelogenous leukemia who had a central venous
catheter in place. The infection responded to catheter
removal and treatment with trimethoprim-sulfamethox-
azole (Schwartz et aL.2002). The organism was demon-
strated to differ from other species in the genus by a
variety of phenotypic and molecular procedures,
including 165 rRNA gene sequencing and dot-blot
DNA-DNA hybridization. The species name was
selected to honor Paul Strandjord, the founder of the
Department of Laboratory Medicine at the University of
Washington. We are not aware of any other reports of
isolation of this species
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usually becomes fragmented into rods or coccoid

elements. Currently, there are about 100 mycobacterial

species that are usually grouped into two major divi-

sions, 'slowly growing' and 'rapidly growing' myco-

bacteria. The slow growers require more than 7 days to

produce visible colonies on solid media from a dilute

inoculum under ideal culture conditions. Colony

morphology varies among the species, ranging from

smooth to rough and from nonpigmented (nonphoto-

chromogens) to pigmented (yellow to orange, rarely

pink). Some of the latter require light to form pigment

(photochromogens), while others produce pigment in

either the light or in the dark (scotochromogens) (Timpe

and Runyon 1954; Runyon 1959). These divisions have,

however, no formal taxonomic standing but are useful

for a preliminary identification.

Slowly growing mycobacteria were among the flrst

bacteria to be ascribed to specific diseases. In 1874,

Armauer Hansen identified a rod-shaped bacillus

(Bacillus leprae) in a tissue biopsy from a patient and

suggested that it was the etiological agent of leprosy

(Hansen 1880). Eight years later, Robert Koch identified

another rod-shaped bacillus (Bacterium tuberculosis) as

the causative agent of tuberculosis (TB) and formulated

Koch's postulates for establishing a causal relationship

between a suspected pathogen and a given disease

Mycobacteri u m tu bercu losi s com plex,
Mycobacterium leprae, and other
slow-g rowi ng mycobacteria

GABY E PFYFFER AND VERONIQUE VINCENT

General characteristics
Mycobacter ia l  genomes
Laboratory diagnosis of mycobacteria
Descr ipt ion of  species and c l in ica l

relevance of mycobacteria

Definit ion

The genus Mycobacteriuzrz is currently the only genus in
the family Mycobacteriaceae, order Actinomycetales,
and related to other mycolic acid-containing genera. The
mrnimal standards for including a species in this Genus

o acid-alcohol fastness (i.e. resist decolorization by
acidified alcohol after beins stained with a basic
fuchsin dye);

o the presence of mycolic acids containing 60-90
carbon atoms, which are cleaved to C22-C26 fatty acid
methyl esters by pyrolysis; and

o a G + C content of the DNA oI 61,-77 mol% (L6vy-

Fr6bault and Portaels 1992), wirh the only exception
being M. leprae (>57 percent) (Good and Shinnick
1998).

Mycobacteria are nonmotile, nonspore-forming,
weakly gram-positive, aerobic or microaerophilic,
straight or slightly curved rod-shaped bacteria (0.2-
0.6 x 1.0-10 pm) (Wayne and Kubica 1986). Some
mycobacteria display coccobacillary or branched forms.
Filamentous growth may occur, but on slight disturbance

G EN ERAL CHARACTERISTICS
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1189 Acknowledgments

References
1197



1182 Mycobacterium tuberculosis complex, Mycobacterium Ieprae, and other slow-growing mycobacteria

(Koch 1882). These two species were subsequently
renamed Mycobacterium leprae and Mycobacterium
tuberculosis, respectively, and placed in the genus Myco-
bacterium ('fungus bacterium,' named to reflect the
mould-like pellicle formed by M. tuberculosls on liquid
media) (Lehmann and Neumann 1896).

At the beginning of the twentieth century, M. tubercu-
/osls was the only species of Mycobacterium rottinely
isolated from, and associated with, human disease. As
time went on, more and more species of environmental
mycobacteria, called nontuberculous mycobacteria
(NTM) (formerly atypical mycobacteria or mycobacteria

other than tubercle bacilli (MOTT)), were recognized as
causes o[ human disease.

Habitat

Isolated from a wide variety of environmental sources,
including water, soil, dust, and Sphagnum vegetation
(reviewed by Kazda 1983; Collins et al. 1984; Hartmans
and De Bont 1992), mycobacteria have been classified
as obligate pathogens, facultative or opportunistic
pathogens, or free-living saprophytes (Kazda 1983).
Obligate pathogens are species that do not appear to
multiply outside their hosts and include M. tuberculosis
complex (i.e. M. tuberculosis, M. bovis, M. bovis
BCG, M. africanum, M. microti, and M. canettii),
M. leprae, M. marinum, and M. paratuberculosis. TB
manifests both pulmonary and extrapulmonary in
humans and warm-blooded animals and has become a
new threat in developing countries in the most recent
past. M. leprae causes chronic, granulomatous, and
debilitating disease in humans. Leprosy-like infections
have been documented in the nine-banded armadillo
(Dasypus novemcinctus), chimpanzees (Pan troglo-

dytes), mangabey monkeys (Cercocebus torquatus atys)
(reviewed by Shinnick 1992), cats (Lawrence and
Wickham 1963), rats (McCoy 1913), and buffalos
(Lobel t934). M. paratuberculosis, the etiological agent
of Johne's disease, is shed in large numbers in the
feces of infected cattle. Although this species can
survive for long periods of time in the soil, there is no
evidence that they actually multiply outside their
animal hosts (Kazda 1983). Nevertheless, M. para-

tuberculosis has been suspected as a cause of Crohn's
disease, an illness in humans with characteristic lesions
resembling those of Johne's disease in cattle (reviewed

by Chiodini 1989). Facultative pathogens are able to
multiply outside the host as well and cause infections
in humans or animals and include, among others, M.
avium complex, M. kansasii, M. malmoense, M. simiae,
M. scrofulaceum, M. ulcerans, and M. xenopi. Free-
living saprophytes such as M. gastri, M. gordonae,

and M. nonchromogenicum do not generally cause
progressive infection or disease in immunocompetent
individuals.

Nutrit ional requirements and metabolic
activities

Given the wide spectrum of ecological niches occupied

by these organisms, it is not surprising that the various

species are metabolically very versatile and thus use a

wide range of compounds as sources of essential nutri-

ents. With the exception of M. genavense, M. para-

tuberculosis, and M. haemophilum, most mycobacteria

are not fastidious, i.e. the basic nutritional requirements

of mycobacteria growing in axenic media are similar to

those of other bacteria. These include carbon, nitrogen,

oxygen, phosphorus, sulfur, iron, sodium, potassium,

magnesium, and trace elements (primarily zinc and

manganese) (reviewed by Wheeler and Ratledge 1994).

M. leprae represents the only mycobacterial species

known so far where convincing evidence for growth in

vitro is lacking.

CARBON AND NITROGEN SOURCES

Important carbon sources are carbohydrates (e.9.

glucose, fructose, sucrose, mannose, trehalose, inositol,

mannitol), organic acids, including short-chain (pyruvic,

acetic, and citric) and long-chain (oleic and palmitic)

acids, hydrocarbons (polycyclic aromatic compounds),

and even CO2, which is essential for optimal growth of

many species (Ratledge 1982) and usually included in

media as NaHCO3/Na2CO3 or as CO2 in the gas phase

(5-10 percent). Laboratory culture medium traditionally

contains glycerol because it is the only carbon source

that can be utilized by all members of the genus,

although it is not the optimal C-source for many species.

For instance, pyruvate is a better C-source for M. bovis.

Expressing a number of hydrolytic and degradative

activities, mycobacteria may be able to utilize additional

sources of carbon, such as Tween 80, which can be

hydrolyzed to oleic acid.

In growth media, the preferred nitrogen source is

asparagine or glutamine, although mycobacteria can

obtain nitrogen from many inorganic (e.g. NHa* salts)

and organic sources (e.g. amides, amines, amino acids,

nucleosides). A few species may be able to assimilate

nitrate or nitrite via nitrate and nitrite reductases to

generate NH3.

ACQUTSTTTON OF |RON

Iron is essential for the growth of mycobacteria both in

vivo and in vitro. In secreting small water-soluble iron-

binding siderophores called exochelins, mycobacteria

have evolved a sophisticated system for scavenging iron

from the environment and their eukaryotic hosts

(reviewed by Wheeler and Ratledge 1994). The MS-type

of exochelin (e.g. produced by M. smegmatis) remains

water-soluble at all stages, whereas the MB-type (e.g.

produced by M. tuberculosis) becomes chloroform

extractable when complexed with Fe(III). Each type of
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exochelin actually encompasses a family of small mole-
cules whose masses range from approximately 0.7 to
0.8 kDa, which reflects varying numbers of CH2 groups

on an alkyl side chain (Gobin et al. 1995). Exochelins
extract iron from various iron-containing molecules in

their vicinity (e.g. ferritin) by virtue of their very high

affinity for ferric ions (K. of approximately 102s M)

which is used as a growth supplement for fastidious

mycobacteria such as M. genavense. The ferriexochelin

can then interact with a specif,c protein receptor on the

mycobacterial cell surface and be transported to the

interior of the cell. Alternatively, the ferric iron may be

transferred to a related membrane-bound molecule
called mycobactin. Mycobactins and exochelins share a

common iron-binding core but differ in alkyl side chains,

which accounts for the differences in polarity. Myco-

bactins can also bind free ferric ion and facilitate the
transport of it across the membrane to the interior of
the bacterium. Release of the iron from either ferriex-

ochelin or ferrimycobactin is accomplished by reduction

of the ferric ion to ferrous ion by an NADH-dependent
reductase. Because of the efficient iron-scavenging
systems, most mycobacteria require only small amounts

of iron (1 pg Fe per ml) in culture medium for growth.

M. haemophillrzr is unusual in that it requires high iron
concentrations (2 percent ferric ammonium citrate or

40 pg hemin per ml) for growth.

Metabolic pathways in mycobacteria

In general, metabolic activities of mycobacteria are

similar to those of other bacteria. General metabolic
pathways and enzyme systems have been reviewed
(Wheeler and Ratledge 1994). Of course, mycobacteria
do have several unique biochemical activities related to

the synthesis of mycobacteria-specific compounds, such

as mycolic acids or the phenolic glycolipid I of M.

leprae. Also, individual species express characteristic sets

of enzymatic activities, probably related to their ecolo-
gical niches, and these characteristic activities are

exploited in species identification tests.

Relatively little is known about metabolic activities in

two environments that are important in mycobacteria-

caused diseases. First, the environment encountered by
an intracellular pathogen is quite different from that

encountered on an agar slant. So far, few studies have

analyzed the metabolic activities of in vivo grown myco-

bacteria, although Barclay and Wheeler (1989) char-

acterized some of the nutritional features of the intracel-
lular environment and the corresponding mycobacterial
metabolic activities. Second, both M. tuberculosis and M

leprae can persist in the human host for long periods in
an apparently metabolically dormant state. An in vitro

model of persisters has been developed by Wayne and

Lin (1982) in which tubercle bacilli are allowed to settle

to the bottom of a liouid culture. These bacilli cease to

replicate, reduce their oxidative metabolism, and survrve
in anaerobic conditions much longer than actively meta-
bolizing cells. Conversion of lipids into carbohydrates
through the glyoxylate-shunt pathway may be essential
for 'dormant' M. tuberculosis cells, allowing long-time
survival in the host (McKinney et al. 2000; Bishai 2000).

Cell-wall structure and components

Mycobacteria have a complex outer envelope composed

of several distinct layers (reviewed by Besra and Chat-

terjee 1994; Brennan and Draper 1994). The innermost

layer is the plasma membrane, which displays an asym-

metric bilayer structure. Inserted into it are proteins,

phosphatidylinositol mannosides, and lipoarabino-

mannan. Next is the peptidoglycan layer, which

determines the shape of the cell and is similar to pepti-

doglycans of other gram-positive bacteria. It contains

repeating disaccharide units of N-acetylglucosamine-

(B1-a)-N-glycolylmuramic acid cross-linked via r-alanyl-

o-isoglutaminyl-meso-diaminopimelyl-n-alanine tetra-

peptides, except in M. leprae, where the L-alanine is

replaced by glycine (Draper 1986). About 10 percent of

the N-glycolylmuramic acid residues are covalently

attached to a branched-chain polysaccharide, arabinoga-

lactan, via phosphodiester bonds. Distinct arabinose resi-

dues of the arabinogalactan molecules are esterified to

high-molecular-weight mycolic acids. Finally, the outer

surface of the mycobacterium is formed by the inter-

calation of medium-chain (e.g. mycocerosates) and

short-chain (e.g. acylglycerols) lipids, glycolipids, and

peptidoglycolipids into the uneven hydrophobic layer of

mycolic acids. Proteins (e.g. porins, transport proteins)

are found throughout the various layers.

Several components of the mycobacterial envelope

are strongly immunologically active (Stewart-Tull 1983).

For example, whole heat-killed mycobacteria are strong

adjuvants and are the basis of Freund's complete adju-

vant (heat-killed mycobacteria in oil). It is the peptido-

glycan (murein) layer that contains this adjuvant

activity. A water-soluble fragment of the peptidoglycan

called muramyl dipeptide (MDP) (N-acetylmuramyl-r--

alanyl-n-isoglutamine) also acts as an adjuvant. MDP

has the advantages over heat-killed mycobacteria in that

it can be chemically synthesized, is commercially avail-

able, and is not immunogenic (i.e. it does not elicit an

immune response to itself). Lipoarabinomannan (LAM)

is also highly immunoreactive (see below).

LIPIDS

A prominent feature of the outer surface of myco-

bacteria is its high content of lipid, which accounts for

up to 60 percent of the cell-wall weight and contributes

to several biological features, including the hydro-

phobicity of mycobacteria, their tendency to form

clumps and cords, their resistance to common lysis
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procedures, and their ability to survive for a long period
of time (reviewed by Brennan et al. 1990; Besra and
Chatterjee 1994; McKinney et al. 2000; Bishai 2000). In
general, the lipids are long-chain fatty acids (e.g.
CH3(CH2)"COOH), which are often modified by the
presence of unsaturated bonds, cyclopropane rings, or
side groups such as methyl, methoxy, hydroxy, and keto
groups.

L ipoarab inomannan

LAM is structurally and functionally related to the O-
antigenic lipopolysaccharides of other bacteria
(reviewed by Brennan et al. 1990; Besra and Chat-
terjee 1994). LAM is thought to be anchored in the
plasma membrane and to extend through the cell wall
to the surface of the mycobacterium. The membrane
anchor is a diacylglycerol moiety, which in M. tubercu-
/osls contains palmitic acid and tuberculostearic acid
(TBSA) and which is attached to a phosphatidylinositol
residue via a phosphodiester linkage. The poly-
saccharide backbone is also attached to the phosphati-
dylinositol and consists of a(1-6)-linked D-mannose
residues to which short side chains of c(1-2)-linked o-
mannose residues and e(l-5)linked n-arabinose resi-
dues are attached. The termini of the LAM molecules
may be branched hexa-arabinosides or linear tetra-
arabinosides (Chatterjee et al. 1992a) and the arabi-
nose termini may be capped with one to three
mannose residues (Chatterjee et al. 1992b). Biological
activities of LAM include strong seroreactivity, inhibi-
tion of interferon-y-mediated activation of macro-
phages, induction of cytokine production and release
by rnacrophages, scavenging reactive oxygen inter-
mediates, and suppression of T-cell proliferation
(Kaplan et al. 1,987; Sibley et al. 1988; Barnes et al.
1992; Chatterjee et al. 1992c). Several parts of LAM
are involved in these biological activities (reviewed by
Besra and Chatterjee 1994). The terminal arabinose
units are targets of circulating antibodies, and the
degree of mannosylation of the terminal arabinose
units influences the biological activities of LAM (e.g.
ability to induce tumor necrosis factor alpha (TNF-o)
production) (Chatterjee et al. 1992c). This difference
may be related to virulence. The acyl groups are also
required for some biological activities, such as the
induction of cytokine production, because removal of
the acyl groups by mild alkali treatment abolishes the
activity. LAM has been identified as a key ligand of
dendritic cell (DC)-specific intracellular adhesion mole-
cule-3 grabbing nonintegrin (SIGN). DC-SIGN-medi-
ated entry of M. tuberculosls in DCs in vivo is likely to
influence bacterial persistence and host immunity (Tail-
leux et al. 2003). In addition, the cell-surface receptor
DC-SIGN discriminates between Mycobacterium
species through selective recognition of the mannose
caps on LAM (Maeda et al. 2003).

Mycol ic acids

Mycolic acids are a defining characteristic of members of
the genus Mycobacteriura, although related long-chain

fatty acids also are found in the genera Corynebacterium
(containing 2840 carbon atoms) and Nocardia
(containing 40-60 carbon atoms). The mycobacterial

mycolic acids are a-branched, B-hydroxy fatty acids with

60-90 carbon atoms in the primary chain. The alkyl

branches are attached to the a-position (the CH2 group

adjacent to the terminal carboxylic acid) and typically

contain 22-26 carbon atoms. Mycolic acids are categor-
ized according to oxygen-containing modifications found

in the primary chain. If not containing any oxygen

functions, in addition to the B-hydroxy group they are

called a-mycolates. Those containing keto groups are

ketomycolates, those with methoxy groups are methoxy-

mycolates, and those with epoxy groups are epoxy-

mycolates.

Each species of Mycobacterium appears to synthesize

a unique set of mycolic acids, and this has been

exploited for identifying mycobacteria (Minnikin et al.

1980; Daff6 et al. 1983) (see below). The resulting
pattern is compared with a library of reference patterns

to identify the species.

ACETYLATED TREHALOSES

In 1950, Bloch isolated 6,6'-dimycolyl-qa'-n-trehalose
(trehalose dimycolate (TDM)) and suggested it was the

cell-surface component responsible for the ability of
virulent tubercle bacilli to form serpentine cords and to

absorb the cationic phenazine dye neutral red. Subse-
quent studies have not borne out a role for TDM in

either cord formation or virulence. Regardless, biolo-
gical activities associated with cord factor include

systemic toxicity, granulomagenic activity, and cytokine
induction (Goren 1982).

Other trehalose-based lipids found in M. tuberculosis

are sulfolipids, which are thought to play a role in the
intracellular survival of tubercle bacilli by inhibiting
phagosome activation (Goren et al. 1987). The sulfoli-
pids are based on trehalose 2'-sulfate acetylated with

hydroxyphthioceranic, phthioceranic, and saturated

straight-chain fatty acids such as palmitate and stearate.

Additional polar (Minnikin et al. 1985) and nonpolar
(Besra et al. 1.992) acetylated trehaloses have been
described and suggested to be virulence factors, because

these compounds have been found in virulent strains of
M. tuberculosrs only.

MYCOSIDES

The outer surface of a mycobacterium contains a hetero-
geneous group of biologically and immunologically

active medium- and short-chain lipids, which are analo-
gous structurally and functionally to the O antigens of
gram-negative enteric bacteria (reviewed by Besra and
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Chatterjee 1994). The mycosides fall into two major
groups:

1 peptidoglycolipids, which contain mycoserosic acid,
sugars and amino acids, and

2 phenol-phthiocerol glycosides.

Peptidoglycolipids often contain unusual sugar resi-
dues such as O-methyl rhamnose, fucose, or deoxytalose
and play roles in determining serotype, colony
morphology, and virulence. For example, peptidoglycoli-
pids form the basis of an agglutination serotyping
scheme for members of the M. avium complex. A pepti-
dolipid also serves as the receptor for phage D4 attach-
ment to mycobacterial cells.

Mycosides lacking amino acids are typically deriva-
tives of phenol-phthiocerol and have been isolated and
charactertzed from M. kansasii, M. bovis, M. marinum,
and M. leprae. Phenolic glycolipid I (PGL-I) is found
only in M. leprae and is synthesized and shed in large
amounts (reviewed by Shinnick 1992). The lmmune
response to the trisaccharide component of PGL-I has
been used in immunodiagnostic tests to detect people
infected with M. leprae.In addition, PGL-I can scavenge
reactive oxygen intermediates and hence may play a role
in the ability of M. leprae to survive within macrophages
(Chan et al. 1989). PGL-I has also been implicated as
playing a role in the specific immunosuppression seen in
lepromatous leprosy patients (Mehra et al. 1984).

Antigens

Robert Koch's studies with antigens present in filtrates
of cultures of M. tuberculosis were the beginning of a
great deal of research, which still continues today, to
defi ne and char acter ize mycobacterial anti gens.

TUBERCULINS

Tuberculin reactivity was described by Koch (1891)
during a search for a remedy for TB. Koch inoculated
tubercle bacilli into the flank of a guinea pig and
observed a small nodule at the injection site a week or
two later. This ulcerated and remained open and
contained viable tubercle bacilli, until the animal died.
About a month after inoculation, local lymph nodes
were enlarged and lesions were present in many organs
and tissues, leading to death of the animal about 3
months later. When the animal was reinoculated in the
opposite flank 1 month after the original challenge, the
lesion that developed was quite different. After a day or
two, the skin at the injection site underwent necrosis and
then sloughed off, leaving a shallow ulcer. Unlike the
primary ulcer, this contained no viable bacilli and soon
healed. A similar reaction, now known as the Koch
phenomenon, was induced by injection of either killed
tubercle bacilli or a heat-concentrated filtrate of the
medium in which the bacilli had been grown, a prepara-
tion termed Old Tuberculin.

Old Tuberculin and its induction of a characteristic

dermal reaction was utilized by von Pirquet in 1907

in epidemiological studies as an indicator of past

infection by the tubercle bacillus. As Old Tuberculin

contained some impurities from the medium, it induced

small, nonspecific dermal reactions in uninfected

people. This problem was resolved by Seibert in 1934, who

purified the reagent by precipitating the proteins with

acetone and ammonium sulfate. This reagent, purified

protein derivative of tuberculin (PPD), remains the

standard skin-testing reagent for human and animal use.

Skin-test reagents have also been developed for other

species of the genus, including Burulin, which has been

used in studies of M. ulcerans infections (Stanford 1983).

Lepromin, a heat-sterilized homogenate of M. leprae-

laden tissue, is a skin-test reagent used in the diagnosis

of leprosy.

Tuberculin testing

The tuberculin test is used to determine the annual

infection rate of TB in the community, to assess the

effectiveness of control measures, and to indicate those

requiring BCG vaccination or preventive therapy.

Weak or negative reactions do, however, not exclude

a diagnosis of TB. Some people are intrinsically poor

reactors and in others, reactivity is depressed due to

advanced disease, old age, malnutrition, or immunosup-

pression, including human immunodeflciency syndrome

(HIV) infection. Various skin-testing reagents have been

developed from Koch's original Old Tuberculin. The

most widely used is PPD produced by Seibert and her

colleagues. The dosage of PPD is expressed in interna-

tional units (IU) based on a biological standardization

against an international standard preparation. In the

Mantoux test, the only test that is internationally stan-

dardized, an exact amount (usually 0.1 ml) of tuberculin

is injected intracutaneously and the diameter of the

resulting induration is measured 72h later. This test is

the most satisfactory, as results can be quantified, but it

requires some training and skill.

OTHER ANTIGENS

Mycobacterial antigens have generally been classifled in

terms of their chemical nature and distribution among

species. Soluble antigens are the antigens found in the

supernatant following high-speed centrifugation of a

lysate of mycobacteria, which removes cell-wall frag-

ments and other particulate matter. These antigens

include most cytoplasmic and secreted proteins and

soluble carbohydrates. Also, the sharing of antigens by

the various species probably accounts for the lack of

specificity of serological tests for tuberculosis.

Various chemical and immunochemical techniques

have been used to characterize soluble antigens.

including immunoelectrophoresis (Daniel and Janicki

1978), double diffusion in agar gel (Stanford and Grange
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1.974), and crossed immunoelectrophoresis (Closs et al.
1980). Although these tests identified up to 90 distinct
lines of precipitation or antigens, until recently, only
limited progress was made in characterizing a few of the
precipitins because of difflculties in isolating and puri-

fying the individual antigens. These difficulties were
partially circumvented by the use of recombinant DNA
technologies. Currently, mycobacterial antigens are
being systematically characterized using a variety of
sophisticated techniques including two-dimensional gel

electrophoresis, mass spectroscopy, and high-perfor-
mance liquid chromatography (HPLC). Overall, the
combination of immunological studies, sophisticated
biochemistry, recombinant DNA technologies, and the
genome sequencing projects is producing a valuable

catalogue of mycobacterial antigens (reviewed by Young
et al. 1992'. Anderson and Brennan 1994: Cole and Smith
1994; Cole et al. 1998).

One subset of soluble antigens contains proteins that
are secreted during growth. The secreted proteins are
the main antigenic constituents of culture filtrates of
young, log-phase cultures of M. tuberculosis. Older
cultures contain secreted proteins as well as many
proteins released by autolysis of the tubercle bacilli.
Secreted antigens have been suggested to be key targets
of a protective immune response to M. tuberculosis
(Horwitz et al. 1995; Roberts et al. 1995).

Soluble urokinase plasminogen activator receptor
(suPAR) levels are elevated in TB patients and asso-
ciated with mortality (Eugen-Olsen et aL.2002).

Insoluble antigens are those that are in the pellet

following high-speed centrifugation of lysates and
include cell-wall components, membrane-bound
proteins, high-molecular-weight carbohydrates, lipids,
mycolic acids, phenolic glycolipids, etc.

MYCOBACTERIAL GENOMES

The M. tuherculosrs genome

The genomes of mycobacteria display a typical bacterial
chromosomal structure (a single large circular DNA
molecule), with a G + C content of 60-70 mol% (except

for M. leprae, which is <57 mol%). Slow-growing myco-
bacteria have only one copy of the genes encoding the
ribosomal RNAs, a feature that may contribute to their
slow growth.

The complete genome sequence of M. tuberculosis
H37Rv (Cole et al. 1998) consists of 4.41 Mb containing
approximately 4 000 genes encoding proteins and 50
genes encoding RNAs. The 91 percent potential coding
capacity and the gene density (1 gene for 1.1 kb) are
typical for a prokaryote. The G + C content is constant
throughout the genome, with an average of 65 percent.

Unusually G + C-rich regions were detected, which
correspond to sequences belonging to two large gene

families, Pro-Glu (PE) and Pro-Pro-Glu (PPE). Genes

are evenly distributed along the two DNA strands and

59 percent of the genes are transcribed with the same

polarity as the replication fork. A high percentage of

genes located on the leading strand, up to 75 percent in

Bacillus subtilis, is thought to be associated with higher

gene-expression levels, since replication and transcrip-

tion act with the same polarity. The even distribution of

genes in both DNA strands may explain the slow growth

of M. tuberculosis and its 24-h generation time. In addi-

tion, the genome displays one single copy of the ribo-

somal RNA operon, located at unusually 1 500 kb from

the origin of replication. This arrangement may also be

related to the slow growth of M. tuberculosls, since most

bacteria have several ribosomal RNA operons close to

the origin of replication to exploit the gene-dosage

effect obtained during replication.

Fifty-eight percent of the genes could be attributed a

function, 27 percent presented similarity to putative

proteins, and 15 percent resembled no known proteins,

and may account for specific mycobacterial functions.

The vast majority of the characterized genes of myco-

bacteria are structurally similar to those of other

bacterial genera. By contrast, t}:.e recA genes of M.

tuberculosis and M. leprae and some mycobacterial

species are quite unusual (Fsihi et al.1996; Colston et al.

2000). That is, the recA gene of M. tuberculosrs encodes

an 85-kDa protein, although the mature M. tuberculosis

RecA protein has a molecular mass of only approxi-

mately 38 kDa. The primary translation product of the

M. tuberculosis recA gene contains an internal amino

acid sequence, called an intein, which is removed by a

protein-splicing mechanism to produce an enzymatically

active RecA protein. This is an interesting phenomenon

because only a few examples of protein splicing are

known and because it may be a novel way to regulate

protein expression and function. The genome is char-

acterrzed by the abundance of genes coding for enzymes

involved in fatty-acid metabolism (more than 250,

compared with 50 in Escherichia coli). All genes

involved in aerobic metabolism as well as genes

encoding anaerobic electron-transport chains are

present. The ability of M. tuberculosis to adapt to envir-

onmental changes such as low oxygen tension may

enable the bacilli to survive in granulomas or oxygen-
poor tissues. About 9 percent of the genome is devoted

to two multigene families of glycine-rich proteins, the

PE and PPE families, which have a signiflcantly higher

genetic variability compared with the genome as a whole

(Fleischmann et al. 2002). The PE and PPE repetitive

structures may represent a source of antigenic variation

or interfere with host immune responses by inhibiting

antigen processing. More than 50 percent of the genes

result from gene duplication, a similar percentage to that

seen in other bacteria, except that the level of sequence

conservation between copies is quite high, suggesting

that duplication events occurred recently and that
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M. tuberculosis is evolutionarily young (Sreevatsan et al.
1.997).

M. tuberculosis is very rich in repeated DNA
sequences, either insertion sequences (IS) or tandem
repeats inserted in the intercistronic regions of genes

within an operon (mycobacterial interspersed repetitive
units (MIRU)). In H37Rv, 56 IS from eight different IS
families have been identified. Some of these IS exhibit
high similarities with those from other Actinomycetes
such as Rhodococcus or Nocardia, suggesting that a
horizontal transfer probably occurred in nature at the
time the M. tuberculosls ancestor lived in soil and shared
its ecological niche with other bacteria. IS may be the
source of chromosomal rearrangements and deletions. In
a population of M. tuberculosis, IS are present in one or
two copies at the same loci, suggesting that most of
these elements are inactive or exhibit a transposition
immunity preventing the accumulation of additional
copies. 156110 represents a notable exception with a
wide range of copy numbers and a high polymorphism

within the copy distribution. Whole-genome comparison
of clinical isolates identified deletion regions (defined as
sequences present in an isolate but missing from another
one) and supports the hypothesis that genomic variation
is largely caused by insertion sequence movement rather
than point mutation (Brosch et al. 2000a; Ho et al.
2000). MIRUs, identified in 41 loci in H37Rv display
polymorphism by changing the repeat copy number in
most loci, which can be exploited for strain typing. Two
prophages have been detected in H37Rv, which have
been found stable through the analvsis of various M.
tuberculosis strains.

Although the spontaneous mutation rate of M. tuber-
culosis is similar to that of other bacteria (David 1973),
sequence analysis of structural genes and of genes
encoding host immune system protein targets showed a
remarkably low polymorphism (Sreevatsan et al. 1997;
Musser et al. 2000). By comparison, the level of allelic
variation in M. tuberculosls is 2 000 times less than in
Borrelia burgdorferi and 600 times less than in Neisseria
meningitidis. The polymorphism within the katG gene,
encoding a catalase-peroxidase, and the gyrA gene,
encoding the subunit A of the gyrase, identifies three
genetic groups. The first encompasses representatives of
all tubercle bacilli, including M. tuberculosis, M. bovis,
M. africanum, and M. microti, whereas the two other
groups include M. tuberculosls sensu stricto only.

All these observations indicate a clonal population

structure of M. tuberculosis and a lack of interstrain
genetic diversity with genome plasticity mainly gener-

ated by insertion sequences rather than point mutations
and suggest that this pathogen is evolutionarily young
(Sreevatsan et al.1997; Brosch et aI.2000b; Musser et al.
2000; Kato-Maeda et al. 2001). The websites are
www.genolist.pasteur.frlTuberculist for M. tuberculosis
H37Rv and www.tigr.org/tdb/CMR for M. tuberculosis
CDC1551, respectively.

COMPARATIVE GENOMICS

DNA-DNA hybridization showed that all tubercle

bacilli (M. tuberculosis, M. bovis, M. africanum, M.

microti, M. canettii) belong to a single species. However,

the different members can be separated according to

phenotypic tests as well as their host range and viru-

lence. Recently, whole-genome comparisons showed

insertion-deletion events that distinguished between the

species. The different regions mainly correspond to

metabolic functions and virulence factors. The distribu-

tion of these regions represents a useful tool for the

identification of species within M. tuberculosis complex.

Three of the deletions that contain genes for PE and

PPE proteins, claimed to play a role in antigenic varia-

tion, may represent sites of hypervariability between

tubercle bacilli (Gordon et al. 2001). Three regions

affect genes coding for Esat6 protein family, potent T-

cell antigens. Among these latter regions, RD1 is absent

from all M. bovis BCG strains but is still present in M.

bovis as well as in other M. tuberculosls complex

members. This knowledge raised the development of

diagnostic reagents for the tentative differentiation

of vaccinated and infected individuals. The distribution of

the deletion regions among the M. tuberczlosls complex

appears to be species-specific, providing promising new

identification genetic tools for the differentiation of the

M. tuberculosis complex species (Gordon et al. 1999).

Comparative genomics of BCG vaccines using DNA

microarrays allowed the drawing of the genealogy of

BCG daughter strains and to date the year of the

genetic events that prevailed to the differentiation of

BCG strains (Behr et aI. 1999).

The different regions correspond to sequences deleted

either from M. tuberculosr.s or from M. bovis, suggesting

that loss of genetic material occurs in both members of

the complex and that M. tuberculosls cannot have

evolved from M. bovis. The distribution of the genomic

regions among the tubercle bacilli indicates that it is

more likely that both species evolved from a common

progenitor. Moreover, M. tuberculosls complex DNA

detected in a North American Pleistocene extinct bison

(dated 17 000 years ago) was identified closer to the

current human bacllli M. africanum ar.d M. tuberculosis

than to M. bovis. Bovids were hence the vectors of the

primordial organism that caused TB, and immigration of

bovids over the Bering Strait introduced the disease to

North America at least 20 000 years ago (Rothschild

et al. 2001). A website is dedicated to the M. bovis

genome sequence (www.sanger.ac.uk/Projects/M-bovis).

The M. leprae genome

M. leprae still remains noncultivable in synthetic media
and represents the longest doubling time, estimated at
around 14 days. The complete genome sequence shows a
genome size of 3.27 megabases (Mb), much smaller than
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that of M. tuberculosis (4.41 Mb) (Cole et al. 2001). The
G + C content is also much lower, being 57.8 percent for
M. leprae and 65.6 percent for M. tuberculosli, respec-
tively. Comparative proteome analysis revealed an
extreme reductive evolution, as only 391 soluble proteins

could be detected (versus 1 800 in M. tuberculosis)
instead of the 3 000 proteins predicted if all genes in the
3.27-Mb genome were active. Pseudogenes, with intact
counterparts in M. tuberculosls, abound. The smaller
genome size and the lower G + C value are partly due
to the presence of only nine PE and PPE genes, also
called RLEP, whereas M tuberculosls contains more
than 160 of these very (G + C)-rich genes. Important
metabolic activities, such as siderophore production, part
of the oxidative and most of the microaerophilic and
anaerobic respiratory chains, as well as numerous cata-
bolic systems have been deleted. By contrast, the
anabolic pathway is relatively intact, except a possible
auxotrophy for methionine. The M. leprae recA gene
also contains an intein, but its structure and location are
different from those of. the M. tuberculosis intein (Davis

et al. 1994).

Comparison of M. tuberculosls and M. leprae genomes

shows mosaic structures, consisting of segments with
conserved gene order and organization interspersed with
different flanking regions. Extensive recombination
events between dispersed repetitive sequences could
explain this evolution (Philipp et al. 1996; Cole et al.
2001). Restriction fragment length polymorphism
analysis of genomes of M. leprae isolates from diverse
origins (patients from India, a monkey from West
Africa, an armadillo from Louisiana) showed a high
conservation of genomic sequences within the species,
preventing further molecular epidemiological studies
(Clark-Curtiss and Walsh 1989). The website for M.
le p r ae is www. genolist.pasteur.frll-eproma.

Genomes of other mycobacterial
species

Repeated elements are also present in the other myco-
bacterial species. Genes from the PE, and PPE families,
also designated polymorphic GC-rich repetitive
sequences (PGRS), major polymorphic tandem repeats
(MPTR) have been detected in several species. Whereas
the distribution of the MPTR (PPE genes) is very
conserved rn M. tuberculosis, these elements may be
used as tools of molecular typing in M. kansasii and M.
gordonae. According to the MPTR profile, M. kansasii
strains can be divided into five groups or subspecies
(Alcaide et al. 1997b; Picardeau et al. 1997a). The iden-
tification of subspecies is correlated to other markers,
especially to the presence of.151652, which is present in
two subspecies only (Picardeau et al. 1997a). The PGRS
sequences (coding for PE proteins) are also detected in
M. gordonae, M kansasii, M. gastri, M. marinum, and
M. szulgai (Poulet and Cole 1995).

Insertion sequences have been identified in several

mycobacterial species. Most IS have a narrow host range

and may be used as targets for specific identif,cation

in polymerase chain reaction (PCR) tests. Some showed a

high polymorphism of distribution and represent

useful epidemiological markers. Although present in

15-20 copies in M. paratuberculosis, IS900 does not

display polymorphism and is useless for molecular typing

of the strains (Green et al. 1989; Kunze et al. 1992; Pavlik

et al. 1995). By contrast, 151245 and IS1311 show a high

polymorphism in M. avium (Guerrero et al. 1994;

Picardeau and Vincent 1996;van Soolingen et al. 1998a).

Circular and l inear plasmids

Unlike tubercle bacilli devoid of any plasmid, vanous

mycobacterial species harbor plasmids. The first plas-

mids were described in 1979 in M. avium (Crawford and

Bates 1979). Additional circular plasmids have been

identified in the phenotypically related species M. intra-

cellulare and M. scrofulaceum and later on in the rapidly

growing species M. chelonae, M. abscessus, M. fortuitum,
and M. smegmatis (Labidi et al. 1984; Meissner and

Falkinham 1984; Beggs et al. 1995). Plasmids consist of

elements of various sizes, from 5 kb to more than

100 kb. The prevalence of plasmids within strains varies

from species to species. pAL5000, the smallest identified

mycobacterial plasmid, has been entirely sequenced and

led to the construction of shuttle vectors, allowing the

expansion of the mycobacterial genetics (Rauzier et al.

1988). E. coli/mycobacteria shuttle vectors have been

built from pAL5000 and several E. coli replicons for the

transfer of DNA into mycobacteria.

In 1997, Iinear plasmids were described in several

species, including M. xenopi, M. celatum, M. branderi,

M. avium, and M. fortuitum (Picardeau and Vincent

1997, 1998). These elements range in size from 20 to

320 kb. and all of them exhibit an invertron-like struc-

ture with proteins covalently bound to their extremities.

Plasmids from different species show cross-hybridiza-

tions, suggesting either possible interspecies horizontal

transfer or a common origin. Analysis of the replication

origin of a 23-kb plasmid, pCLP, shows that the origin of

replication is identical to that of circular plasmids (Picar-

deau et al. 2000). Moreover, loci similar to those respon-

sible for partition and postsegregational mechanisms in

circular plasmids have been identified in pCLP (Le

Dantec et al. 2001). All these observations underline the

interrelation between circular and linear plasmids in

mycobacteria.

Sequencing of pAL5000 did not allow the identiflca-

tion of functions of plasmidic genes other than those

implied in replication and incompatibility determinants.

For the other plasmids, few associated phenotypes

have been identified (Pashley and Stoker 2000). Some
plasmids are responsible for heavy-metal resistance,

including resistance to mercury and copper (Meissner
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and Falkinham 1984; Gavigan et al. 1997). Plasmids
with genes responsible for morpholine or phenanthrene

degradation have also been isolated (Waterhouse

et al. 1991). The complete sequence of pCLP from M.
celatum revealed genes similar to M. tuberculosis
regions, especially those related to transposases. This
observation suggests a possible horizontal transfer
between the two mycobacterial species, as a possible
trace from the time when M. tuberculosis and M.
celatum shared the same ecolosical niche (Le Dantec
et al.  2001).

Mycobacteriophages

To date, more than 250 bacteriophages have been
described that infect various species of Mycobacterium.
Mycobacteriophages are morphologically similar to
phages of other bacteria and typically have hexagonal,
icosahedral, or oval heads and long noncontractile tails.
Phage 13 is the only mycobacteriophage with a contrac-
tile tail. The genomes of most mycobacteriophages are
linear, double-stranded DNA molecules with a G + C
content of 60-70 mol% and cohesive ends (Hatfull

2000).

Little is known about the mycobacterial surface recep-
tors used by the phage (although mycoside C has been
shown to be used by phage D4) or about the process by
which phage DNA crosses the complex mycobacterial
cell wall. Mycobacteriophages can produce bursts of 4-
400 phage particles per infected cell or can establish a
Iysogenic state. A few phages establish true lysogeny
(integration of a copy of the phage genome into the
bacterial chromosome and immunity to superinfection),
whereas many form pseudolysogens. In the pseudolyso-
genic state, phage DNA is maintained as an episomal
plasmid instead of being integrated into the chromo-
some and is only transmitted to some of the daughter
cells.

Mycobacteriophages have played important roles in
the development of mycobacterial molecular biology. In
a pioneering study, Tokunaga and Sellers (1964) demon-
strated that mycobacteriophage D29 DNA could trans-
fect M. smegmatis (Tokunaga and Sellers 1964). The
most thoroughly analyzed mycobacteriophage is L5. The
nucleotide sequence of this phage has been determined,
open reading frames and potential protein products
identified, and gene products and their functions char-
acterized (Hatfull 2000). For example, the genes and
gene products required for integration of this temperate
mycobacteriophage into the mycobacterial chromosome
have been identified and the mechanism of integration
elucidated. This information led to the development of
recombinant DNA vectors that can integrate foreign
DNA into the mycobacterial genome. Other phage-

derived vectors have been generated from Ms6 (Freitas-

Vieira et al. 1998) and D29 (Ribeiro et al. 1997). All
these vectors have the advantage of carrying a single

copy of the gene at a defined chrornosome site corre-
sponding to the phage-attachment site.

One of the most promising uses of mycobacter-
iophages as clinical tools consists of luciferase reporter
phages used for drug susceptibility testing of M. tubercu-
/osls strains. M. tuberculosis strains are infected with
a mycobacteriophage carrying the luciferase gene and
exposed to antibiotics. The strain is reported as sensi-
tive or resistant to the drug according to the light detec-
tion, i.e. the luciferase gene activity level related to the
host strain viability (Jacobs et al. 1993; Carriere et al.
1.ee7).

LABORATORY DIAGNOSIS OF
MYCOBACTERIA

Because of the low infective dose of M. tuberculosis for

humans (50 percent infective dose, fewer than ten

bacilli), specimens from people with suspected or known

TB must be considered potentially infectious and

handled with appropriate precautions (CDC 1999).

Control of aerosols and other forms of mycobacterial

contamination is achieved in the laboratory by the use

of properly functioning biosafety cabinets, centrifuges

with safety carriers, meticulous processing techniques,

and well-trained laboratory staff. BSC level 3 practices

and facilities are required for laboratories assessed as

being associated with a higher risk.

In recent years, there has been a growing number of

new, rapid methods in clinical mycobacteriology, but

remarkably, to date there is no single test for the detec-

tion of TB that can stand alone. Recent advances in this

area include nonradiometric, fully automated systems

for liquid culture and drug susceptibility testing (Pfyffer

et al. 2003), chemical methods such as HPLC analysis of

mycolic acids (Butler et al. 1992; Kellogg et al. 2001),

and various molecular procedures for identification, as

well as DNA flngerprinting techniques for molecular

epidemiology (Vincent et al. 2003).

In the model diagnostic mycobacteriology laboratory

described by Salfinger and Pfyffer (1994) and Hale et al.

(2001), specimen decontamination and concentration,

staining with fluorochrome dye, inoculation of primary

isolation media, and direct detectiot of M. tuberculosis

complex by nucleic acids ampliflcation-based assays are

carried out on the day the specimen is received.

Depending on growth, identification tests by HPLC,

DNA probes, or gene sequencing can be carried out a

few days after inoculation of liquid media. If not identi-

fied by molecular methods (e.g. by a line probe assay)

biochemical tests require 7-21 days for identification

within M. tuberculosis complex after the primary culture

is grown fully. Drug susceptibility testing is being

completed in 7-10 days using modern growth-based

systems (compared with at least 21 days using the

conventional agar proportion method). Because of the

need for rapid turnaround, authors have emphasized
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procedures that streamline laboratory performance and
identified subsets of priorities and activities for 'point-of-

care,"fast track,' and 'specialty' laboratories. Taken toge-
ther, such laboratories form a 'dynamic acid-fast network'
to improve mycobacteriology laboratory service.

Collection of specimens and
preparation for primary culture

Many different types of clinical specimens may be
collected for mycobacterial analyses (Pfyffer et al. 2003).
Mostly, they originate from the respiratory tract
(sputum, tracheal, bronchial aspirates; bronchoalveloar
lavage fluid specimens), but urine, gastric aspirates,
tissue, biopsy specimens, and normally sterile body fluids
(such as cerebrospinal fluid, pleural, and pericardial

aspirates) are other commonly submitted specrmens.
There is seldom a need to examine blood, bone marrow,
or feces in the routine diagnosis of TB, although they
are usually analyzed for other mycobacterial infections
in predominantly immunocompromised patients. Speci-
mens should always be collected and submitted in leak-
proof, disposable, appropriately labeled laboratory-

approved containers without any fixatives. Generally,
transport media or preservatives are not necessary,
owing to the robust nature of mycobacteria. There are
several guidelines that carefully describe how specimens
have to be collected, submitted, and stored before
processing in the laboratory (Kent and Kubica 1985;
Pfyffer et al. 2003).

Patient specimens, especially sputum specimens,
contain microorganisms other than mycobacteria. Treat-
ment with a mucolytic agent frees the mycobacteria
entrapped in mucus and makes the specimen easier to
process. Treatment with a toxic agent kills contam-
inating microorganisms (Kent and Kubica 1985), but

over-treatment will also kill many of the mycobacteria.
The N-acetyl-l-cysteine-sodium hydroxide (NALC-

NaOH) method is the procedure used in most clinical
laboratories in the western hemisphere (Kent and
Kubica 1985; Heifets and Good 1994; Smithwick 1994).

Other methods are available for use when contamina-
tion is heavy. Overall, no single pretreatment method is
ideal. The best yield of mycobacteria may be expected
to result from the use of the mildest decontamination
procedure that sufficiently controls contaminants.

Acid-fast smear microscopy

Mycobacteria are acid-alcohol fast, i.e. once stained with
a specific dye, the cells resist decolorization with acid-
ifled ethanol. This staining characteristic is shared only
by species of closely related genera that have mycolic
acids as a constituent of their cell walls, e.g. Dietzia,
Gordonia. Tsukamurella, Skermania. Nocardia. Rhodo-
coccus, and Corynebacterium (Goodfellow and Minnikin
1984). In addition, Legionella micdadei, as well as the

oocysts of Cryptosporidium, Isospora, arrd Cyclospora,

may exhibit various degrees of acid-fastness. The basis

of the acid-fast staining reaction is not fully understood,

but it appears to be related to the presence of mycolic

acids in the cell wall and to the integrity and viability of

the cel l  (Kolbel1984).

Microscopy provides a simple, sensitive, and rapid

means of detecting open, infectious cases of pulmonary

TB. Detection of acid-fast bacilli (AFB) by smear exam-

ination is, therefore, used in many developing countries as

the only test to confirm the diagnosis of TB and to

measure the relative infectiousness of a patient. To be

detected microscopically, there must be between 5 x 103

and 5 x 104 AFB in L ml of sputum. While 106 AFB/ml of

specimen usually results in a positive smear, only 60

percent of the smears are positive if 10- AFB/ml are

present (European Society for Mycobacteriology 1991).

The overall sensitivity of the smear has been reported to

range from2Z to 80 percent (Lipsky et al. 1985). Normally,

its predictive value for M. tuberculosls in expectorated

sputum is over 90 percent. It is, however, not possible to

distinguish members of the M. tuberculosis complex from

other mycobacteria by their staining properties. Even

though in liquid media M. tuberculosis shows serpentine

cording, one has to be aware that cords are also seen with

some NTM species (Morris and Reller 1993).

Smears can be taken directly from sputum specimens.

However, it is advisable to perform it from a homo-

genized, decontaminated, and concentrated specimen,

i.e. after pretreatment to enhance sensitivity. Standard

methods are the Ziehl-Neelsen acid-fast stain (hot

staining procedure), Kinyoun acid-fast stain (cold

staining procedure), or auramine O fluorescence acid-

fast stain (Collins et al. L985; Kent and Kubica 1985). In

the classical Ziehl-Neelsen procedure, stain is prepared

by dissolving 0.3 g basic fuchsin in 10 ml 90-95 percent

ethanol or methylated spirits and mixing with 90 ml of

phenol solution (5 g phenol crystals in 95 ml distilled

water). A volume of approximately 0.01 ml of specimen

is smeared over a 2-cm2 area of the slide and heat-fixed.

Approximately five drops of fuchsin-phenol solution is

added and the bottom of the slide heated with a Bunsen

burner or electric heater until the stain begins to steam.

After heating for 5 min, the smears are rinsed with tap

water, and drained. Next, the smears are flooded with an

acid-alcohol solution (3 ml concentrated hydrochloric

acid plus 97 ml 90-95 percent ethanol or methylated

spirits) for at least 2 min, rinsed in tap water, and

drained. The smear is then counterstained with methy-

lene blue for 1-2 min.

Fuchsin-stained smears should be examined with a

Iight microscope by making three longitudinal sweeps of

the stained area along the length of the slide. About 100

fields will be seen in a single sweep at a magnification of

1000-fold. Mycobacteria appear as red to pink rods on a

blue background. Auramine-stained smears are exam-

ined with a fluorescence microscooe at a lower oower
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(250x). Therefore, only 30 fields need to be examined.
A smear can be examined in approximately 1.5 min with
fluorescence microscopy (30 fields) as opposed to
approximately 15 min by light microscopy (300 flelds). If
fluorescent particles are seen, they must be observed
with higher magnification to confirm the typical
morphology of AFB. Ideally, all fluorochrome-positive
smears should be confirmed by a carbol-fuchsin staining
method. A smear is considered negative if no AFB are
seen. One or two bacilli per 300 fields indicate that
another specimen should be analyzed.

Culture

Despite the advances in direct detection of M. tubercu-
/osls complex in clinical specimens by molecular methods,
culture is, at present, indispensable for a number of
reasons. It (1) enhances diagnostic certainty, particularly
when nucleic acid amplification (NAA)-based results are
available; (2) provides biomass for further identification
and antimicrobial susceptibility testing; and (3) detects
NTM in addition to M. tuberculosls complex.

For detection of mycobacteria in clinical specimens,
the current'gold standard' consists of a combination of
solid and liquid media. Solid and semisolid media have
been known for a long time. Liquid media are more
attractive as they offer significantly shorter turnaround
times for detection of mycobacteria. In detecting as few
as L0r-102 viable organisms/ml of specimen in the
optimal case, culture is more sensitive than smear. Also,
it is the only reliable means to monitor effectiveness of
therapy in TB patients (Vidal et al. 1996).

SOLID MEDIA

Egg-based media such as Lowenstein-Jensen (LJ),

Ogawa, or Stonebrink have the capability to bind and
neutralize toxic compounds encountered in clinical
specimens. Usually, they contain malachite green, a dye
that inhibits growth of contaminating organisms. Egg-
based media have a long shelf life and support good
growth of M. tuberculosis but need, on average, 18-24
days. Since they are nonsynthetic, the quality of the
ingredients may vary considerably, which may affect the
reproducibility of results. Also, when becoming contami-
nated, they may liquefy.

Agar-based media, e.g. Middlebrook 7H10 or 7H11,
are chemically better defined and show growth of M.
tuberculosis complex colonies within 10-12 days. Visual
examination of the colonies is much easier. Negative
aspects of agar-based media have limited shelf life and
higher costs of preparation.

LIQUID MEDIA

Apart from traditional broths (e.g. Middlebrook 7H9 or
Dubos Tween Albumin) and the biphasic Septi-Chek

System (Becton Dickinson Microbiology Systems,

Sparks, MD), the radiometric, semiautomated BACTEC

460T8 System (Becton Dickinson; Siddiqi 1995) repre-

sented the most efflcient and rapid technique to culture

mycobacteria for more than two decades and is still

used by many laboratories to date. By this method,
toc-labeled palmitic acid as a carbon source in

the medium is metabolized by microorganisms to
1aCO2, which is monitored by the instrument. The

amount of laCO2 and the rate at which the gas is

produced are directly proportional to the growth rate

of the organisms. For M. tuberculosis, an average

detection time of 8 days was found for smear-positive

specimens, compared with 19 days on nonradioactive

conventional solid medium (Roberts et al. 1983). For

smear-negative specimens, an average recovery time

of M. tuberculosis between 14 days in the BACTEC

460T8 and 26 days on conventional medium has been

reported (Morgan et al. 1983). Problems associated with

the use of radioisotopes and the potential of needle

punctures among technicians have implied, however,

the search for nonradiolabeled and operationally safer

alternatives.

Although utilizing different detection principles, the

new culture concepts have in common that they are

based on nonradiometric liquid media. Developments

range from manual systems utilizing simple tubes (MB

Redox, Heipha Diagnostica Biotest, Heidelberg,

Germany; Mycobacteria Growth Indicator Tube

(MGIT), Becton Dickinson) to fully automated

systems (BACTEC MGIT 960, Becton Dickinson; MB

BaclT, Bio-M6rieux, Marcy-L'Etoile, France; ESP

Culture System II, Trek Diagnostic Systems, Westlake,

oH).
The nonautomated MB Redox technique is based on

a modifled Kirchner medium that contains a colorless

tetrazolium salt as a redox indicator, which is reduced to

colored formazan by actively growing mycobacteria.

AFB can then be detected visually as pink to

purple pinhead-size particles. Another manual culture

method is represented by the MGIT (Becton Dickinson

Microbiology Systems), which contains a modifled

7H9 broth in conjunction with a fluorescence-quenching-

based oxygen sensor. Growth of mycobacteria or

other microorganisms in the broth depletes the

oxygen, and the indicator fluoresces brightly when

tubes are illuminated with ultraviolet (UV) lisht at

365 nm.

The fully automated systems that allow continuous

monitoring of mycobacterial cultures are (1) the

BACTEC MGIT 960 based on the MGIT technology;

(2) the MB/BacT utilizing a colorimetric carbon

dioxide sensor in each bottle to detect growth of myco-

bacteria; and (3) the ESP Culture System II, which is

based on the detection of pressure changes in the head-

space above the broth medium resulting from gas
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production or consumption due to growth of micro-
organlsms.

All these new systems have similar performance char-
acteristics. In clinical evaluations, recovery rates and time
to detection were similar to those of the BACTEC
460T8 System and superior to those of conventional
solid media (MB Redox (Somoskcivi and Magyar 1999);
manual MGIT (Somoskovi and Magyar 1999); BACTEC
MGIT 960 (Hanna et al. 1999); MB/BacT (Hanna et al.
1999; Whyte et al. 2000); ESP Culture System II (Woods

et al. 1997)). Fully automated systems are certainly less
labor-intensive than conventional culture and address
safety more appropriately. However, as a consequence
of continuous monitoring, these systems are both instru-
ment- and space-intensive. AIso, some automated
systems lack the versatility of the BACTEC 460T8

System (e.g. no incubation temperature available other
than 37"C; no medium available for the inoculation of
blood).

GROWTH CONDITIONS

Inoculated Middlebrook agar media require a CO2
atmosphere to ensure growth, but CO2 is not essential
for growth on egg-based media, although it stimulates
early, more luxuriant growth. To ensure penetration of
the gas into containers, tubes should be incubated in the
slanted position with caps loose for at least 1-3 weeks
before caps are tightened, and plates should be placed
medium side down in CO2-permeable plastic bags until
the inoculum has been absorbed. The optimal tempera-
ture for recovery of most mycobacteria in the clinical
laboratory is 35-37'C. M. marinum, M. ulcerans, and M.
haemophilum require 25-33"C, while M. avium and M.
xenopi should ideally be incubated at 4042'C. The
optimal pH for growth of mycobacteria is 6.0-6.5, but
this may vary from species to species.

Many Mycobacterium spp. are obligate aerobes
that will grow at or near the surface of semisolid
medium (Collins et al. 1984). Microaerophilic species
such as M. bovis and some M. africanum strains grow as
a narrow band 5-20 mm below the surface of the
medium.

ldentif ication and typing methods of
mycobacteria

The traditional methods of identification of myco-
bacteria, based on morphological and biochemical prop-

erties, are well established, standardized, reproducible,
and relatively inexpensive, but they are limited in scope
to the high number of species currently described.
Mycobacteria are usually preliminarily identified by
traits such as growth rate and pigmentation according to
Runyon's criteria (Runyon 1959). Additional biochem-
ical tests help for further characterization but do not
always allow an accurate characterization at the species

level. The current identification scheme of mycobacteria

mainly relies on molecular methods along with some key

phenotypic tests.

PHENOTYPIC TESTS

Biochemical tests

Determination of the growth rate remains a key test

as mycobacteria are classified in rapidly and slowly

growing species. Main tests also include determination

of the preferential growth temperature, pigmentation,

photoreactivity, and colony morphology. The most

useful biochemical tests for the precise characterization

of species within M. tuberculosis complex are the

niacin accumulation test, two tests based on catalase,

including a semiquantitative test at room temperature

and thermotolerance, nitrate reductase, pyrazinamidase,

and inhibition by thiophene-2-carboxylic acid hydra-

zide. A limited list of other tests useful for other

mycobacteria includes arylsulfatase, iron uptake,

sodium chloride tolerance, tellurite reduction, Tween

80 hydrolysis, and urease. Procedures and distinctive

properties of most frequent mycobacteria in clinical

practice have recently been revised (Vincent et al.

2003).

Mycolic acid analysis

Mycolic acids are present in all mycobacteria. Their
composition is constant for all strains of a given species

and varies from species to species (Minnikin et al. 1980;

Daffd et al. 1983). An HPLC method for analysis of

mycolic acid esters, has been standardized and demon-

strated to be a rapid and reliable method for identifica-

tion of many Mycobacterium species (Butler et al. 199L;

Butler et al. 1992). In this procedure, mycolic acids are

extracted from saponified mycobacteria, converted to p-

bromophenacyl esters, and analyzed by HPLC. The

mycolic acid esters are separated on a reversed-phase

C18 column by a methanol-methylene chloride gradient

elution and detected by UV or fluorescence detection

spectrophotometry.

The standardized method recommends a visual

comparison of a sample HPLC pattern to an atlas of

reference strain patterns in combination with the use of

peak height ratios. A fully integrated automated FL-

HPLC system, SMIS (Sherlock Mycobacteria Identifica-

tion System, MIDI, Inc., Newark, DE) was developed

with a library containing entries for 26 mycobacterial

species or groups. The SMIS has demonstrated an

overall accuracy of 85-90.6 percent (Kellogg et al.200l).

Although initial equipment costs are high (approxi-

mately US $50 000), the method represents an inter-

esting diagnostic tool. However, identification may be

Iimited to assign a 'complex of species' and not indivi-

dual species.
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GENOTYPIC IDENTIFICATION OF
MYCOBACTERIAL SPECIES

Commercially available tests

Several kits have been developed for the identiflcation
of mycobacterial strains. They consist of either separate
probes or multiple probes dotted on a membrane strip.

Separate probes (Gen-Probe Inc., San Diego, CA)
rely on the detection of rRNA and have been developed
for M. tuberculosis complex, M. avium complex, M.
avium, M. intracellulare, M. kansasii, and M. gordonae.
Tests are very specific and sensitive for M. tuberculosis
complex and M. gordonae (100 percent). Sensitivity may
vary from 85 to 100 percent with the other species
(Lebrun et al. 1992; Tortoli et al. 1996; Richter et al.
1999). Since probes consist of acridinium ester-labeled
DNA, hybridizatton detection requires a luminometer.
From culture, test time is within 2 h.

In the InnoLiPA multiplex probe assay (INNO-LiPA

Mycobacteria, Innogenetics, Ghent, Belgium), probes
consist of the internal transcribed spacer (ITS) region of
approximately 280 bp, which separates the 165 and 23S
rDNAs. The first version of the kit included probes for
the Mycobacterium gen:us, M. tuberculosls complex, and
seven specific probes for NTM (Viljanen et al. 1993).
Several probes were included for M. kansasii and
M. chelonae. Cross-reactions were expected to occur
with M. gastri and M. kansasii as well as with M.
abscessus and M. chelonae. A newly developed version
includes additional probes and extends the identification
to other species. Another multiplex probe assay is
available from Hain Lifescience (Nehren, Germany).
The kit is similar to the InnoLiPA, but probes consist of
the specific alleles of the gyrB gene. The kit has no
probe for the Mycobacterium genns but includes probes

for M. tuberculosls complex and 14 other mycobacterial
specles.

Both assays run in 6 h and are more comfortably
ensured with an automated machine, Auto-LiPA
(Tecan, Switzerland), which performs washes and solu-
tion changes at the different steps of the procedure.
According to various studies, specificity and sensitivity
of the kits are high for most species but limited for the
rapidly growing mycobacteria (Miller et al. 2000; Park
et al. 2000; Tortoli et al. 20011 Miis et al.2O02: Ruiz et al.
2002).

PCR/restriction enzyme analysis

The polymorphism of conserved genes can be deter-
mined using a simple PCR amplification of the gene
followed by restriction enzyme digestion. Telenti et al.
(1993) developed a method for mycobacteria based on
the hsp65 gene encoding for the 65-kDa heat-shock
protein and proposed an algorithm of species identilica-
tion based on the restriction profiles generated by
HaeIlI and BstEII. The method has been extensively

applied and catalogs of proflles extended to various

species (Devallois et al. 1997; Ringuet et al. 1999;

Brunello et al. 2001). However, the method is hampered

by the polymorphism of the gene within individual

species (i.e. several alleles) on the one hand and by the

high number of mycobacterial species, which both

contribute to ambiguous profiles and complex databases,

on the other hand. A website is dedicated to polymerase

chain reaction/restriction erzyme analysis (PRA)

profi les (www.hospvd.ch/prasite).

Other genes have been studied following the same

procedure, PCR ampliflcation followed by restriction

enzyme analysis. These include the rpoB gene that

mediates rifampin resistance, lhe dnal gene, and the

165-235 rRNA spacer gene. None have been studied as

extensively as hsp65 (Takewaki et al. 1994; Kim et al.

1999;Park et al.2000).

DNA sequencing

Because of the slow growth of mycobacteria, DNA

sequencing for species identification is very attractive.

Identiflcation of species-specific signatures within vari-

able regions of highly conserved genes such as 165

rDNA (rrs gene) or hsp65 allowed the design of PCR

protocols using genus-specific primers followed by the

direct sequencing of the complete or full PCR products

(Kirschner et al. 1993; Kapur et al. 1995; Springer et al.

1996). Other targets may also be used such as the gene

encoding the 32-kD protein (Soini et al. 1994), the dnal

gene (Takewaki et al. 7994), the sod gene encoding the

superoxide dismutase (Zolg and Philippi-Schulz 1994),

the gyrB gene coding for the gyrase subunit B (Kasai

et al. 2000), the rpoB gene coding for the RNA poly-

merase (Kim et al. 1999), or the ITS 165-235 sequence

(Roth et al. 1998; Park et al. 2000; Roth et al. 2000).

Catalogs of sequences of mycobacterial species may be

retrieved from databases (websites at www.ncbi.nlm.

nih.gov (GenBank/EMBL) and www.ridom.de/myco-

bacteria/).

Genes have different molecular clocks and the inter-

species polymorphism varies from gene to gene. The

molecular clock of the rrs gene (165 rRNA) is rather

slow. In other words, species of recent divergence

may have similar rus gene sequences. As a matter of fact,

M. kansasii and M. gastri, M. ulcerans and M. marinum,

M. shimoidei and M. triviale, and M. abscessus and M.

chelonae cannot be differentiated according to their rrs

signatures (Kirschner et al. 7993). Moreover, no single

165 rDNA interstrain nucleotide sequence difference

value that unequivocally defined species boundaries has

been established for the Mycobacterium gents (Wayne

et al. 1996). For instance, the rrs gene shows a two-

nucleotide difference only in the 1 384-nucleotide

sequence of the distinct species M. szulgai and M.

malmoense, but one to seven different nucleotides in a

782-nucleotide segment of some M. intracellulare strains
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(Wayne et al. 1996). By contrast, the molecular clock of
the hsp65 gene is much faster and several alleles are
usually identified within a species. Species that cannot be
differentiated with 165 rDNA sequencing such as M.
gastri and M. kansasii or M. abscesyu and M. chelonae
show distinct hsp65 sequences (Kapur et al. 1995;
Ringuet et al. 1999).

GENOTYPIC MARKERS FOR SPECIES
IDENTI FICATION WITHIN M. TUBERCU LOS$
COMPLEX

All the M. tuberculosls complex members have the same
rrs and hsp65 alleles. The gyrB gene shows a poly-

morphism within the complex that allows a differential
identification of the members of the M. tuberculosis
complex (Niemann et al. 2000a). GyrB alleles have been
included in a commercially available line probe assay for
identification within M. tuberculosis complex (Hain Life-
science).

Several markers contribute to the differentiation of
the different members of M. tuberculosls complex.
The first one to be proposed to achieve this goal was
the mtp40 gene, coding for phospholipase C. The
gene is usually present in M. tuberculosls and absent
from M. bovls, but numerous exceptions have been
described (Parra et al. 1,991; Weil et al. 1996). oxyR
and pncA genes show single mutations that allow the
differentiation of M. bovis from the other members of
M. tuberculosls complex. In M. bovis, the oxyR gene

has an adenine at nucleotide 285 and the pncA gene

has a guanine nucleotide at position 169, whereas
guanine and cytosine are found at these positions,

respectively, in M. tuberculosis, M. africanum, and M.
microti (Espinosa de los Monteros et al. 1998).
However, M. tuberculosls subsp. caprae is character-
ized by a polymorphism characteristic of M. tubercu-

/osls in pncA and characteristic of M. bovis in oxyR
(Aranaz et al. 1999). PCR tests developed with allele-
specific primers allow an easy detection of the muta-
tions and identification of M. bovis and M. bovis
sttbsp. caprae (Espinosa de los Monteros et al. 1998).
The comparative genomics of M. tuberculosis and M.
bovis allowed the identification of regions of differ-
ence that contribute to the identification of the
members of M. tuberculosis complex. Absence of
RD1 is characteristic of M. bovis BCG, absence of
RD4 of all M. bovis, and absence of RD9 of M. afri-
canum (Gordon et al. 1999; Brosch et al. 2002).
Moreover, spoligotyping, a strain-typing method
described below, also contributes to the differential
identification within M. tuberculosis complex.

DIRECT AMPLIFICATION TESTS

Because of the slow growth of the tubercle bacilli, great

attempts were expected from direct amplification proce-

dures to get a rapid, sensitive, and specific detection of

M. tuberculosls complex directly from clinical specimens.
Three commercial kits are currently available. Tests are
directed against 165 rRNA (MTD, Gen-Probe Inc.) or
against the 165 rRNA (rrs) gene (Amplicor, Roche
Diagnostic Systems, Branchburg, NJ; Probetec, BD
Biosciences, Sparks, MD). Manufacturers recommend
the tests to be applied to respiratory specimens only.
However, with specific modifications, detection of M.
tuberculosis has been reported in nonrespiratory speci-
mens (Vlaspolder et al. 1995; Pfyffer et al. 1996). Both
tests are rapid and can be performed in a single working
day. Although in vitro sensitivity is very high (as few as
one cell equivalent), sensitivity in clinical specimens
turned out to be less accurate and mainly depends on
the number of bacilli per milliliter present in the
specimen. The sensitivity of specimens containing 100 or
fewer cells of M. tuberculosis per milliliter has been
reported to be between 65 and 85 percent, whereas the
sensitivity with samples containing more than 1 000 cells
per milliliter was almost 100 percent (D'Amato et al.
1995; Moore et al. 1996; Pfyffer et al. 7996; Piersimoni
et al. 1997; Alcala et al.200I). The specificity is excel-
lent for both tests. However, a discrepant positive test
result was obtained with M. celatum containing speci-
mens with the MTD kit (Tjhie er al.200l). Since both
tests rely on 165 rRNA or the rrs gene, it has to be
stressed that detection corresponds to M. tuberculosis
complex with no specific identification within the
complex.

MOLECULAR TYPING OF M. TUBERCULOSIS

1561 1 0 restriction fragment length
polymorphism

The restriction fragment length polymorphism (RFLP)
technique using the 156110 repetitive sequence as a
probe is considered the gold standard for typing M.
tuberculosis complex strains. 156110 is a 1 355-bp
repetitive insertion sequence that displays variability
both in the copy number, from 0 to approximately 25
in M. tubercalosls complex strains, and chromosomal
positions. With a 34-year halflife, i.e. 50 percent of
M. tuberculosls strains may display one band shift
within a 34-year period, 156110 RFLP patterns are
stable enough to ensure reliable epidemiological
studies (van Soolingen 2001). A standardized protocol
has been proposed for 136110 RFLP comparison (van
Embden et al. 1993). Standardization of the procedure
facilitates interlaboratory comparability of patterns,
which still requires sophisticated software for image
analysis and well-trained users (Salamon et al. 1998).
A comparative study of several typing methods
demonstrated that RFLP 156110 is the most discrimi-
native method. PCR-derived methods targeting 136110
have been developed to shorten the delay of strain
comparison (Haas et al. 1993; Prod'hom et al. 1997;
Bonora et al. 1999).
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Spoligotyping

The spoligotyping method (abbreviation for spacer
oligotyping) relies on the polymorphism of the direct
repeat (DR) locus, a unique locus speciflc for M. tuber-
culosis complex (Kamerbeek et al. 7997; van Soolingen
2001). The DR region contains multiple, conserved 36-
bp repeats interspersed with nonrepetitive short spacer
sequences of 3441 bp length. The strains are tested by
hybridizing their PCR-amplified DR regions to a
membrane that consists of an array of 43 covalently
bound oligonucleotides representing the polymorphic
spacers identified in the M. tuberculosis H37Rv DR
sequence (spacers l-I8, 2l-32, 3743) and in the
sequence of M. bovis BCG (spacers 19-20 and 33-36).
Strains vary in the numbers of 36-bp repeated elements
and in the presence or absence of some spacers. Spoligo-
types appear highly stable but less polymorphic than
156110 RFLP patterns (Kremer et al. 1999). On the
other hand, spoligotyping allows the identification of
prevalent genotypes, especially the Beijing genotype,
frequently encountered in Asia and in the former USSR
(Pfyffer et al. 2001) and responsible in the USA for the
largest known epidemic of drug-resistant strains (Bifani
et al. 1.996; Agerton et al. 1999).

Spoligotypes contribute to the identification of the M.
tuberculosis members. 'the M. tuberculosis spoligotypes
are characterized by the absence of spacers 33-36
whereas M. bovis spoligotypes usually lack spacers 39-43
and M. africanum spoligotypes lack spacers 8, 9, and 39
(Table 46.1) (Kamerbeek et al. 19971' Viana-Niero et al.
2001). Moreover, M. microti as well as M. canettii and
M. tuberculosls subsp. caprae, two recently described
new taxons in the M. tuberculosis complex, display very
characteristic spoligotypes (van Soolingen 2001; Vincent
et al. 2003) (Table 46.1).

PCR strategies targeting loci other than 156110

As indicated above, MIRUs are tandem repeats inserted
in the intercistronic regions of genes within an operon
and that display polymorphism by changing the repeat
copy number in most loci. This variability can be
exploited for strain typing, with the advantage that
patterns are reduced to a simple numerical format,
corresponding to the number of repeated units in each
locus. A method based on 12 MIRU loci has been devel-
oped (Supply et al. 2000; Mazars et al. 2001).

Molecular typing of other mycobacterial
specres

Pulsed-field gel electrophoresis is the most widely used
technique for mycobacteria other than members of M.
tuberculosis complex. However, the description of inser-
tion sequences (IS1245/IS1311) in M. avium allows
discriminative analysis using either RFLP or a PCR-

method targeting these elements (Guerrero et al. 1994;

Picardeau and Vincent 1996; Picardeau et al. 1997b).

Achievements of molecular typing

Molecular typing allows the study of the population

structure of the M. tuberculosis complex to define preva-

lent families and contributes to elucidating the intras-

pecies genetic microevolution. Molecular epidemiology

considers that if strains show identical or highly similar

patterns, then the respective patients belong to clusters

of chains of transmission. Risk factors associated with

clustering as well as places at risk for TB infection were

identified in low- and high-incidence areas, in HIV-

positive or -negative patients (Small et al. 1994; Bauer

et al. 1998; Richner et al. 1999; Warren et al. 1999; van

Soolingen 2001). However, these assumptions have to

take into account the epidemiological situation of the

region (level of incidence, trend of annual risk for infec-

tion) as well as the age of the patients, as it has been

shown that, in some settings, clustering may be an unre-

liable indicator of recent transmission (Murray and

Nardell 2002; Yynnycky et al. 2003). Moreover, DNA

fingerprinting unexpectedly showed that transmission of

TB can occur through very short contacts and outside

the ring of contacts (van Soolingen 2001). Molecular

studies indicated that strains resistant to isoniazid with

different genetic mutations have different abilities to

generate secondary cases (van Soolingen 2001). Mole-

cular typing helps to differentiate relapses from

exogenous reinfections and demonstrate false-positive

cases due to laboratory cross-contamination of clinical

samples during culture procedures (Small et al. 1993;

van Rie et al. 1999).

Molecular typing of other mycobacteria was exten-

sively used for M. avium strains isolated from acquired

immunodeficiency syndrome (AIDS) patients. Studies

showed the high diversity of the strains, mostly mono-

clonal infections and persistence of strains in tissues as

well as in tap water over years (Arbeit et al. 1993; Picar-

deau et al. L997b). Since strains from birds show a char-

acteristic two-band pattern rarely found in humans,

molecular studies demonstrated that birds represent an

unusual source of M. avium infection in man (Ritacco

et al. 1998). Molecular studies helped to elucidate noso-

comial outbreaks due to rapidly growing mycobacteria,

especially of respiratory tract colonization dlue to M.

fortuitum (Hector et al. 1992) or postsurgical wound

infections following a variety of surgical procedures

(Brown-Elliott and Wallace 2002).

Susceptibility testing of M. tuberculosis
complex

Drug susceptibility testing is mandatory on initial

isolates of M. tuberculosls and related species from all

patients. If culture remains positive over a longer period
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of time, susceptibility testing should be repeated to
monitor a possible development of drug resistance. The
new guidelines by the National Committee of Clinical
Laboratory Standards (NCCLS) currently recommend
repeating susceptibility testing at least every 3 months
(NCCLS 2003).

Most experience is available on testing primary anti-
biotics, i.e. isoniazid (INH), rifampin (RMP), etham-
butol (EMB), and pyrazinamide (PZA) by culture-based
methods. Although there are three accepted mbthods for
drug susceptibility testing of. M. tuberculosls (i.e. the
absolute concentration method. the resistance ratio
method, and the proportion method) (Inderlied and
Nash 1996), the latter is widely used in the western
hemisphere. By this method, for most of the anti-
tuberculous drugs, resistance of M. tuberculosis is
deflned as presence of resistant organisms in >1 percent
of a given population of M. tuberculosis cells. Therapy
will ultimately be successful if the critical proportion of
organisms and the critical concentration of a drug (i.e.
the concentration that inhibits the wild type but not the
resrstant mutants) are strictly defined and, accordingly,
the strain is fully susceptible to front-line drugs in vitro.
Despite more rapid culture-based techniques for drug
susceptibility testing, NCCLS, for instance, still considers
the agar proportion method the gold standard against
which all other, more rapid, culture-based methods have
to be tested (NCCLS 2003).

Susceptibility results for the primary anti-TB drugs
can be rapidly generated by the BACTEC 460T8. Once
resistance to one or more drugs is being detected, it is
good laboratory practice to conflrm it either by a second
method (e.g. the agar proportion method) or by another
laboratory since the impact of resistant strains on patient
management is serious (Hale et al. 2001). Although
susceptibility testing on solid media (e.g. Middlebrook
7Hl0 agar or LJ) for confirmation of resistance takes
some time, it is important since it can indicate false
resistance due to a mixed population of M. tuberculosis
and NTM. If resistance to one or several primary
drug(s) is being detected, an extended spectrum of drugs
may be tested, either by radiometric procedure (Pfyffer
et al. 1999) or the agar proportion method (NCCLS

2003). Above all, susceptibility results should be
reported without delay to the healthcare provider.

In the past decade, antimicrobial susceptibility testing
has become a dynamic field spawning many new tech-
nologies that may one day prove successful in a clinical
mycobacteriology laboratory. Among the novel strate-
gies are, again, several of the new, non-radiometric
culture methods. Preliminary studies, which include
susceptibility testing of M. tuberculosis to INH, RMP,
EMB, and streptomycin (SM) by the BACTEC MGIT
960 (B6mer et al. 2002), the MB BaclT (Diaz-Infantes
et al. 2000), and the ESP Culture System II (Bergman

and Woods 1998), show excellent overall agreement with
the proportion method on both solid and liquid media as

well as promising turnaround times comparable to those

by radiometry. Susceptibility testing of M. tuberculosis

to PZA is more difficult due to the requirement of a

more acidic pH value in the medium. The very first

study based on the BACTEC MGIT 960 technique

reports good agreement of the results with those gener-

ated by the BACTEC 460T8 System (Pfyffer et al.

2002).

Apart from strictly growth-based strategies, an

increasing number of approaches have assessed drug

susceptibility by identifying alternative markers of drug-

resistant metabolic activities. Among those are colori-

metry, flow cytometry, bioluminescence (assay of myco-

bacterial adenosine triphosphate), and quantitation of

mycobacterial antigens (for review, see Pfyffer 2000).

Mycobacteriophage-based methods appear to be

promising as well (Albert et al. 2001).

Although molecular approaches (cf. Ramaswamy and

Musser 1998) would provide the clinician with suscept-

ibility results within 1-2 days, most of these protocols

are not yet ready for the clinical mycobacteriology

laboratory. Resistance in M. tuberculosls complex organ-

isms arises from mutations that are confined to chromo-

somal DNA and do not involve mobile genetic elements

such as plasmids. Molecular research has shown that

often more than a single mutation is responsible for drug

resistance, making the whole issue very complex, parti-

cularly since different genes may be involved. Resistance

to INH, for instance, appears to be the result of a single

or multiple mutation(s) in the katG, inhA, oxyR-ahpC,

andlor kasA gene(s). Worse, for some INH-resistant

strains, the respective gene bearing the mutation has not

yet been found. The only exception represents RMP

resistance. Owing to the fact that more that 97 percent

of all RMP-resistant strains carry a mutation in a

specific core region of the rpoB gene (Telenti et al.

1993a), resistance to that drug can easily and reliably be

detected by molecular methods. This may be achieved

by gene sequencing or by a commercially available line

probe assay (Rossau et al. 1997). The latter detects

nucleotide changes in the relevant part of the rpoB gene

by different oligonucleotide probes.

DESCRIPTION OF SPECIES AND
CLINICAL RELEVANCE OF
MYCOBACTERIA

Tuberculosis

HISTORY

TB is a disease of great antiquity and has almost

certainly caused more suffering and death than any

other infection. The clinical features of both respiratory

and spinal TB were well described by Hippocrates in

about 400 BC; accounts of the disease appeared in the
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Vedas and other ancient Hindu texts. in which it was

termed rajayakshma - the king of diseases - and it

afflicted neolithic man and pre-Columbian Amerindians.
The transmissible nature of TB was established by

Villemin in 1868 by inoculating rabbits with tuberculous

material from humans and cattle. Villemin also estab-
lished that scrofula (tuberculous lymphadenitis) and
pulmonary TB were manifestations of the same disease
process. In 1882, Robert Koch succeeded in cultivating
the bacillus on inspissated serum and transmitted the
disease to many animals of different species by inocula-

tion with pure cultures of the bacillus. In addition to

cultivating the causative organism, Koch succeeded in
staining it by treatment with an alkaline solution of
methylene blue for 24 h. Subsequently, Ehrlich

improved the technique by using a hot solution of carbol
fuchsin, and it is this technique, slightly modifled by
Zrehl and Neelsen whose names it bears. that is still
widely used today.

THE AGENTS

TB of man and animals is caused by a group of very

closefy related species forming M. tuberculosis complex.
Although divided into species. on taxonomic grounds

they are really variants of a single species. These are M.
tuberculosis (Figure 46.1), the human tubercle bacillus,

Mycobacterium bovis (Figure 46.2), the bovine tubercle

bacillus, M. africanum, strains of human origin occurring
principally in equatorial Africa, and M. miuoti, the vole
tubercle bacillus. M. microti has been thought to be
harmless for man and been used as a vaccine against TB

in two large trials without any serious complications
(Sula and Radkovsky L976 Hart and Sutherland 1977).
Recently however, molecular methods have identified
genuine M. microti infections in both immunodeficient

and immunocompetent individuals (van Soolingen et al.
1998b; Niemann et al. 2000b; Horstkotte et al. 2001).

Figure 46.1 Colony of Mycobacterium tuberculosis (transversal
section) Thin sections of colonres grown on Lcjwenstein-Jensen
(LJ) medium were embedded in paraffin and stained with the
Ziehl-Neelsen technique (A) Bacilli composing the aerial part of
the colony (B) Colony morphology on LJ medium

Figure 46.2 Colony of Mycobacterium bovis (transversial section)
Thin sections of colonies grown on Lowenstein-Jensen (LJ)
medium were embedded in paraffin and stained with the Ziehl-
/Vee/sen tech n t q ue Unllke Mycobacteri u m tubercu losit most
Mycobacterium bovis bacilli do not grow in the aerial part but
grow microaerophilically in the medium (A) Bacilli composing the
aerial part of the colony (B) Colony morphology on U medium

The complex also contains BCG vaccine, derived from

a strain of M. bovis. Recently, a new taxon, M. canettii,

was described for variants of M. tuberculosls character-

ized by smooth colonies. These exceptional strains have

been isolated ony in man (van Soolingen et aL. 1997;

Pfyffer et al. 1998a; Miltgen et al.2002).

EPIDEMIOLOGY

According to the World Health Organization's (WHO)

estimates. more than one-third of the world's human

population has been infected by the tubercle bacillus.

Every year, more than eight million new cases occur

among them, and more than two million die. Ninety-five

percent of cases and 98 percent of deaths occur in low-

income countries. TB is the cause of one in seven adult

deaths and one in four preventable adult deaths, even

though it is among the most cost-effective of all adult

diseases to treat (Murray et al. 1990). It is a major cause

of death of children, killing at least 500 000 annually. In

1993, the WHO took the unprecedented step of

declaring TB a 'global emergency' (World Health

Forum L993).

In Europe, the average incidence was 168/100 000

people in 1950. After the introduction of antituberculous

treatment, the incidence decreased to 89/100 000 in 1960

and ro 171100 000 in 1987. In2002,22 high-burden coun-

tries accounted for 80 percent of world cases. These

countries are mainly in sub-Saharan Africa (Congo,

Ethiopia, Kenya, Mozambique, Nigeria, South Africa,

Tanzanta, Uganda, Zimbabwe), East Asia (Afghanistan,

Bangladesh, Cambodia, China, India, Indonesia,

Myanmar, Pakistan, Philippines, Thailand, Vietnam), the

eastern Mediterranean and Europe (Russia), and South

America (Brazil).

Experience has shown that calculations of the inci-

dence of TB on the basis of case-findins and notification
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are very unreliable. In Great Britain, where there is a
statutory requirement to notify TB, around 20 percent of
cases are not notified (Sheldon et al. 1992). Determina-
tions of the 'annual infection rate' or 'annual risk of
infection' try to better deflne the epidemiological
situation of TB. Infection for this purpose is defined as a
conversion to tuberculin positivity, and the annual risk
may be calculated from the results of tuberculin test
surveys of children and young adults (Styblo 1984),
provided that they have not had BCG vaccination. The
annual infection rate has been used to make indirect
estimates of the number of infectious cases of TB in
communities.

In low-income countries, most infected people are in
older age groups. Thus, in the USA and the UK, for
example, only about 12 percent of people in the age
range principally exposed to HIV, 15-45 years, are
infected, whereas in sub-Saharan Africa, almost 50
percent of this age group are infected.

lmpact  of  the HIV pandemic

Coexistence of HIV infection and TB has been hailed as
one of the most serious threats to human health since
the Black Death and called 'the Cursed Duet' (Chretien
1990). People infected by tubercle bacilli have about a
10 percent chance of developing TB during the
remainder of their lives. By contrast, an HlV-positive
person already infected by the tubercle bacillus has a 5-
15 percent chance of developing overt disease annually,
or up to 50 percent during the remainder of their rela-
tively short lifespan (Selwyn et al. 1989; Dolin et al.
1994). The impact of the HIV/AIDS pandemic on the
global toll of TB has been devastating. In 2001, there
were an estimated 37.2 million adults and 2.7 million
children infected by HIV worldwide, with 4.3 million
adults and 0.8 million children newly infected during
that year. In 2001, three million people died because of
AIDS. In 2000, approximately 11 percent of worldwide
new TB cases in adults, in the age range 15-49 years,
were attributable to HIV infection, but this percentage
reached 30 percent in some African countries. Of 1.9
million deaths due to TB worldwide, L8 percent were
due to HIV. Conversely, TB was the immediate cause of
15 percent of all adult AIDS deaths. The prevalence of
TB/HIV coinfection in adults was 0.41 percent world-
wide but was over 5 percent in nine African countries.
These figures stress that TB is a leading cause of HIV-
related mortality and morbidity and that HIV is the
most important factor fueling a TB epidemic in high
HIV prevalence populations.

Although patients with HlV-related TB often respond
to standard short-course chemotherapy, those in Africa
are almost four times as likely to die of TB than HIV-
negative patients within 13 months of diagnosis, mostly
in the first month of therapy (Nunn et al. 7994). Even if
therapy induces a bacteriological cure, the patient's

subsequent life may be shortened. The reason for this is
not fully understood, but there is evidence that immune
responses in TB, and in other infections, induce cyto-
kines that enhance the replication of the HIV and thus
drive the patient into the full picture of AIDS with
considerable shortening of life (Festenstein and Grange
1991). Although the details are not clear, there is
evidence that TNF-a and other immunological media-
tors released in TB lead to transactivation of the HIV
provirus and its subsequent replication (Osborn et al.
1989). In addition, TB causes a CD4+ T-cell lympho-
penia, which may synergize with that induced by the
HIV (Beck et al. 1985). Whatever the cause, the occur-
rence of active TB in the Hlv-positive patient has very
serious consequences, worsening the prognosis of HIV
infection.

ENDOGENOUS REACTIVATION AND
EXOGENOUS REINFECTION

For many decades, it was asserted that primary TB
induced a degree of immunity sufflcient to prevent
exogenous reinfection. This, in turn, led to the belief
that all post-primary TB is due to endogenous reactiva-
tion of a poorly understood 'latent' form of TB. The
fallacy of this dogma became apparent during the
conduct of an intensive TB control campaign in
Canadian Inuit populations (Grzybowski et al. 1976).
This campaign led, as was expected, to a large reduction
in the incidence of primary TB and in the infection rate
but also, and unexpectedly, to a reduction of incidence
of the disease among older, previously infected people.
This indicated that a significant proportion of cases of
post-primary disease was due to exogenous reinfection.

DNA fingerprinting studies confirmed that exogenous
reinfection occurs more often than previously believed
(van Rie et al. 1999).

EPIDEMIOLOGY OF DRUG RESISTANCE

A pulmonary cavity contains from 106 to 108 bacilli, and
a patient may have from 108 to 1010 bacilli. Considering
the natural mutation rates of the bacilli towards anti-
tuberculous drugs (approximately l0-s to 10 8). some
resistant mutants to any antibiotic are present in the
bacillary population before any treatment. As there is
no plasmid in tubercle bacilli, only a selection of resis-
tant mutants leads to resistance in TB. The probability
to find a mutant resistant to two drugs is 10 10 to L0-16.
This is the reason why standard antituberculous regi-
mens associate three or four drugs to ensure elimination
of resistant bacilli. There are two forms of drug resis-
tance. Primary resistant disease occurs when an
untreated person is infected by a strain that is already
resistant. Secondary or acquired resistance is the result
of a selection of mutants in patients receiving inade-
quate therapy. Acquired resistance may be due to
factors related to the patient or to the clinician (e.g.
poor compliance of the patient to therapy, misdiagnosis.
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poor quality of drugs, poor therapy schemes) or factors
related to medical structures (e.g. dysfunction of medical
structures, difflcult access to healthcare centers, lack of
drug supply). By contrast, primary resistance reflects
strains circulating in the community and is a good indi-
cator for the quality of National Tuberculosis Programs.

Resistance to one of the drugs that were used in early
regimens, SM or INH, is commonly encountered world-
wide and does not pose a serious threat to TB control.
Globally, approximately 10 percent of strains are resis-
tant to a single drug (WHO 1997,2000). Resistance to
RMP is much more serious, especially as most strains
resistant to this drug are also resistant to INH. Multi-
drug resistance (MDR) is usually defined as resistance to
INH and RMP, with or without additional drug resis-
tance. MDR TB fails to respond to standard short-
course chemotherapy and it is necessary to use regimens
containing drugs that are considerably less effective,
more toxic. and more expensive.

In 1994. the WHO and the International Union
Against Tuberculosis and Lung Disease (IUTLD) estab-
Iished a global drug-resistance surveillance project. The
project aims were to develop a worldwide system of
drug resistance surveillance, to determine the prevalence

and assess trends of drug resistance in newly and
previously treated patients, to determine the prevalence

of mutidrug TB, and to monitor the effectiveness of TB
control. The survey showed that drug- and multidrug
resistance are ubiquitous but that the relative incidence
varies greatly from region to region, with the occurrence
of several 'hot spots' with a very high incidence. The
latter include Argentina, the Dominican Republic,
Estonia, Latvia, and Russia. Although there were
limited data, a high incidence of resistance was also
found in Asia. In some countries, the prevalence of drug
resistance to any drug could be found in more than 60
percent of previously treated patients and MDR in more
than 20 percent of these patients. In some countries
from all continents (Estonia, Latvia, Russia, China, the
Dominican Republic, Iran, the Ivory Coast), the preva-

lence of MDR was more than 5 percent in newly
infected patients, jeopardizing the success of standard
regimens. In 1997, more than 2 percent of all TB cases
were multidrug resistant (WHO 2000).

The above survey stresses the importance of
continued surveillance of the emergence and prevalence

of antituberculosis drug resistance. To this end, the
WHO has established a network of 22 Supranational
Reference Laboratories to strengthen the local labora-
tories and validate the data of drus resistance collected
all over the world.

EPIDEMIOLOGY OF HUMAN TB DUE TO
M. BOVIS

Animal reserveirs of M. bovis pose a serious threat to
human health. TB in cattle principally involves the lung
and is spread from animal to animal by cough spray.

Humans in direct contact with cattle may likewise be

infected and develop primary pulmonary lesions.

However, milk is the principal vector of transmission of

M. bovis.

Well-executed bovine TB-eradication schemes

including the slaughter of infected animals results in a

rapid decline in the incidence of TB in cattle followed

by a reduction in the incidence of primary manifesta-

tions of the disease, such as tuberculous lymphadenitis
(scrofula), in the human population.

In countries where TB has been virtually eradicated in

cattle, a few cases continue to occur in the human popu-

lation. The great majority of such cases occur in people

born before the disease was controlled in cattle and are

thus assumed to be due to endogenous reactivation of

old lesions. Evidence for human-to-human spread of

disease due to M. bovis is limited. Whereas primary

human TB of bovine origin is usually nonpulmonary, the

lung is involved in about half the cases of post-primary

disease (Grange and Yates 1994). A few cases of HIV-

related TB due to M. bovis. and human-to-human

spread, have been reported (Grange 1994). A large

MDR epidemic due to M. bovis has been reported in

Spain, involving AIDS and HlV-negative patients
(Rivero et al. 2001).

Little is known concerning the zoonotic implications

of M. bovis in the developing nations owing to a lack

of laboratory facilities for the differentiation of this

bacillus from M. tuberculosis. The very limited informa-

tion has been reviewed bv the WHO (Cosivi and

Grange 1998).

THE DISEASE

M tuberculosis is transmitted almost exclusively in
cough spray from patients with open pulmonary TB and
gains access to the body by inhalation of infective
droplets usually less than 5 trrm across. Patients with
sputum that is positive on direct microscopical examina-
tion, and thus contains at least 5 000 bacilli in L ml,
are the principal sources of infection (Rouillon et al.
1976). Not all patients infected by the tubercle bacillus
develop overt disease. Only 10 percent of nonimmuno-
compromised infected people eventually develop active
TB, 5 percent within the first 2 years following infection
and 5 percent during their lifetime. The disease ratio in
HlV-positive people is much higher, as indicated above.
The interval between the initial infection and overt
disease varies from a few weeks to several decades,
and post-primary disease may be due to endogenous
reactivation of the initial infection or to exoqenous
reinfection.

The initial lesion is usually in the lung (Figure 46.3),
from which organisms reach other organs via the
lymphatics and the bloodstream. Hematogenous spread
occurs in primary TB with implantation of bacilli in
many organs. In some people, particularly children
under 3 years of age, these foci progress to serious, even
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Figure 46.3 Healed pulmonary tuberculosis with calcificatton
Anteroposterior chest radiograph showing many radiopaque
healed lesions, particularly in the upper zones (Courtesy of Dr P
Ormerod.)

fatal, disease principally involving the meninges, kidney,

bones, and pleurae (Figures 46.4 and 46.5). Foci devel-

oping in the endothelium of major blood vessels may

rupture and give rise to widespread small granulomata, a

disease termed 'miliary TB' (Latin: milium, a millet

seed). Disease occurring in a person never previously

exposed to a tubercle bacillus is termed 'primary TB.'

Figure 46.4 Cerebral computerized tomography scan showing
tuberculomas, principally in the left occipital region (From
Labhard et al 1994 )

Figure 46.5 Tuberculosis of the spine Computerized tomography
scan showing erosive lesions in the vertebral body (Courtesy of
Dr M Humphries )

Infection results in a focus of disease (the Ghon focus)

at the sites of implantation of the bacillus, usually the

lung but occasionally other tissues. This focus, together

with enlarged, infected regional lymph nodes, is termed

the 'primary complex.'

The primary complex often resolves, but it may cause

serious local complications. Most primary complexes

resolve spontaneously, but a few tubercle bacilli may

enter the poorly understood state of persistence or

latency. Such infected but healthy people are usually,

but not invariably, tuberculin-positive.

Post-primary TB

Post-primary TB develops in previously infected people
either as a result of endogenous reactivation of latent

disease or of exogenous reinfection. It usually occurs

within 5 years after primary infection. The characteristic

feature of such disease is extensive tissue necrosis. Very

large tumor-like lesions termed tuberculomas may

develop and, in common with primary lesions, the condi-

tions within them do not favor mycobacterial growth.

The necrotic tissue is softened and eventually Iiquefied

by macrophage-derived proteases and, if the lesion

erodes into a bronchus, the liquefied contents are

discharged and a cavity is formed. In distinct contrast to

closed lesions, the well-oxygenated cavities are ideal

environments for bacillary replication, and their walls

are lined by numerous bacilli.

Bacilli escaping from cavities may enter the sputum

and be expectorated, thereby infecting other people.

They may also spread through the respiratory tract and

cause secondary lesions. On the other hand, spread of

disease to lymph nodes and more distant organs is

uncommon in post-primary disease, probably due to the

obliteration of draining lymphatics and capillaries by the

tissue necrosis and subsequent deposition of scar tissue.

The formation of cavities and localization of the disease

process characteristic of post-primary TB are dependent
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on immune reactivity. Cavity formation is often limited
or absent in immunocompromised people, and dissemi-
nation of disease to many organs frequently occurs
(Festenstein and Grange 1991). Thus, TB in HIV-posi-
tive people with relatively limited immunosuppression
resembles that in HlV-negative people but, in the more
profoundly immunosuppressed, atypical forms of the
disease are commonly seen (De Cock et al. 1992).

(For general reviews of the clinical features of TB, see
Crofton et al. 1992; Grange 1996. For descriptions of
childhood TB see Smith 2001).

Pathogenesis and immunology of TB

The clinical and histological features of TB are the
result of the virulence of the tubercle bacillus and, more
critically, the nature and effectiveness of the host's
defense mechanisms.

Protective immune reactions in TB are principally
cell-mediated, relying on macrophage activation and
granuloma formation. Another important defense
mechanism is the recognition and destruction of
exhausted macrophages and other cells in which tubercle
bacilli are replicating. Thus, regulated and directed cell
destruction is an inevitable and essential part of the
protective immune response in tuberculosis (Boom et al.
1991; Flynn et al. 1,992). The outcome of infection by the
tubercle bacillus depends critically on whether the host
responds with a protective or tissue-necrotizing reaction.

Tubercle bacilli entering the tissues are taken up by
macrophages. Entry of M. tuberculosis into human
monocytes appears to be by a phagocytic mechanism
mediated by complement receptor and the macrophage
mannose receptors (Schlesinger et al. 1990; Schlesinger
1993). Recent results showed that heparin- or fibro-
nectin-binding proteins, present on the bacterial surface,
play a role to facilitate their binding to epithelial cells or
macrophages (Pethe et al. 2001,; Pasula et al. 2002).
Once inside the macrophage, the intracellular myco-
bacteria employ a variety of survival strategies, which
include: (1) prevention of an oxidative burst in phagocy-
tosing cells and inhibition of phagosome-lysosome
fusion; (2) resistance to lysosomal enzymes and reactive
oxygen intermediates (by means of cell-wall lipids,
including peptidoglycolipids (mycosides) and LAM and
secretion of superoxyde dismutase; and (3) escape from
the phagosome into the cytoplasm (Horwitz 1988;
Sathish and Shinnick 1994; McDonough et al. 1993).

If the bacilli are not destroyed, they replicate and kill
the cell. A local area of inflammation is thus established
and more phagocytes are attracted to the site. Some
bacilli are transported, probably within phagocytes, to
the regional lymph nodes, where they are engulfed by
antigen-presenting cells (APC). Other bacilli are trans-
ported further afield and may cause one of the extra-
pulmonary forms of primary disease such as tuberculous
meningitis.

Epitopes from mycobacteria lying within phagosomes

within the APC are presented on the cell surface by the
major histocompatibility complex (MHC) class II (HLA-

D) molecules to CD4+ helper T-cells, which undergo

activation and clonal proliferation. These T-cells
produce a range of cytokines, including interferon-y

(IFN-y), which activates macrophages. Some T helper

cells, however, also produce factors that lead to tissue-

destroying hypersensitivity, as described below.
If the tubercle bacilli proliferate within the APC and

escape from the phagosomes, their epitopes are
presented to CD8+ T-cells by MHC class I (HLA-A and
B) molecules. The CD8+ lymphocyte population

contains cytotoxic T-cells that are able to lyse any cell
presenting antigen in this manner.

Macrophage activation and granuloma
formation

The evidence that a single human macrophage, even
when fully activated in this manner, is able to kill

tubercle bacilli is elusive. In disease, activated macro-
phages aggregate to form the characteristic lesion of TB

and many other chronic infections, namely the granu-

loma. This consists of a compact palisade, many cells
thick, of activated macrophages around the area of
infection. Microscopically, these activated macrophages

resemble epithelial cells and are thus termed epithelioid

cells. Some of these fuse together to form multinucleate
giant cells, which are characteristic of, but not exclusive
to, granulomas of TB. The entire granuloma is much
more capable of destroying tubercle bacilli than isolated

macrophages (Dannenberg 1993). The palisade of meta-
bolically active macrophages consumes oxygen diffusing

into the granuloma, so that the center becomes anoxrc
and undergoes a type of necrosis, which, as it produces

material similar in appearance to cottage cheese, is
termed caseation. The anoxia and free fatty acids in the
caseous center provide an environment that is highly

unfavorable to the tubercle bacilli, many of which die.
TNF-o plays a key role in protective immunity by main-
taining the integrity of the granuloma (Flesch and Kauf-
mann 1990; Rook and Bloom 1994). It is, as described

below, also a mediator of tissue-necrotizing immuno-
pathology and it is responsible for the wasting (cachexia,

consumption, or phthisis) of patients with advanced TB
(Beutler et al.  1985).

In about 95 percent of primarily infected patients,

these defense mechanisms render the disease quiescent,

but some bacilli may survive for years or decades in a
latent or persister state, the nature of which is still not
well understood.

Protective immunity and immunopathology
in TB

Though it is now both clear and obvious that tissue-
necrotizing hypersensitivity and protective lmmune
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reactions in tuberculosis are quite distinct, the main
causes of difflculty were that protective and nonprotec-
tive responses were both associated with tuberculin posi-

tivity, that both were T-cell mediated, and that there
was no place for a distinct tissue-necrotizing hypersensi-
tivity reaction in the classical macrophage-based theory
of mycobacterial immunity. Thus, there was a strong
body of opinion that the various immune reactions were
qualitatively identical and that their observed effects
reflected the intensity of the reaction.

The dilemma was finally resolved by the demonstra-
tion that T helper (Th) cells mature into two distinct
cells, Th1 and Th2, which secrete different, and mutually
antagonistic, cytokines (Mosmann and Moore 199L).
Necrosis occurs only in the presence of cytokines asso-
ciated with the Th2 T-cell maturation pathway
(Hernandez-Pando and Rook 1994). Thl-related cyto-
kines, by contrast, do not induce this necrotizing reac-
tion. Thus, the T-cell maturation pathway and the
factors regulating it are of key importance to the nature
of the immune response to infection by the tubercle
bacillus.

Genetic factors in mycobacterial immunity

Because not all those exposed to the tubercle bacillus
develop overt TB, some form of genetically determined
innate resistance to disease has long been suspected. An
allele, designated bcg, conferring natural macrophage-
mediated resistance to several intracellular pathogens,

including BCG, salmonellae and Leishmania donovant,
has been described in the mouse (Skamene et al. 1989).
It codes for a protein termed Nramp (natural-resistance-

associated macrophage protein), which is involved in the
generation of reactive nitrogen intermediates RNI from
t--arginine (Vidal et al. 1993). A human homolog,
NRAMPI, has been characterized (Cellier et al. 1994)
and, in West Africa, polymorphisms in the gene coding
for this protein have been shown to affect susceptibility
to smear-positive pulmonary TB (Bellamy et al. 1998).
In addition, naturally occurring mutation in the human
genes for IFN-y receptor and interleukin (IL)-1,2

receptor have been shown to result in increased suscept-
ibility to mycobacterial infections (Manca et al. 2001).

Leprosy

HISTORY AND EPIDEMIOLOGY

Leprosy is caused by an intracellular acid-fast bacillus,
M. leprae, one of the few human bacterial pathogens not
yet cultured in vitro. In 1960, Shepard showed that its
generation time is 10-11 days.

The disease is of great antiquity, being well described
in written records from India (dated 600 BC) and from
China (dated 150 BC). The first objective evidence of
the disease, based on palaeopathology, was obtained

from Egyptian mummies of the second century BC
(D zier zykr ay-Rogalski 1 980).

From Egypt, it appears that leprosy spread to Europe;
by AD 150, it had reached Greece, and a skeleton dated
fourth century AD, excavated from a Romano-British
cemetery in Dorset, UK, showed changes diagnostic of
leprosy (Reader 1974). By the Middle Ages, it was wide-
spread throughout Europe; it was introduced into
Central and South America by the Spanish and Portu-
guese invaders, and subsequently into the southern
states of the USA and the Caribbean isles by imported
African slaves. It then declined rapidly in Europe, espe-
cially in the north, although a mini-epidemic occurred in
Norway in the nineteenth century. From around AD
1850-1950, it spread widely in Oceania (see Browne
(1985) for a detailed history of leprosy).

In 1983. the WHO estimated that the total number of
cases of leprosy in the world was around 10.5 million,
with over 5.3 million registered cases (Sansarriq 1983).
At that time, treatment with dapsone alone was slow
and often had to be continued for 20 years or for life in
'lepromatous' leprosy and for 5 years in 'tuberculoid'

leprosy. The relapse rate was significant, especially in
lepromatous leprosy. This form of treatment was repla-
ced by multidrug therapy (MDT), consisting of dapsone,
rifampin, and clofazimine (WHO Study Group 1982).

As a consequence, around 11 million leprosy patients
have been cured over the past 15 years. The prevalence
rate has dropped by 85 percent and leprosy has been
eliminated in 98 countries (less than one case per 10 000
people). Furthermore, it has been estimated that early
detection and adequate therapy has prevented three to
four million people from being disabled. As of January
2000, the global leprosy prevalence rate was 1.25 cases
per 10 000 people (WHO 2001). Between 2000 and 2005,
approximately 2.5 million additional leprosy patients will
have been detected. Special efforts will be needed to
reach the leprosy elimination target in ten countries that
account for 90 percent of the prevalence of the disease
in the world (Brazil, Congo, Guinea, India, Indonesia,
Madagascar, Mozambique, Myanmar, Nepal, and
Tanzania).

The disease is more common among the lower
economic classes and is associated with overcrowded,
dimly lit living conditions (nasally excreted leprosy
bacilli can survive for several days in poor light). Malnu-
trition appears to be much less important than with
tuberculosis. After puberty, males are more often
affected with 'spectrum' leprosy than females. In high-
endemic areas, infection seems to occur mainly in chil-
dren and young adults. Leprosy is extremely rare in
infants (Brubaker et al. 1985). The incubation period is
therefore assumed to be usually a matter of years
(Feldman and Sturdivantt9T6; Fine 1982). The infection
rate in contacts appears to be high, but the attack rate
for clinical disease is low, usually considerably less than
the corresponding rate for TB.
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Man is still regarded as the only signiflcant reservoir
of M. leprae, in spite of recent reports of natural infec-
tion with organisms resembling M. leprae in the nine-
banded armadillo in Texas and Louisiana. The skin and
nasal mucosa are the two most heavily infected tissues,
but transmission via nasal secretions seems likely in view
of the finding that they are responsible in lepromatous
patients for a mean daily output of 107 viable bacilli
(Davey and Rees 1974). Intact skin and the commonly
occurring trophic ulcers are meager sources of bacilli
(Weddell et al. 1963). Organisms may be shed from
ulcerating lepromatous nodules, but these are rare.
Infection by inhalation of droplets or droplet nuclei may
be more common than infection via the skin. Although
M. leprae is excreted in the breast milk of an untreated
lepromatous mother (Pedley 1967), the numbers of
leprosy bacilli inhaled by her baby are likely to greatly

exceed the number ingested. Transplacental transmission
remains uncertain, although there is evidence that myco-
bacterial antigen may cross the placenta in untreated
lepromatous mothers (Melsom et al. 1982). Only 29 of
the 51 leprous infants reported by Brubaker et al. (1985)
had leprous mothers, of whom only 14 had lepromatous
disease. There are additional factors, defined or unde-
fined, that are thought to determine the clinical exp-
ression of the disease, such as ethnic, genetic, and
environmental factors.

CLINICAL MANIFESTATION

Leprosy characteristically displays a great diversity of
clinical manifestations (Sasaki et al. 2001; Ramos-e-Silva
and Rebello 2001; Ishii 2003), the wide clinical 'spec-

trum' being related to host ability to develop and to
maintain specific cell mediated immunity (CMI). In high
resistant tuberculoid leprosy, the localized signs are
restricted to skin and/or peripheral nerves; it is benign,
chronic, and often self-healing, and the lepromin reac-
tion is strongly positive. Low resistant lepromatous
leprosy is a severe, generalized, progressive bacteremic
disease, widely and symmetrically involving the skin,
peripheral nerves, upper respiratory tract (from the
nasal mucosa to the larynx), the reticuloendothelial
system, especially the superficial lymph nodes, spleen
and Kupffer cells of the liver, the anterior part of the
eye, testes, and bone marrow; the lepromin reaction is
negative.

Based on clear clinical, bacteriological (the concentra-
tion of bacilli in lesions), and immunohistopathological
(the number and nature of lymphocytes in the leprous
granuloma and the character of the bacterial host cells
of the monocyte-macrophage series) evidence, Ridley
and Jopling (1962) divided the spectrum into five
groups, namely tuberculoid (TT), borderline tuberculoid
(BT), mid-borderline (BB), borderline lepromatous
(BL), and lepromatous (LL). In addition, Ridley and
Jopling noted a very early, prespectrum indeterminate

(idt) form, usually consisting of a single hypopigmented,

hypoaesthetic macule, difficult to diagnose, and self-

curing in around 75 percent of cases, the remainder

going on to develop some form of spectrum leprosy.

While most tuberculoid patients are noninfectious,

lepromatous (LL, BL) patients constitute the marn

source of infection.

In the TT form, there are only a few AFB, probably

not more than 106 in total, but there is a strong CMI

response with numerous epithelioid cells, giant cells, and

lymphocytes, as in TB, although caseation only occurs,

somewhat infrequently, in nerve trunks. In the LL form,

there is a striking granulomatous response with many

undifferentiated macrophages, often seen as large foamy

cells (Virchow cells) packed with AFB. In advanced

cases, there may be 1,0e M. leprae per gram of skin, with

a patient total bacterial population of up to 1012 AFB.

In each type of patient, the sensory, motor, and auto-

nomic nerve fibers, are affected and AFB are present in

Schwann and perineurial cells. No other bacterial

species has the capacity to invade these nerve cells, even

though mild histiocytic infiltrate may occur in nerves

around blood vessels in advanced M. lepraemurtum

infection in mice. In tuberculoid infections, the asymme-

trically affected nerves are infiltrated by epithelioid cells

and lymphocytes, but there is only mild histiocytic infll-

tration in lepromatous cases. In all forms of leprosy, M.

leprae organisms invade the nerves and eventually des-

troy nerve fibers. M. leprae invades both dermal nerves

in skin lesions and nerve trunks, and occasionally, in TT

and BT leprosy, one or more nerve trunks may be

involved before the appearance of any skin lesions, so-

called polyneuritic or neural leprosy. The most vulner-

able sites are, for skin, those parts of the body that tend

to remain cool and, for nerve trunks, those subject to

trauma close to large joints. The Ridley-Jopling classifi-

cation, which was originally devised for research pur-

poses, has been used extensively because it contributes

to our understanding of the clinical aspects of leprosy,

giving guidance especially over prognosis and likely

complications. For field use, however, a much simpler

classification based on bacterial load has been devised.

Leprosy is an extremely chronic disease, which, if

untreated, may be of lifelong duration. In TT and BT

Ieprosy, after a variable length of time it may retrogress

as the result of an increase in naturally acquired immu-

nity, sometimes to relapse years later due to a decrease

in CMI, perhaps associated with intercurrent infection,

pregnancy, or old age. Even in lepromatous leprosy,

disease activity used to vary spontaneously, although

most patients died after perhaps 20 years, usually from

renal failure due to secondary amyloidosis, intercurrent

infection, or secondary pneumonia from laryngeal

obstruction. Nowadays, the mortality from leprosy itself

is negligible, with patients occasionally dying from

secondary amyloidosis or from secondary infection of

anaesthetic extremities and neurooathic ulcers.
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During the course of the disease, acute immunologi-

cally mediated exacerbations, known as 'reactions,'

commonly occur. Reversal or type 1 (Jopling 1978) reac-

tion, which occurs in borderline leprosy and in a

minority of the LL patients who have evolved from

borderline, is associated with an increase in specific

CML IT is characterized by erythema and swelling of

skin lesions, new skin lesions sometimes developing, and
pain and tenderness of swollen nerves. Erythema

nodosum leprosum (ENL) or type 2 reaction, which

occurs only in LL and a small minority of BL patients,

particularly during treatment, is due to an antibody-

antigen reaction. Local formation of immune complexes

in affected skin results in characteristic crops of small

tender erythematous nodules resembling those ln

erythema nodosum, but more widespread, usually asso-

ciated with malaise and pyrexia. Other systems may also

be involved, Ieading to neuritis, iridocyclitis, orchitis,

and immune complex nephritis. Severe chronic ENL

may last for years, until the bulk of the dead AFB

are removed after 8-10 years in LL leprosy; if such a

reaction is not adequately suppressed, secondary amyloi-

dosis may develop.

DIAGNOSIS

The diagnosis of leprosy is essentially a clinical one.
Cardinal signs are anesthesia of the skin lesions, enlarge-

ment of nerves, and the presence of M. leprae in

affected skin and nasal mucosa. Leprosy can, therefore,

usually be correctly diagnosed by careful palpation of

the peripheral nerves of predilection, with a pen, piece

of cotton wool, or thermal tester to detect anesthesia,

and a scalpel to remove material for microscopic exam-

rnatron.

The skin provides the most readily available tissue
from which to obtain M. leprae, by means of the 'slit-

skin smear' technique. M. leprae is present in the nasal

mucosa and nasal secretions of untreated LL and many

BL patients. A moistened swab is used for obtaining
material from the surface of the inferior turbinate bones.

Nasal secretion is collected, preferably early in the

morning, by blowing the nose into a polyethylene hand-

kerchief. All samples are examined as smears on glass

microscope slides.

Smears are stained by the Ziehl-Neelsen technique
(Figure 46.6), care being taken not to overdecolorize if

acid-alcohol is used, since M. leprae rs more acid-fast

and less alcohol-fast than M. tuberculosis. Positive slit-

skin smears are scored according to the density of the

AFB, the bacterial index (BI) (Ridley 1958), which gives

an indirect indication of the total bacterial load; serial

smears will indicate the response of the patient to
chemotherapy. Serial smears can also be used to assess

the morphological index (MI) (Rees and Waters 1963),

which gives a measure of the viability of M. leprae on

the basis of morphology; uniformly staining bacilli are

Figure 46.6 Stained smear of nasal discharge from an untreated
lepromatous patient showing Mycobacterium leprae singly and in
clumps ('globi') (xl 000)

probably alive, whereas irregularly staining bacilli are

dead (Rees 1985). In addition to microscopy, PCR-based

assays have been established to conclusively diagnose

the organism (Rastogi et al. t999).

Nontu bercu lous mycobacteria

NTM are frequently found in environmental habitats

that may colonize and occasionally cause infection in

humans and animals. Such infections are termed myco-

bacterioses. With the increasing prevalence of immuno-

compromised hosts, particularly in relation to the AIDS

pandemic, NTM infections are becoming more prevalent

(Brown-Elliott et al. 2002). The characteristics of these

infections differ from those seen in immunocompetent

human hosts, as do the organisms involved (-Iable 46.2).

Patients with depressed cellular immunity, such as those

who have AIDS, lymphoproliferative disorders or trans-

plants, and those on immunosuppressive therapy, arc at

particular risk.

AIDS patients differ from other immunocompromised

patients in that high numbers of NTM can be recovered

from blood. However, in these patients, NTM can also

cause pulmonary infections (Rigsby and Curtis 1994).

Although NTM are recoverable from sputum or bronch-

oalveolar lavage fluid, true invasion of the lung is diffi-

cult to demonstrate and pulmonary symptoms are often

minimal. The radiographic appearance of NTM in AIDS

differs from that in immunocompetent hosts. The chest

X-ray may be normal or show nonspeciflc mediastinal

and/or hilar adenopathy or, rarely, patchy alveolar infil-

trates. The frequent detection of NTM in blood cultures

reflects the disseminated nature of infection and the

high bacterial burden. The mechanism by which organ-

isms in the blood become recoverable from respiratory
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Table 46.2 Slow-growing nontuberculous mycobacteria (NTM) frequently encountered in clinical specimens and their pathogenic
potential in humans and animals

Human host Animal hosta

lmmunocompetent AIDS
lmmunocompromised

(non-AIDS)

Pathogenic
potential

MAC
M. celatum
M. haemophilum

M. heckeshornense
M. heidelbergense
M. kansasi i

M. marinum
M- malmoense
M. scrofulaceum
M. shimoidei
M. simiae
M. szulgai
M. ulcerans
M. xenopi

Most frequently
nonpathogenic

M. flavescens
M. gastri

M. gordonae

M. neoaurum

M. nonchromogenicum
M. terrae
M. triviale

Pathogenic
potential

MAC
M. celatum
M. genavense

M. haemophilum

M. kansasii
M. malmoense

M. marinum

M. simiae
M. szulgai
M. xenopi

Pathogenic
potential

MAC

M. haemophilum

M. kansasii
M. marinum

M. scrofulaceum
M. tusciae

M. xenopi

Pathogenic
potential

M. farcinogenes
M. lepraemurium

M. paratuberculosis

AIDS, acquired immunodeficiency syndrome; MAC, Mycobacterium avium complex
a) Exclusively isolated from animals (in addition to other mycobacteria)

secretions is unknown. The increased incidence of disse-
minated M. avium complex (MAC) infection in AIDS
patients is attributable to two principal factors: (1)
greater surveillance since MAC bacteria were recog-
nized as a potentially treatable cause of morbidity and
(2) the increased survival of patients with AIDS. Rarely,
there may be a genetic basis for disseminated NTM
infection.

In transplant patients (Kesten and Chaparro 1999),
NTM infections generally occur late in the post-
transplantation period (range 10 days to 269 months;
mean 48 months). Most are chronic infections of soft
tissues and joints (cutaneous lesions on the extremities,
tenosynovitis, arthritis) and osteomyelitis, often with
multifocal involvement. Fever, leukocytosis, night
sweats, weight loss, and lymphadenopathy are usually
absent. Skin lesions are often painful erythematous
subcutaneous nodules, which can progress to abscess
formation. The most commonly involved joints include
finger joints, wrists, elbows, ankles, and knees, and in
these patients diagnosis is often delayed by several
months. Pulmonary involvement occurs in approxi-
mately a quarter of patients, with radiographic evidence
of pulmonary nodules or infiltrates, and over half the
patients have concomitant extrapulmonary involvement.
Pulmonary involvement is most frequently with M.
kansasii Risk factors for mycobacterioses in solid-organ-
transplant recipients are poorly deflned. For heart reci-
pients, they include a history of open heart surgery and
lmmunosuppressive therapy. The environment is the

Iikely source in patients with transplant-related immuno-

suppression and other immunodeficiencies.

Patients with the uncommon 'hairy cell' leukemia
appear to have a predilection for mycobacterial infection
(approximately 5 percent of patients), mainly with M.

kansasii and MAC (Castor et al. 1994). In contrast,
infections by NTM in cystic fibrosis patients are
common (Torrens et al. 1998).

In the immunocompetent host, NTM can cause infec-

tions in cutaneous, deep soft tissues, lymphatics, and
other sites (e.g. skeletal, peritoneal catheter-related,
ocular). These mycobacterioses are rare, indolent, and
frequently misidentifled. Active infections in immuno-

competent hosts cause granulomatous inflammation of

the lung.

However, very often, NTM lack clinical relevance and
are, therefore, incorrectly labeled as colonizers or as the
cause of infection. Discrimination between colonization
and infection by NTM can be difficult. Some of the most

important American Thoracic Society (ATS) criteria
(American Thoracic Society 1997) for the diagnosis of
pulmonary mycobacterioses are as follows: cavitary or
noncavitary infiltrates (e.g. nodular infiltrates or bronch-
iectasis) should be present on a chest X-ray. Two or
more respiratory specimens (sputum or bronchial wash-

ings) should demonstrate AFB on smear examination

and/or moderate to heavy growth (2+ to 4+) on culture.
To date. human-to-human and animal-to-human trans-

mission of NTM has not been documented. Inhalation

of contaminated aerosols is the presumed mode of
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inoculation of the lung. Geographical clustering of infec-

tions often matches the environmental distribution of

NTM and supports the hypothesis that infections arise

from environmental exposure. Host susceptibility is a

factor in the development of infections, because in some

areas exposure is universal. It is not known whether, as

in the case of M. tuberculosls, latent infection is part of
pathogenesis. Because of cross-reactivity between shared
antigens, species-specific skin tests have not proved reli-

able to measure immune responses.

SPECTES FREQUENTLY TNVOLVED tN HUMAN
DISEASE

MAC

The bacteriological and clinical aspects of MAC infec-
tions have been reviewed by Inderlied et al. (1993) and
Falkinham i1996\.

MAC organisms show a characteristic heterogeneous
colony morphology (Figure 46.7). Small translucent
(smooth transparent (SMT)) colonies usually co-occur
with glossy, whitish colonies (smooth domed (SMD)).

There is even a third flat and dry morphology, which
resembles M. tuberculosls. SMT are more frequently

isolated from blood in AIDS patients (Belisle and
Brennan 1994; Frothingham and Wilson 1994). Isolates
from patients with disseminated MAC often contain
mixtures of colony morphologies (Falkinham 1994;

Slutsky et al. 1.9941, von Reyn et al. 1995). SMT bacteria
have greater potential for intracellular multiplication
in macrophages, have greater virulence in animal
models, and are more resistant to antibiotics than
SMD bacteria.

Traditionally, MAC has consisted of 28 serotypes
('serovars') comprising M. avium and M. intracellulare.

Serovars 1-6, 8-11, and2I are M. avium, while serovars

7, 12-20. and 22-28 are M. intracellulare. Inclusion of M.

scrofulaceum (serovars 4\43) in the group M. avium-
M. intracellulare-M. scrofulaceum (MAIS complex) is no

Figure 46.7 Colony morphology of Mycobacterium avium
complex (MAC) on Middlebrook 7H10 agar Note the glossy,
whitish (smooth domed) colonies, co-occurring with the small
translucent (smooth transparent) colonies

longer appropriate. M. avium and M. intracellulare are

easily distinguishable with molecular methods (Vincent

et al. 2003). Based on phenotypic and genetic character-

istics, three subspecies of M. avium have been proposed:

sttbsp. avium, subsp. paratuberculosls, and subsp. silvd-

ticum (Thorel et al. 1990).

MAC has been isolated from bedding material, house

dust, soil, plants, swimming pools, hospital water, and

natural bodies of water (Wolinsky and Rynearson 1968;

Fry et al. 1986; du Moulin et al. 1988). The true

prevalence of MAC infections are unknown because

mycobacterioses are not reportable (Iseman 1989; Prince

et al. 1989). Poultry, swine, and cattle may also be

infected by MAC, which gets into the soil by fecal shed-

ding from birds but not from cattle or swine (Inderlied

et al. 1993). Serovars similar to those from birds have

been isolated from humans living in their close proxi-

mity, but animal-to-human transmission of infection has

not been documented. The predominant serovars in

human and animal infections are different (Nel 1981).

In spite of widespread environmental exposure to MAC

in certain geographical regions, the incidence of clinical

disease in immunocompetent hosts is extremely low. M.

avium serovars account for more than 90 percent of

typeable MAC that cause infection in AIDS, whereas in

other patients almost half the isolates are M. intracellu-

lare (Guthertz et al. 1989; Raszka et al. 1995). In the

USA. for unknown reasons, bacteremia in AIDS is asso-

ciated with a limited number of M. avium serovars

(serovars 1, 4, and 8).

Before the advent of AIDS, the most common presen-

tation of MAC infection was pulmonary disease occur-

ring in middle-aged or older white male smokers

(Figure 46.8a) and lung tissue shows either caseating or

noncaseating granulomas. Pre-existing lung disease,

including chronic obstructive pulmonary disease

(COPD), previous TB, bronchiectasis (including cystic

fibrosis), silicosis, chronic aspiration pneumonia, and

bronchogenic carcinoma, is present in approximately 70

percent of patients (Hornick et al. 1988; Kilby et al.

1992; Wallace et al. 2002; McKlendin and Stark 2001).

These lung diseases have in common substantial impair-

ment of clearance mechanisms, which may allow colo-

nizing bacteria to establish infection.

Another group of patients are predominantly

nonsmoking females with nodular bronchiectasis

(Figure 46.8b), but with otherwise no identifiable predis-

posing lung disease (Albelda et al. 1985; Prince et al.

1989). Many are elderly and, less commonly, younger

women with pectus excavatum, scoliosis, or mitral valve

prolapse (Iseman 1989; Reich and Johnson t991';

Kennedy and Weber 1994). Patients described a chronic

productive cough, dyspnoea, malaise, and weakness. The

disease was referred to as 'Lady Windermere's

syndrome,' implying that the pathogenesis was linked to

habitual cough suppression (Reich and Johnson 1992),

but the true mechanism is unknown. Chest X-ray reveals
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Figure 46.8 Chest X-rays of patients wth Mycobacterium avium
complex (MAC) pulmonary infection (a) Male smoker, age 50
years, with chronic obstructive pulmonary disease (COPD) Severe
cavitary infiltrate and loss of volume of the left upper lobe are
demonstrated (b) Female nonsmoker, age 74 years, without
history of lung disease, who has a persistent chronic cough A
reticular nodular infiltrate is seen in both the riqht middle and
uDDer tooes

noncavitary infiltrates that frequently involves the right
middle lobe and lingula. High-resolution computed
tomography (CT) of the chest reveals characteristic
small (<5 mm) nodules with associated bronchiectasis
(Swensen et al. 1994). The disease process is indolent
and slowly progressive, and patients may have symptoms
for up to 10 years This form of MAC infection may
therefore be underdiagnosed. In a substantial proportion
of patients, the disease is progressive, with a mortality as
high as 20 percent (Prince et al. 1989; Teirstein et al.
1990; Wallace et al. 1998). Very infrequently, intrathor-
acic MAC infections are seen in immunocomDetent
children (Fergie et al.1997).

MAC is also the leading cause of localized lymphade-

nitis in children, especially in those aged up to 5 years
(Wolinsky 1995; Danielides et al. 2002). Cervical

lymphadenitis due to MAC accounts for 63-80 percent

of cases and M. scrofulaceum is the next most common
(Schaad et al.1979; Joshi et al. 1989).

In the early 1980s, before the epidemic of HIV infec-

tion and AIDS, disseminated MAC infection was very

uncommon; fewer than 40 cases were reported between

1940 and 1984 (Falkinham 1994). More than half the
patients were immunocompromised by malignancy or
immunodeficient (Horsburgh et al. 1985). These infec-

tions remain uncommon other than in HlV-infected

patients. Although disseminated disease is more

common than focal disease in these patients (Johnson

and Kiehn 1994), localized skin infection (Kakinuma

and Suzuki 1994), arthritis (Disla et al. 1995), cholecys-

titis (Fantry and Sun 2002), and osteomyelitis (Aberg

et al.2002) (Figure 46.9) have been described. Dissemi-

nated MAC is associated with a high incidence of hema-

tological abnormalities, such as leukemoid reactions,

myelofibrotic changes, the hemophagocytic syndrome,

polycythemia, pancytopenia, and myelodysplastic

syndrome (Tsukada et al. 1994). In the latter syndrome,

aggregates of macrophages f,lled with organisms are

seen in the bone marrow without a granulomatous reac-

tion and necrosis, similar to the overwhelming infections

seen in late stage AIDS (Tsukada et al. 1994). Torriani

et al. (1996) reported of highest concentrations of MAC

in the reticuloendothelial organs.

In AIDS patients, the most common port of entry and

site for dissemination is, in contrast to patients who are

immunocompetent, believed to be the gastrointestinal

tract followed by hematogenous dissemination (Torriani

et al.7996). The environmental source of MAC in AIDS
patients is uncertain but may include potable water

(Montecalvo et al. 1994; von Reyn et al. 2002), hard

cheese (Horsburgh et al. 1,994a), and soil (Yajko et al.
1995). Upon acquiring MAC, bacterial colonization and/

or direct tissue invasion followed by intermittent bacter-

emia without dissemination is observed. Continuous

Figure 46.9 Bone infection due fo Mycobacterium avium
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bacteremia with dissemination is usually accompanied
by clinical symptoms and, finally, death (Torriani et al.
1994; Raszka et al. 1995). MAC organisms are frequ-
ently recovered from lymph nodes, liver, spleen, bone
marrow, and the gastrointestinal tract. MAC infections
in the eye, brain, meninges (Dwork et al. L994; Gyure
et al. 1995), CSF, skin, tongue, heart, lung, stomach,
thyroid, breast, parathyroid, adrenal glands, kidney,
pancreas, prostate, testes, skin and soft tissue, abdominal
cavity, and, more recently, muscle (necrotizing myositis)
(Miralles and Bregman 1994) have been documented.

Disseminated MAC infection develops in 60-65
percent of patients with antecedent respiratory coloniza-
tion, but among all patients who develop disseminated
disease, respiratory colonization is detected in only 21-
33 percent before dissemination. Thus, culture is of
limited value as a routine screening test. The strongest
single risk factor for disseminated MAC in AIDS is the
level of immunosuppression (Horsburgh et al. 1994b),
and the risk of MAC infection increases as the CD4
count decreases (Henderson and Chapman 1994). It is
most common with a CD4 T-lymphocyte count of less
than 100 (Falkinham 1994). Symptomatic HlV-infected
patients with CD4 lymphocyte counts of less than 50 are
at substantial risk of MAC bacteremia. Disseminated
MAC infection in HlV-infected people generally
presents as a subacute but progressive syndrome of
fever, chills, night sweats, cough, fatigue, diarrhea, and
weight loss. Gastrointestinal complaints are particularly

common and contribute greatly to morbidity. Diarrhea is
due to small-intestinal or colonic involvement. and
severe abdominal pain is due to enlarged retroperitoneal
lymph nodes (Porrman and Katon 1994). Hepatospleno-
megaly is detectable on physical examination in 10-50
percent of patients (Levin 1994). The most common
laboratory abnormalities are worsening anemia and
elevated alkaline phosphatase. Pulmonary MAC disease
is rare in patients with disseminated MAC infection.
Radiographic patterns are nonspecific and may include
consolidating or nodular infiltrates and cavitation
(Kalayjian et al. 1995). Epidemiological studies indicate
that untreated disseminated MAC disease increases
morbidity and shortens survival (Chin et al. 1994;
Henderson and Chapman 1994; Horsburgh et al. 1994b).
Median survival after the diagnosis of MAC is app-
roximately 3-8 months versus approximately 10-16
months in CD4-matched HlV-infected patients without
disseminated MAC (Hoover et al. 1995). Based on these
data, treatment of MAC infection in AIDS patients, and
other severely immunocompromised patients, appears to
be justified because it improves symptoms and may
increase survival (Horsburgh et al. 1991,; Chin et al.
1994). Sahfran et al. (2002) have shown that therapy for
MAC infection can safely be discontinued after highly
active antiretroviral therapy (HAART).

Malabsorption complicates antibiotic regimens in
AIDS patients. Placebo-controlled trials show a 50

percent reduction in MAC bacteremia in asymptomatic
patients with rifabutin prophylaxis, and a US Public
Health Service Task Force has recommended rifabutin
for all AIDS patients with a CD4 cell count of less than
100 (Masur 1993; Nightingale et aL 1993),brt M. tuber-
culosis must flrst be ruled out. A significant therapeutic
advance in the treatment of symptomatic patients are
extended-spectrum macrolide (ESM) agents with high-
level activity against MAC. Primary therapy usually
includes clarithromycin and ethambutol with or without
rifampicin or rifabutin (Henderson and Chapman 1994).
Though the current medical treatment for MAC is
controversial, the ATS recommendations advocate
empiric therapy with drug susceptibility testing for clari-
thromycin only (Iseman 2002; NCCLS 2003).

A partial response to treatment in terms of diminished
symptoms, usually within 2-8 weeks of starting therapy,
is seen in 72-95 percent of patients, but blood cultures
may remain positive and the required duration of
therapy appears to be indefinite (Porrman and Katon
1994; Sullam et al. 1994). Nonadherence to both MAC
prophylaxis and antiretroviral therapy was associated
with higher HIV type 1 RNA levels and a significant
increase in the risk of developing an AlDS-defining
complication or death (Cohn et al.20O2).

M. genavense

M. genavense has unusual fastidious growth require-
ments. Isolation has been most successful using the
radiometric BACTEC 7H12 PZA test medium (Tortoli
et al. 1994). Specimens stained for AFB must be
observed carefully to detect small coccobacillary rods.
Growth is inhibited in the p-nitro-u-acetylamino-B-
propiophenone (NAP) test. Analysis of the L6S rRNA
gene indicates that this species is closely related to M.
simiae.It probably occurs frequently but is not detected
because of failure to inoculate the proper medium, the
requirement for a long incubation period, and the poor
methods for identification. Nucleic acid-based techni-
ques, such as gene amplification (165 rRNA) by PCR or
in situ hybridization with highly specific probes are advi-
sable for a definit ive diagnosis.

The organism is probably widespread in the environ-
ment (Bessesen et al. 1993; Pechere et al. 1995). It is the
major mycobacterial pathogen in birds, including parrots
and parakeets, and has been isolated from pet birds with
muscle wasting, hepatomegaly, and thickening of the
small intestine (Hoop et al. 1993) as well as from a
feline immunodeflciency virus (FIV)-positive cat
(Hughes et al. 1999) and other mammals.

M. genavense has predominantly been associated with
enteritis and genital and soft-tissue infections in HIV-
positive and HlV-negative immunocompromised indivi-
duals. In tissues from humans infected wrth M. gena-
vense, pathological changes are seen mainly in the small
intestine, spleen, liver, and lymph nodes (Maschek et al.
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1994;Leartez et al. 2000), while lungs, myocardium, and
kidneys are usually not, or are only minimally, involved.
Disseminated infections with this organism have been
recognized in AIDS patients in the USA, Europe, and
Australia (Coyle et al. 1992; Tortoli et al. 1998b;

Thomsen et al. 1999) and manifest similar to those

caused by MAC, with the important difference that stool
specimens were more often smear-positive.

M genavense infection is often associated with fever,
anorexia, abdominal pain, chronic diarrhea, and massive
weight loss, but splenomegaly, hepatomegaly, and
lymphadenopathy are more prominent (Bessesen et al.
1993: Gaynor et al.  1994). A case-control study by
Pechere et al. (1995) of 54 patients with disseminated M.
genavense infection from Europe, North America, and
Australia showed that most were extremely immuno-

compromised, 87 percent had fever and weight loss, 72
percent had anemia, 44 percent had diarrhea, 43 percent

had splenomegaly, and 39 percent had hepatomegaly.
Investigation of patients with suspected M. genavense

infection should include blood culture. bone-marrow
biopsy. and. possibly. small-bowel biopsy.

M. haemophilum

M. haemophilum infections may be under-recognized
because of the predilection of this species for a low incu-
bation temperature (30'C) and its unique requirement
for ferric ammonium citrate or hemin for growth. If M.
haemophilum is suspected in a clinical specimen but the
culture remains negative, the organism may be recov-
ered by using a chocolate agar plate.

The natural habitat and means of acquisition are
unknown. Potential routes of transmission include
percutaneous inoculation, inhalation, and ingestion.
Approximately 50 percent of infections have been in
patients with AIDS, with a relatively large number
reported from New York City (CDC 1991). The orher
cases have been in other immunosuppressed individuals
(Saubolle et al. L996; Gruschke et al. 2002; Paech et al.
2002) but also in immunocompetent pediatric patients

with localized cervical lymphadenopathy (Samra et al.
1999) or with a pulmonary nodule (White et al.  1999).
The classical clinical presentation is that of multiple skin
nodules in clusters or without a definite pattern,

commonly involving the extremities, and occasionally
associated with fever, weight loss, tenosynovitis, septic
arthritis, abscesses, draining fistulas, cellulitis, and osteo-
myelitis (Falkinham 1996). In addition to the human
host, M. haemophilum infections have been reported
from cats (Appleyard and Clark 2002) and from a royal
python (Hernandez-Divers and Shearer 2002).

M. kansasii

M kansasii forms visible niacin-negative, photo-

chromogenic colonies on LJ slants at 2-3 weeks

Figure 46.10 Photochromogenic colonies of Mycobacterium
kansasii on Middlebrook 7H10 aaar.

(Figure 46.10). After 2 weeks in ambient light, the colo-

nies turn bright yellow or orange. The 'yellow bacillus,'

as it was originally called, must be distinguished from

other photochromogenic species, such as Mycobacterium

simiae and Mycobacterium szulgai, which also may cause

pulmonary mycobacterioses. In sputum smears, M

kansasii may appear as distinctive large, cross-barred

AFB (Wolinsky 1979). Closely related to M. gastri,

molecular studies have defined five genotypes of M.

kansasii. all of which are able to cause human disease

(Picardeau et al. I997a). Subtyping M. kansasii may

improve clinical management by distinguishing patho-

genic from nonpathogenic subtypes, as demonstrated

very recently in Switzerland (Taillard et al. 2003). The

environmental reservoir of M. kansasil is unknown: it

has occasionally been isolated from water sources but

not from soil (Wolinsky 1979).

M. kansasii, first identifled as a pulmonary pathogen

by Buhler and Pollack (1953), is the second most

common cause of pulmonary mycobacterioses in most

parts of the world (O'Brien et al. 198'7; Pang 199L;

Debrunner et al. 1992; American Thoracic Society

1997). In the USA, Japan, and Switzerland, M. kansasii

accounts for some 25 percent of pulmonary NTM

isolates (O'Brien et aL. 1987; Debrunner et al. 1,992).

In contrast to most other pulmonary mycobacterioses,

isolation of M kansasil from sputum culture is less likely

to represent colonization or contamination (Table 46.2).

Colonization should be suspected in individuals without

signiflcant underlying lung disease (Ahn et al. 1982). It is

hypothesized that colonization or infection results from

inhalation of contaminated aerosols. Patients with active

infection are typically male smokers (M:F ratio is 3:1)

aged 50 years or older (Ahn et al. 1979; Pang 1991).

They usually have coexisting COPD and often live in

urban areas (O'Brien et al. 1987). M. kansasii infections

may also coexist with lung cancer, previous TB, or

pneumoconiosis (O'Brien et al. 1987; Pang 1991). It is

common in mine workers in the UK and in South Africa
(Corbett et al.  1999).
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Symptoms and clinical characteristics of infection

mimic tuberculosis, including cough, fever, night sweats,

and weight loss. These are superimposed on the persis-

tent symptoms of the coexisting lung disease. In 84-95

percent of cases, the chest X-ray shows apical cavitary

infiltrates (O'Brien et al. 1987). M. kansasii may also

mimic M. tuberculosis in that both rarely present as

endobronchial lesions identified by bronchoscopy.

However, unlike M. tuberculosis, the few M. kansasii

endobronchial lesions that have been reported were in

HIV patients (Connolly et al. 1993). Lymphadenitis and

skin and soft-tissue infections due to M. kansasii and

MAC have rarely been reported in immunocompetent

individuals (Breathnach et al. 1995; Kotb et al. 2001).

Such patients have cutaneous abscesses with ulceration

and subcutaneous nodules. In most cases, skin trauma

with exposure to contaminated water was thought to be

the mode of inoculation. Subcutaneous nodules and

sporotrichoid spread has been described for cutaneous

M. kansasii infection (Breathnach et al. 1995).

Less commonly, M. kansasli (as well as M. xenopi) has

been implicated in catheter-related infections (White

et al. 1993). These infections are clinically indistinguish-

able from other bacterial causes but should be consid-

ered when routine bacterial cultures fail to grow.

Mastoiditis that fails to respond to standard antibiotics is

rarely due to NTM (Moerman et al. 1993). Presence of

granulomatous inflammation on biopsy and culture

confirm the diagnosis, and treatment is with surgery and

antibiotic therapy.

Pulmonary and disseminated disease due to M.

kansasii has been reported in patients infected with HIV

(Parenti et al. 1995) and in patients with other immuno-

compromising conditions (Zvetina et al. t992). M.

kansasii is the second most common NTM to affect

patients with AIDS in the USA (Bamberger et al. t994).

Horsburgh and Selik (1989) reported that M. kansasii

accounts for 2.9 percent of the NTM that cause dissemi-

nated infections in AIDS patients.

The clinical presentation and prognosis of disease due

to M. kansasll in patients with HIV was examined by

Witzig et al. (1995). The patients had CD4 counts of less

than 100 and a mean interval of 17 months between the

diagnosis of AIDS and isolation of M. kansasii;17 oI the

49 patients had disseminated disease. Sputum smears

were positive for AFB in 29 patients. It therefore

appears that in HlV-infected patients, isolation of M.

kansasii in sputum is usually associated with disease

rather than colonization. Symptoms consisted of fever,

weight loss, fatigue, night sweats, chills, cough, sputum

production, dyspnea, chest pain, and occasionally

hemoptysis. The physical findings were lymphadeno-

pathy and occasionally splenomegaly, hepatomegaly, or

skin lesions. In contrast to the study of Bamberger et al.

(1994), most patients had abnormal chest X-rays, the

majority with alveolar inflltrates and a smaller number

with cavitation and interstitial infiltrates. Cavities have

been reported as well (Patel and Wolf 2003). Dissemi-

nated disease was common and most often diagnosed by

blood culture. Patients who received antimycobacterial

treatment survived longer than those who did not.

Other types of M. kansasii infection in AIDS patients

include pericarditis (Moreno et al. 1994), osteomyelitis
(Weinroth et al. 1,994), tenosynovitis (Blue et al. 2002),

endobronchial lesions with obstruction (Connolly et al.

1993), sinusitis (Li et al. !994), ocular infections (Gobels

et a|.2002), and pericarditis (Pintado et al.2001).

M. malmoense

The species has been recovered from soil and water

(American Thoracic Society 1997). Lung infection due

to this organism was flrst described by Schroder and

Juhlin (1977) in Malmci, Sweden, where it is the second

most common NTM isolate from the respiratory tract

after MAC (Henriques et al. 1994). For reasons that

remain unclear, reports of infection with this bacterium

during the past decade have increased substantially in

some countries (Henriques et al. 1994; Hoffnet L994;

Tortoli et al. 1997 ; Doig et al. 2002).
The clinical features of pulmonary M. malmoense and

MAC infection are similar. Some 70 percent of the

patients have pre-existing pulmonary disease (e.g. TB'

COPD, lung cancer) (Henriques et al. 1994). Radio-

graphic features do not distinguish pulmonary M.

malmoense infections from those due to other NTM or

M. tuberculosls (Evans et al. 1993). M. malmoense is also

the cause of cervical lymphadenitis in young children
(Falkinham 1996), of infections of the skin (Schmoor

et al. 2001), larynx (McEwan et al. 2001), and of teno-

synovitis (Zerrone et al. 1999), whereas other extra-
pulmonary or disseminated infections (Sarkar et al.

2001) have rarely been reported.

M. marinum

M. marinum is a photochromogenic species with an

optimal growth temperature of 25-35"C. It is most

commonly associated with a superficial cutaneous infec-

tion sometimes referred to as 'swimming-pool granu-

loma' or 'fish-tank granuloma'. Infections in snakes
(Hernandez-Divers and Shearer 2002) and in aquatic

animals are well known, e.g. in fish (Ucko et al. 2002;

Dos Santos et a1.,2002), sea urchins (De la Torre et al.

2001), and whales (Bowenkamp er al. 2001). In humans

it causes superficial and deep infections in the extre-

mities (Figure 46.11). Almost all infections occur after

injuries during activity in contaminated water (e.g.

fishing, handling fish, working in an aquarium)
(Huminer et al. 1986; Johnston and Izumi 19871'

Trampuz et aL.2002). After initial injury, the incubation

period is generally 2-3 weeks and the typical presenta-

tion is a single papulonodular lesion that slowly enlarges

and eventually begins to drain pus (Johnston and Izumi
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Figure 45.11 Mycobacterium marinum foot infection in a young
boy who injured his fifth toe while swimming and developed a
sporotrichoid spread of infection to the top of the foot (Courtesy
of M Stone, MD, IJniversity of towa College of Medicine )

1987; Gluckman 1995). With time, it may become verru-
cous or ulcerated (Falkinham 1996). Superficial infec-
tions usually heal spontaneously, but the course is very
prolonged and associated with discomfort. In approxi-
mately 20 percent of cases, local or lymphatic spread
fbrms subcutaneous nodules along the regional draining
lymphatics in a manner similar to sporotrichosis
(Wolinsky et al. 1972; Gluckman 1995). Further exten-
slon to regional lymph nodes and systemic infection does
usually not occur because of the low temperature
required for optimal growth. Reports vary as to whether
granulomas are seen in biopsies. Culture of biopsy speci-
mens at 32'C increases the probability of diagnosis to
70-80 percent (Johnston and Izumi 1987; Gluckman
1995). Disseminated M. marinum infection has also been
reported in patients with non-Hodgkin's lymphoma.

M. paratuberculosis

M. paratuberculosis is the etiological agent of Johne's
disease, a chronic intestinal disease in ruminants. The
species fails to synthesize mycobactin and growth media
must be supplemented with iron. Mycobactin-dependent
organisms resembling M. paratuberculosis have been
isolated from wood pigeons; LI. paratuberculosis, M.
avium, and the isolates from wood pigeons are closely
related by DNA-DNA homologies and may represent
subspecies of a single species (Thorel et al. 1990). M.
paratuberculosls has been suspected as a cause of
Crohn's disease, a human intestinal illness with char-
acteristic lesions resembling those of Johne's disease
(Chiodini 1989; Ryan et al. 2002). There is evidence
suggesting that the organisms may occur as spheroplasts
in intestinal lesions, and recovery of this cell-wall free

form with a requirement for mycobactin may be the
reason why culture has been so unsuccessful.

M. simiae

M. simiae is one of the very few NTM synthesizing niacin.
Unless tested for pigment production under the influence
of light, it may be misidentified as M. tuberculosr by the
inexperienced observer. The organism has been recov-
ered from tap water and has been the agent of a nosoco-
mial pseudo-outbreak (El Sahly et al. 2002). Clinical
isolates have come from a few geographic areas, including
the southwestern USA and the Caribbean (Amencan

Thoracic Society 1997) as well as Israel (Huminer et al.
1993). It is usually a respiratory colonizer and causes
infection in only approximately 20 percent of cases
(O'Brien et al. 1987; Falkinham 1996). Clinical manifesta-
tions such as osteomyelitis and chronic pulmonary and
disseminated disease are rare (see Falkinham 1996;
Alcala et al. 1999; Braun-Saro et al. 2002). Cases of M.
simiae infection mimicking MAC in AIDS patients are
known (Huminer et al. 1993; Legrand et al. 2000).

M. szulgai

Although M szulgai is closely related to M. malmoense,
based on its 165 rDNA sequence, phenotypic distinction
between the two species is simple. M. szulgai is scoto-
chromogenic at 37'C and photochromogenic at 25"C. Its
distribution appears to be worldwide, but its natural
reservoir is unknown.

M. szulgai is uncommonly isolated from pulmonary
specimens, but when isolated it is generally pathogenic;
one-half to two-thirds of infections are pulmonary
(Maloney et al. 1987). Clinically, these resemble those
due to M. tuberculosls and they generally occur in
elderly males (Tortoli et al. 1998a). The remaining
presentations include rare cases of bursitis, cervical
lymphadenitis, tenosynovitis, cutaneous infections, and
osteomyelitis (Falkinham 1996). Cases of M. szulgai
infections in AIDS patients and disseminated disease in
an lmmunocompetent patient have also been reported
(Fang et al.1999).

M. ulcerans

Failure to cultivate this organism in the past was due to
its fastidious, heat-sensitive nature as well as to a long
generation time compared with that of other NTM.
Many conventional decontamination protocols used in
mycobacteriology interfere with the viability of M
ulcerans (Palomino and Portaels 1998). Supplementation
of media with egg yolk or reduced oxygen tension
enhances the rate of recovery in the BACTEC 460T8
System (Palomino et al. 1998). Molecular techniques
have been developed that may help to lead to more
rapid diagnosis (Portaels et al. 1997).

M. ulcerans was first described by MacCallum et al.
(1948) in Bairnsdale in Australia and named for the
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characteristic indolent necrotizing skin ulcer ('Bairnsdale

ulcer') it causes. Cutaneous infections also occur in

other tropical climates, including Central and South

America, Southeast Asia, and West Africa, where the

characteristic lesion is called the 'Buruli ulcer' (Muelder

and Nourou 1990; Goutzamanis and Gilbert 1995). The

frequency of M. ulcerans infection has long been under-

estimated due to the difficulties in isolating the

pathogen. Today, M. ulcerans infection is the third most

frequent mycobacterial disease in humans after tubercu-

losis and leprosy (Weir 2002).

M. ulcerans is considered an environmental saprophyte

in tropical regions and has been isolated from swampy

water in Uganda, but the natural reservoir has not been

clearly identified (Muelder and Nourou 1990; Hayman

1993). The mode of transmission to humans is also uncer-

tain, but traumatic inoculation into the skin is most likely.

Disease probably occurs via direct contact with contami-

nated environment or via water-dwelling fauna such as

insects. Most lesions appear on the extremities. At first, a

hard, painless, and usually pruritic subcutaneous lump

forms. After a few weeks, a shallow ulcer develops. M.

ulcerans produces a toxin that causes necrosis (Van der

Werf et al. 1999). The type of disease ranges from a

localized nodule or ulcer to widespread ulcerative
(Figure 46.12) or nonulcerative disease including osteo-

myelitis. If untreated, severe limb deformities with

contractures and scarring are common. Disseminated M.

ulcerans disease has been reported in an HlV-positive
patient (Johnson et al. 2002). There is growing evidence

that M. ulcerans also produces disease in wild animals

such as lizards, oppossums, koala bears, armadillos, rats,

mice, and cattle (Portaels et al. 2001).

M. xenopi

Strains of this species require 6-8 weeks to form visible,
very fine, round colonies on primary isolation. With age,

Figure 46.12 Buruh ulcer on the body of a young girl caused by
Mycobacterium ulcerans (Courtesy of F. Portaels PhD, lnstitute of
Tropical Medicine, Antwerp/Belgium )

colonies may become pigmented. The optimum growth

temperature for the species is 45'C.

The species name derives from the initial isolation

from a dermal granuloma of the toad, Xenopus laevis

(Schwabacher 1959). The usual habitat of M. xenopi is

water. Case clusters have been observed along coastal

regions of Europe and in Ontario, Canada. Pulmonary

M. xenopi infections occur more frequently in the UK,

Western Europe, and Canada (Smith and Citron 1983;

Simor et al. 1984; Falkinham 1996) than in the USA,

where M. xenopi accounts for less than 0.25 percent of

mycobacteria isolated and reports of pulmonary infec-

tions have been more sporadic (O'Brien et al. 1987). In

areas where M. xenopi is more endemic, it is most often a

colonizer (60-70 percent of cases), so that the problem of

distinguishing pathogens from colonizers of the respira-

tory tract is similar to that for MAC isolates. Increased

isolation of the organism may, however, also be due to

improved laboratory techniques (Donnabella et al. 2000).

Pulmonary disease is the most common manifestation

of infection (American Thoracic Society 1997; Jiva et al.

1997; Bachmeyer et al. 2001,), usually occurring in

middle-aged and older males with underlying lung

disease such as COPD, bonchiectasis, or old pulmonary

scarring from previous pulmonary TB. The illness is suba-

cute and characterized by cough, sputum production,

weight loss, and malaise. Chest X-ray and histology of

pulmonary lesions cannot be distinguished from TB and

shows cavitary lesions of the upper lobes in 73-96 percent

of patients; granulomas are seen on lung biopsy (Smith

and Citron 1983; Simor et al. 1984). Extrapulmonary

infections such as septic arthritis (Kelly er al. t999),

catheter-related infections, spondylitis (Danesh-Clough

et al. 2000; Kulasegaram er aL.2001), and dissemination

(Kesten and Chaparro 1999) have also been described

both in immunocompetent and in immunocompromised

individuals. Failure in hygiene practices has led to

nosocomial outbreaks of M. xenopl in patients after

discovertebral surgery (Astagneau et al. 2001).

NTM RARELY RECOVERED OR INFREQUENTLY
CAUSING HUMAN DISEASE

Some NTM, including M. gordonae, M. scrofulaceum,

and M. terrae complex, are frequently recovered from

clinical specimens but are rarely associated with human

disease. Some of the older case reports of infections

attributable to these mycobacteria lack sufflcient docu-

mentation of disease association or identiflcation, the

latter mainly due to unsatisfactory laboratory techni-

ques. Other species, such as M. asiaticum or M.

shimoidei, are globally so rarely recovered that most

laboratories will never see them.

M. asiaticum

The first published report of human disease described

five patients with pulmonary disease in Australia. There
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were patients with respiratory disease in the USA and
elsewhere as well (Taylor et al. 1990) and also with
bursitis (Dawson et al. 1995) and tenosynovitis (Foulkes
et al.  1998).

M. bohemicum

The organism is a bright yellow species that has been
recovered from veterinary (goat) and environmental
(freshwater) sources. Initially, it was isolated from a
patient with Down's syndrome and tuberculosis
(Reischl et al. 1998), but it was later also found in
children with cervical lymphadenitis (Tortoli et al. 2000).

M. branderi

Isolated from respiratory specimens collected in Finland,
this organism was characterized in 1995 and considered
a new potential pathogen (Koukilzi-Kiihkolii et al. 1995).
The nonpigmented species is closely related to M.
celatum, M. cookii, and M. xenopi based on comparative
165 rRNA sequencing. Wolfe et al. (2000) reported a
case in which M. branderi was the only organism
isolated upon culture from a hand infection.

M. celatum

M. celatum shares morphological and biochemical char-
acteristics with MAC, M. malmoense, and M. shimoidei
and can, therefore, only be distinguished from them by
molecular techniques. It has two copies of the rRNA
gene. Because of the high similarity of the 165 rRNA
gene sequence with that of M. tuberculosls, several strains
have been misidentified in the past (Tjhie et al. 2001).

M. celatum has been isolated from diverse geographic
regions, i.e. throughout the USA, Finland, and Somalia,
mainly from respiratory tract, stool, and blood speci-
mens. Many of the patients have been infected with HIV
(Butler et al. 1993; Golizadeh et al. 1998). In addition,
M. celatum has been isolated from an immunocompetent
child suffering from cervical lymphadenitis and from an
elderly female patient with a fatal pulmonary infection
(Bux-Gewehr et al.  1998).

M. conspicuum

Growing at 22-31C and producing pale yellow colonies
on solid media, this organism is related to M. asiaticum
and M. gordonae, as based on its 165 rRNA gene
sequence. It is known to have been the etiological agent
for disseminated disease in two AIDS patients (Springer
et al.  1995).

M. gastri

This species was isolated from gastric washings and
isolates have formed a clear and separate cluster in
studies based on numerical taxonomy (Wayne 1984).

Based on the 165 rRNA gene sequence M. gastri is
indistinguishable from M. kansasii. Nevertheless, it is
easily distinguishable from M. kansasii by its colony
morphology and the inability to produce pigment and
reduce nitrate. The species has not been associated with
disease in man or animals and is encountered only
rarely, even though it has been isolated from sputum

and soil. Also, as judged by modern identification
criteria, none of the published reports gave sufficient
details to conclusively identify the organism as M. gastri.

M. gordonae

M. gordonae is the most commonly encountered 'non-

pathogenic' species in clinical mycobacteriology labora-

tories owing to its wide distribution in water and soil. In

only one of 38 published reports of M. gordonae infec-
tion was there convincing evidence that the organism
played a relevant role in disease (Wayne and Sramek
1992). 

-there 
are reports of peritonitis in patients under-

going continuous ambulatory peritoneal dialysis (Harro

et al. 1997). Importantly, Eckburg et al. (2000) have
reviewed clinical and chest radiographic flndings among
people with sputum positive for M. gordonae and
concluded that it is merely a nonpathogenic colonizing

organism, even among people with local or general

immune suppression and abnormal chest X-ray findings.

M. heckeshornense

Described in 2000, the scotochromogenic species was
recovered from the lungs of an immunocompetent
patient wih severe bilateral cavitary disease. On the
basis of its unique 165 rRNA and 165-235 spacer gene

sequences, it appears to be a new species (Roth et al.
2000; Richter et al. 2001).

M. heidelbergense

Biochemically, M. heidelbergense is indistinguishable
from M. malmoense, but it is unable to grow under
microaerophilic conditions. Sequencing of the 165 rRNA
gene positions the species on a branch separate from M.
malmoense but within a group of slowly growing myco-
bacteria with a high degree of similarity to M. simiae
(Haas et al. 1997). M. heidelbergense was first described
rn 1997 as an isolate from a child with recurrent lympha-
denitis. The organism was also found to mimic a lung
tumor in a previously healthy woman (Pfyffer et al.
1998b) (Figure 46.13).

M. interjectum

Closely related to M. simiae, colonies of this species are
scotochromogenic. M. interjectum has been recovered
from children with chronic lymphadenitis (Springer et al.
1.993; De Baere et al. 2001) and from an AIDS patient
with diarrhea (Green and Afessa 2000).
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Figure 46.13 Mycobacterium heidelbergense infection mimicking
a lung tumor. Computed tomography scan at the level of the
middle lung lobe showing a solid lesion located subpleurally,
without calcification or necrosis

M. intermedium

The photochromogenic species can easily be confused
with M. asiaticum, although differences exist in colony

morphology. It has repeatedly been isolated from a pati-

ent with chronic pulmonary disease (Meier et al. 1993)

M . l a c u s

A novel nonchromogenic mycobacterium has been

isolated from synovial tissue from an elderly female

with bursitis of her elbow (Turenne et al.20O2\. Its 165

rRNA gene sequence shows a close relationship with M

malmoense, M. marinum, M ulcerans, and M. tubercu-

/osls complex.

M.lentiflavum

First described in 1996, this species usually has a bright
yellow pigment, a distinct pattern of mycolic and cellular

fatty acids and does not grow at 45' C. The majority of

the isolates were from respiratory specimens (Tortoli

et al. 2002), but it was also the etiological agent of

cervical lymphadenitis (Haase et al. 1997; Cabria et al.

2002) and of disseminated infection in HlV-positive
patients (NgoNiobe et al. 2001; Ibanez et al. 2002).

M. palustre

Described rn20O2, this organism has been the etiological

agent of lymphadenitis in a child (Torkko et aI.2002).

M. scrofulaceum

Derived from 'scrofula,' the historical term was used to

describe mycobacterial infections of the cervical lymph
glands. Until the 1980s, the organism was the most

common cause of mycobacterial cervical lymphadenitis

in children. Nowadays, it has been replaced primarily by

MAC (Wolinsky 1995). There are only a few reports of

other human diseases, e.g. pulmonary disease, conjuncti-

vitis, osteomyelitis, meningitis, granulomatous hepatitis,

and disseminated disease (see Falkinham 1996).

M. shimoidei

First described in 1988 in a Japanese patient with cavi-

tary lung disease, this is a thermophilic organism,

growing well at 45"C. In general, M. shimoidei bacilli are

unreactive in standard biochemical identiflcation tests.

Fewer than ten cases of M. shimoidel infection have

been reported in the meantime (Mayall et al. 1'999;

Sundman et al.2002). The disease resembles pulmonary

tuberculosis and occurs in elderly males, in one case

with pre-exist ing si l icosis.

M. terrae complex

Unambiguous identification of the members of the

complex (M. terrae, M. triviale, M. nonchromogenicum)

requires molecular methods. Clinical disease due to M.

terrae is generally limited to pulmonary disease and

infections of the hand such as tenosynovitis or more

severe manifestations (Figure 46.14) following local

trauma (Smith et al. 2000). M. nonchromogenicum,

which is ubiquitous in the aquatic environment, has been

the cause of bacteremia in an AIDS patient (Mayo et al.

1 998).

M. triplex

Most closely related to M. simiae and M. genavense, this

differs from the former in not producing any pigment

and from the latter in growing easily on solid media

(Floyd et al. 1996). It was characterized in 1996 as an

unusual cluster of slowly growing mycobacteria that

strongly resembled MAC but were DNA gene-probe-

negative. The majority of isolates were from either

lymph nodes or respiratory specimens. M. triplex caused

Figure 46.14 Tenosynovitis due fo Mycobacterium terrae
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a pulmonary infection in an immunocompetent patient
(McMullan et al.2002) and disseminated infections in an
HlV-positive patient during antiretroviral therapy
(Cingolani et al. 2000) and in a liver transplant patient
(Hoff et al.  2001).

M. tusciae

The yellow-pigmented organism has been found in tap
water and in a few clinical specimens in 1999, i.e. in a
Iymph node of an immunocompromized child and in a
respiratory specimen of a patient with cystic fibrosis
(Tortoli et al. 1999).

PSEUDOINFECTIONS

Pseudoinfection is the term used to describe a mistaken
diagnosis because of clinical specimen contamination.
With today's molecular techniques, pseudoinfectrons can
easily be proven, e.g. whether cross-contamination has
been linked to the laboratory procedures per se or to
contaminated bronchoscopes (Bennett et al. 1994;
Agerton et al. 1997; Gillespie et al. 2000). False-positive
results may be generated at any step between specimen
collection and reading of cultures (ASTPHLD 1997).
Examples of such occurrences include the contamination
associated with laboratory processing (Tokars et al.
1990; Bearman et al. 2002) and the contaminationby M.
tuberculosis, M. xenopi, and M. gordonae of hot water
used to clean or rinse bronchoscopes after use (Steere
et al. 1979; Nye et al. 1990; Gubler et al. 1992; Bennett
et al. 1994). In each case, elimination of the contamina-
tion resulted in eradication of the pseudoinfection. Clus-
ters of infections by these bacteria without supportive
clinical evidence of infection are a clue that the cause
may be contamination. Nosocomial pseudoinfection are
associated with contamination of potable water and
accumulated organic material at hot-water taps in hospi-
tals (Costrini et al. 1981; Sniadack et al. 1993; El-Sahly
er al.2002).

TREATMENT OF MYCOBACTERIAL
INFECTIONS, PREVENTION, AND
CONTROL

Susceptibil i ty to chemical and physical
agents

Mycobacteria are as susceptible as other nonspore-
forming bacteria to heat, and to some other physical and
chemical agents, although some early work on the heat
susceptibility of mycobacteria may have suggested other-
wise (reviewed by Corper and Cohn 1937). For example,
the conditions for pasteurization of milk were selected
on the basis of the killing curves for tubercle bacilli
(55'C for t h), because at that time they were consid-
ered the most heat-resistant orsanisms in milk. The

discrepancies in the early studies were probably due to
differences in methodology and selection of an end
point. Materials containing mycobacteria can be readily

sterilized by the standard conditions used (15 min at

lZlC for clean materials and 30-60 min for infectious
wastes) (Marsik and Denys 1995).

Heat susceptibility varies among the Mycobacterium

spp. Tubercle bacteria are killed at >65'C for at least
30 min. The kill rate for a strain of M. avium isolated

from human and porcine tissues was not significant at

60'C, whereas the decimal reduction values (D values)
were 4 min or less at 65'C and 1.5 min or less at 70"C
(Merkal and Crawford 1979). The temperature required

to kill M. bovis was 6-7"C lower than that for M. avium

in meat products (Merkal and Whipple 1980); in a study

of nine species frequently isolated from domestic water

supplies (Schulze-Rdbbecke and Buchholtz 1992), D
values at 55'C ranged from 6 min for an isolate of M.

kansasii to approximately 6 h for an isolate of M.
xenopi. Of the other isolates tested, M. phlei was rather

heat-resistant, M. marinum was rather susceptible, and

the five other species tested (M. avium, M. chelonae, M.

fortuitum, M. intracellulare, and M. scrofulaceum) were
intermediate in their susceptibility to heat. In M. thermo-

resistibile, mycolic acid synthesis was considerably

reduced at 55"C compared with 37"C and the production

of fatty acids, presumably precursors of mycolic acids,
was increased (Kremer et al.2002).

Mycobacteria are generally resistant to acids and
alkalis, and this feature is used to advantage in isolation
procedures. As much as 2 percent sodium hydroxide, 2
percent sulfuric acid, or 2.5 percent oxalic acid can be
used to kill contaminants in specimens prior to culture.

However, the killing activity of acids and alkalis
increases with increasing temperature of exposure, and
resistance varies greatly among different species, so care
must be taken in any decontamination procedure to
avoid killing the mycobacteria of interest. Tubercle

bacilli are also resistant to quaternary ammonium

compounds and, indeed, cetylpyridinium chloride has

been used for decontamination of clinical specimens
prior to culture (Kent and Kubica 1985).

With respect to chemical disinfectants, mycobacteria
are susceptible to a variety of chemical agents, including

alcohols (70 percent ethyl alcohol; isopropyl is not as

active as ethanol), chlorine, glutaraldehyde, iodophores,

ethylene oxide, formaldehyde, hydrogen peroxide, and
phenolic compounds (Marsik and Denys 1995). Deriva-
tives of phenol in which a functional group (e.g. chloro,
benzyl, phenyl, or amyl) replaces one of the hydrogen

atoms on the aromatic ring are effective and safe to use
(Marsik and Denys 1995). The three most commonly
used derivatives are o rtho -phenylphenol, o rtho -benzyl-

para-chlorophenol, and para-tertiary amylphenol. A
ten-fold dilution of household bleach (5.25 percent

sodium hypochlorite) provides a solution with approxi-
mately 5 000 ppm available chlorine, which may be used
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for immersion of contaminated glassware, in discard

pans in biological safety cabinets, and for general

laboratory clean-up. However, the amount of chlorine

needed to kill the various mycobacteria ranges from

1 000 to 10 000 ppm (Best et al. 1990; Marsik and Denys

1995). However, agents that are inactivated in the

presence of organic matter (e.g. alcohols) cannot be

relied upon to disinfect sputum and other protein-

containing materials. With iodophors, the bactericidal

effect depends on the content of available iodine as well

as on the presence of organic matter (Best et al. 1990).

Other agents such as malachite green, quaternary

ammonium compounds, hexachlorophene, and chlorhex-

idine are bacteriostatic at best. Vaporization of para-

formaldehyde crystals is used for the disinfection of

large areas. The conditions for this procedure are very

detailed since the area must be sealed to prevent the

escape of toxic gas (CDC 1999).

Endoscopes are a potential source for the spread of

mycobacteria and represent a challenge for disinfection.

Alkaline 2 percent solutions of glutaraldehyde at pH

7.4-8.5 have been used, but claims for its activity against

mycobacteria must be evaluated carefully and the expo-

sure time must be adequate to assure tuberculocidal

activity (Marsik and Denys 1995). Rutala and Weber

(1995) reviewed studies relating to the tuberculocidal

activity of glutaraldehyde and concluded that the

number of bacilli on endoscopes could be reduced by

four logs by a standardized cleaning protocol including

immersion in a glutaraldehyde solution for 20 min at

20"C. Current requirements are that endoscopes be

immersed in the glutaraldehyde solution at 25'C for

45 min.

Mycobacteria are resistant to freezing and desiccation

and can survive for long periods on inanimate objects if

protected from ultraviolet (UV) light, which is highly

tuberculocidal. For example, 90 percent of a population

of 106-107 cells of M. tuberculosls suspended in tap

water at a depth of 2 cm can be killed by exposure to

5 000 pW s/cm2 of UV light or by 99.99 percent with

exposure to 20 000 pW s/cm2 of UV light. doses that are

similar to those required to kill other bacteria (Rubbo

and Gardner 1965). Tubercle bacilli can remaln

suspended as a stable aerosol in air for many hours. The

persistence of tubercle bacilli on surfaces and in air

prompted development of methods for removal

including treatment of the air and surfaces with UV light

(Riley 1957, 1961), filtration of room air through high-

efficiency particulate air filters (Rutala et al. 1995), and

the use of respirators certified by the National Institute

for Occupational Safety and Health (NIOSH 1995).

Each procedure can clearly reduce the number of

tubercle bacilli available to be inhaled. Given the low

infective dose, strict adherence to the commonly

accepted safety requirements in the mycobacteriology

laboratory (e.g. CDC/NIH biosafety guide for labora-

tories: CDC 1999) is mandatorv.

Susceptibility to antimicrobial agents

M. TUBERCULOS$ COMPLEX

Diseases caused by Mycobacterium spp. are difficult to

treat, and the search for effective drugs has been active,

the most intensive search being for drugs effective

against TB, the mycobacterial disease of greatest public-

health significance. Doub (1979) recounts some of the

early events leading to the development of anti-TB

drugs and concludes that 'of those that succeed [as anti-

TB drugs], it is a story of serendipity and of chemical

intermediates for planned drugs.' Synthetic drugs active

against M. tuberculosis include p-aminosalicylic acid

(PAS), PZA, INH, ethionamide, and EMB. Antibiotics

are RMP, other rifamycins (e.g. rifabutin), SM,

viomycin, kanamycin, capreomycin, and cycloserine.

One of the newer active drugs is ofloxacin, a fluorinated

carboxyquinolone, and linezolid, an oxazolidinone

compound, has promising effects as well. The modes of

action of the antimycobacterial drugs have been

reviewed (Musser L995; Inderlied and Pfyffer 2003).

The reliability and standardization of methods for

testing the susceptibility of M. tuberculosls isolates to

anti-TB drugs were discussed by Canetti et al. (1969)

and the methods used routinely in most mycobacter-

iology laboratories have been reviewed (Kent and

Kubica 1985; Heifets and Good 1'994; Inderlied and

Pfyffer 2003). A key to producing reliable results is the

use of standardized drug concentrations to determine if

a strain is resistant. As defined by Canetti et al. (1963):
'Resistance is clinically signiflcant when at least 1

percent of the total bacterial population develops at the

so-called critical concentrations.' The'critical concentra-

tion' is the weakest concentration of drug that inhibits

the growth of more than 95 percent of wild-type isolates

of a given species using precisely defined experimental

conditions. For M. tuberculosis, the critical concentration

of INH in 7H10 agar medium is 0.2 pg/ml, RMP is

1.0 pg/ml, PZA is 25.0 pglml, and EMB is 5.0 pg/ml

(Kent and Kubica 1985), while the critical concentra-

tions in liquid media may be different (NCCLS 2003).

Additional concentrations are often tested to provide

information to physicians to assist them in designing a

therapeutic regimen. However, the critical concentration

is always included so that there is a historical basis to

determine whether resistance increases in speciflc popu-

lations over time. Recognition of the emergence of

resistance and the need to insert new drugs into a treat-

ment regimen are dependent on collection of accurate

data.

Drugs

lsoniazid INH (isonicotinic acid hydrazide) was first

synthesized in the early part of the twentieth century,

but its activity against tubercle bacilli was not discovered
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until mid-century. The drug has been the mainstay of
antituberculosis therapy for more than 40 years, but
neither the target site in the mycobacterial cell nor the
mode of action is well understood (Zhang and Young
1993; Musser 1995). The antibacterial spectrum of INH
is limited largely to inhibition of strains of M. tubercu-
/osis. The MIC for susceptible strains of M. tuberculosis
is usually less than 0.05 pg/ml, and other species in the
M tuberculosis complex are also highly susceptible.
However, MAC strains and strains of other species are
not susceptible to INH. Middlebrook (1954) found that
there was a link between INH resistance and reduced
catalase activity. However, the exact relationship and
molecular basis of INH resistance are still unknown.
INH per se is not active and its activation is achieved by
the catalase-peroxidase encoded by the katG gene. The
KatG enzyme activates INH in a toxic metabolite that
blocks the synthesis of mycolic acids (Zhang and Young
1993; Musser 1995). Numerous mutations, including
point mutations and deletions, have been identified in
the katG gene. Those located in part of the gene corre-
sponding to the NH2 domain of the protein, i.e. the
active site of heme binding, are correlated with a loss of
the KatG activity and high resistance to INH whereas
those located in part of the gene corresponding to the
COOH domain, where INH binds. still have some KatG
activity and are correlated with a low INH resrstance.
The low INH resistance may also be related to surex-
pression of two enzymes involved in the synthesis of
mycolic acids, InhA and the InhB complex, composed of
AcpM and KasA proteins. It has been proposed that
activated INH binds to NADH, and that this complex
once bound to InhA, an enoyl-acyl carrier protein
reductase, inhibits mycolic acid synthesis. InhA surex-
pression correlated with mutations in the promoter
region of inhA confers low resistance to INH and cross-
resistance to the second-line drug ethionamide. The
kasA gene encodes an enoyl-acyl carrier protein
synthase involved in mero-mycolic acid synthesis. Muta-
tions in kasA have been found in low INH-resistant
strains and also in sensitive strains. Mutations in INH-
resistant strains are associated with mutations in katG or
inhA, and the significance of mutations in kas,4 is still
unclear. Another gene, ahpC, has been involved. The
AhpC protein contributes to detoxification of organic
peroxydes into alcohols, according to a second pathway
of defence against oxidative stress products. Mutations
in the promoter region of ahpC yields an overexpressron
of AhpC, which compensates for the loss or diminished
activity of KatG. Altogether, mutations in these genes
may account for approximately 90 percent of INH resis-
tance.

Rifampicin RMP was introduced in 1968 for the
treatment of TB and is a first-line drug along with INH,
PZA, and EMB. It is a broad-spectrum antibiotic that is
active against M. leprae, M. kansasii, M. haemophilum,

and M. marinum, as well as bacteria in other genera.

The mechanism of action is similar to that in E. coli and
involves inhibition of DNA-dependent RNA polymerase
(Jin and Gross 1988; Musser 1995). Studies showed that
more than 96 percent of RMP resistance could be attrib-
uted to mutations within an 81-bp region of the rpoB
gene (Telenti et al. 1.993a). The molecular mechanism of
rifampin resistance in M. leprae is similar to that in M.
tuberculosis.

Pyrazinamide PZA is a synthetic derivative of nico-
tinamide that is rapidly bactericidal for reproducing cells
of M. tuberculosrs; the average MIC is 20 pglml (Inder-

lied and Pfyffer 2003). The drug is inactive against
nonreplicating tubercle bacilli and against all other
species of mycobacteria, including M. bovis, MAC, and
rapid growers. Optimal in vitro activity of PZA is
observed at pH 5.5-6.0. Neither the mechanism of action
nor the molecular basis for resistance is fully understood
(Musser 1995) although there is evidence that the
enzyme that hydrolyzes PZA to pyrazinoic acid, pyrazi-

namidase, is essential to susceptibility to the drug
(Butler and Kilburn 1983). Lack of pyrazinamidase

activity and its correlation with PZA resistance has been
associated with mutations in the pncA gene that encodes
the enzyme (Scorpio et al. 1997). Apparently, 72-97
percent of PZA resistance can be attributed to muta-
tions in that gene.

Ethambutol EMB is a synthetic compound intro-
duced in L96L for the treatment of TB. Preliminary
studies were carried out with the racemic mixture of the
compound, but only the t-isomer is effective, which is
less toxic than the racemic mixture. MICs against wild-
type isolates of M. tuberculosis are 1-5 pglml, but the
drug is rather inactive against other species (Inderlied

and Pfyffer 2003). EMB inhibits cell-wall synthesis and
is bacteriostatic. EMB resistance correlates with a
specific mutation at codon 306 in the embB gene, which
encodes arabinosyltransferase. Mutations in this codon
were associated with MICs of 2040 pglml for several
EMB-resistant isolates of M. tuberculosls (Alcaide et al.
1997a).The mechanism of action probably involves
inhibition of arabinogalactan synthesis (Takayama and
Kilburn 1989) or synthesis of precursors of cell-wall
components (Musser 1995). The drug has a synergistic
effect in combination with ciprofloxacin, amikacin,
and rifampicin against M. malmoense (Hoffner et al.
1ee3).

Streptomycin SM has been used extensively in the
treatment of TB. Amikacin and kanamycin can be admi-
nistered as well while gentamycin and tobramycin are
inactive against mycobacteria at the usual concentrations
attained in serum. SM is active in vitro against M. tuber-
culosis, M. kansasii, and M. marinum. The drugs must be
given by injection and, over the years, SM in particular,



Treatment of mycobacterial infect ions, prevention, and control 1219

lost popularity and became difficult to obtain. Ototoxi-
city is the major side effect associated with aminoglyco-
sides. Concerning SM resistance of M. tuberculosis,
about 66 percent of strains display changes in the rpsL

or 165 rRNA gene, as is seen in other bacteria (Musser

1995). This observation implies that there is at least one
additional mechanism conferrins resistance.

Drug regimens

Today's standard regimen (directly observed therapy,
short-course (DOTS)) according to the WHO/IUATLD
consists of a combination of three or four drugs (INH,

RMP, EMB, PZA) for 2 months, followed by a dual
combination of INH and RMP for 4 months. For multi-
drug-resistant TB, additional drugs have to be added
and length of therapy adapted.

Prevention and control of human TB

The principles of TB surveillance and control have been
reviewed in detail by Styblo (1986). As TB is almost
always spread from person to person, chemotherapy, by
rendering source cases uninfectious, is the main compo-
nent of control programs. The impact of chemotherapy
on the spread of infection depends on the effectiveness
of the therapeutic regimens, the adherence (compliance)

of the patients, and the percentage of cases that are
diagnosed. The impact of chemotherapy on disease
control also depends on the interval between onset of
infectivity and commencement of therapy. The epide-
miological impact of chemotherapy is considerably
reduced if source cases have infected all their household
contacts by the time they commence therapy. Patients
receiving effective chemotherapy are rapidly rendered
noninfectious even though they continue to excrete
cultivable tubercle bacilli for several weeks. For prac-

tical purposes, patients are usually regarded as being
noninfectious from the time that chemotherapy is
started (Rouillon er al. 1,976), though this is a risky
assumption in regions and communities where multidrug
resistance is common.

Cases may be detected passively, i.e. by waiting for
those with symptoms to attend health centers, or
actively, by searching for suspects, usually defined as
people with a cough for 1 month or more in duration.

Contact tracing is a key component of tuberculosis
control and up to 10 percent of cases of TB may be
found in this way. Household contacts of patients with
smear-positive pulmonary disease should be screened, as
should the contacts of patients with nonrespiratory
smear-negative pulmonary disease, as they may prove to
be the source cases.

Vacci nation strateg ies

A living, attenuated vaccine was produced by Calmette
and Gu6rin from a tubercle bacillus isolated from a case

of bovine mastitis by passaging it 230 times over a

period of 11 years, by which time extensive animal

studies showed that it had lost its virulence. This

vaccine, bacille Calmette-Gu6rin (BCG), was given

orally to neonates in 1921, but is now given by injection

or multipoint inoculation.

The protective efficacy of BCG vaccine has been the

subject of considerable controversy, as a number of

major trials have shown its efficacy to vary from around

80 percent to none at all (Colditz et al. 1994). The

various explanations of these discrepancies are outlined

elsewhere. When given to an uninfected (tuberculin-

negative) child, BCG offers protection against the

serious forms of primary infection, especially those due

to dissemination of bacilli from the primary complex. It

is, however, much less effective in preventing tubercle

bacilli from persisting in the tissues and becoming reacti-

vated later in life. which sreatlv limits its use in the

control of TB.

BCG protects equally well against leprosy as against

tuberculosis (Brown et al. 1966) and protects children

against cervical lymphadenitis caused by environmental

mycobacteria (Romanus 1990). Thus, there is little

doubt that the mycobacterial antigens that induce

protective immunity are mostly or entirely among those

that are common to all species in the genus.

LEPROSY

In view of the antiquity of leprosy, there are surprisingly
few historical accounts of treatment. One substance,

chaulmoogra oil, had been used to treat leprosy in India

for 2 000 years and in China from the fifteenth century,

and more purified preparations, given by mouth and by

injection, were widely used during the period 1850-1900.

Hansen and Looft (1895), in an excellent and nihilistic

chapter, described how none of the then recommended

remedies, including chaulmoogra oil and Koch's old

tuberculin, helped their patients. From about 1900

onwards, derivatives of chaulmoogra oil, especially

iodized ethyl esters, which could be administered

parenterally, were developed, and Lara (1930) claimed

that, since 1921 in Culion Leprosarium, 27.7 percent of

8 520 patients became skin-smear-negative for acid-fast

bacilli following their intradermal use. By and large, it

was only the tuberculoid and borderline cases that

improved, and relapse rates were high.

In the sulfonamide era, it was found in I94I that the

disubstituted sulfone, sodium glucosulfone (Promin),

protected guinea pigs from experimental tuberculosis. It

proved inactive in human tuberculosis, but when given

intravenously it was effective against lepromatous

leprosy (Faget et al. 1943). Laryngitis was controlled,

rhinitis improved, incipient blindness was prevented, and

lepromatous ulcers often healed, even though the

dermal inflltrate resolved only slowly and skin smears

remained positive after 2 years. In 1948, the much
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simpler, cheaper, and less toxic sulfone, dapsone (DDS)
(Cochrane et al. 1949), which could be given orally as
well as parenterally, was introduced, and by the early
1950s was recommended by WHO as the standard drug
for the mass treatment of leprosy. However, relapses
occurred in lepromatous patients unless treatment was
maintained for many years, and from the early 1960s,
relapse began to be reported in LL and BL patients who
were still receiving treatment.

The mouse foot pad method provided evidence from
more than 25 countries of an ever-increasing prevalence

of relapsed lepromatous patients due to 'secondary'

DDS resistance; it also demonstrated 'primary' DDS
resistance in previously untreated lepromatous patients
(Pearson et al. 1.9'77). Against this background, the
WHO convened a study group (WHO Study Group
1982) to advise on the catastrophic situation, which, if it
continued, might destroy the value of dapsone - the
least expensive antileprosy drug, with a proven record of
efficacy and long-term safety. The Group recommended
MDT for all leprosy cases (Table 46.3). It was antici-
pated that MDT might also shorten the length of treat-
ment, just as the introduction of new and better drug
combinations enabled the treatment of tuberculosis to
be shortened. Two MDT regimens, designed for field
use and based on the patient's bacterial load when
untreated. were recommended. Patients were classified
as either'mult ibaci l lary, 'which included al l  LL, BL, and
BB patients plus those BT (and rare idt) patients who
had a skin-smear BI reading of two or more at any site,
or 'paucibacillary,' which included all smear-negative
BT, TT, and idt cases plus those with no smear BI
reading greater than one. Subsequently, for operational
reasons (WHO 1988), it was agreed that all smear-posi-
tive patients should be classified as 'multibacillary.' A
combination of only two of three drugs (rifampicin,

dapsone, and clofazimine) was required for paucibacil-

lary patients, as their bacterial load was too small to
contain drug-resistant mutants. The choice of the three
drugs was made on the basis of their high activity in
mice; rifampicin alone was strongly bactericidal (see
Rees 1985) and just as effective given monthly as daily
(Waters et al. 1978). Monthly visits during the period of
MDT ensured supervision for the administration of the
most effective and costly drug (rifampicin) and of the
300-mg dose of clofazimine (Table 46.3). The results
of MDT therapy have proved outstandingly good. In

multibacillary disease, the cumulative risk of relapse on

a 9-year follow-up has been 0.77 percent and in pauciba-

cillary disease 1-.07 percent (WHO 1994), although it is

possible that many of the paucibacillary 'relapses' were

in fact late type 1 reactions due to recognition of resi-

dual antigen rather than multiplication of surviving

leprosy bacilli - the differential diagnosis is notoriously

difficult. In view of these excellent results. a WHO

Study Group (1994) recommended that the triple drug

multibacillary regimen need only be given for 2 years in

all cases; this appears very suitable for mass treatment

campaigns, but as subsequently Jamet et al. (1995)

reported a 20 percent relapse rate among a group of 35
previously untreated LL and BL patients who received

this limited duration (2 years) chemotherapy, all the

relapses occurring among patients with high bacterial

loads, the original advice to continue treatment for 2

years and until skin smears become negative appears

wiser for individual patients (see Waters 1995).

Since the introduction of MDT in 1.982. three new

groups of drugs have been found to be bactericidal for

M. leprae, namely the quinolones pefloxacin and oflox-

acin (but not ciprofloxacin), ofloxacin being given in the

dosage of 400 mg daily, minocycline 100 mg daily, and

clarithromycin 500 mg daily. All are less rapidly bacter-

icidal than rifampicin, but more rapidly so than dapsone

and clofazimine. The WHO Study Group (1994) has

recommended that ofloxacin or minocycline should be

used when patients refuse to accept clofazimine and has

also suggested alternative regimens for those rare pati-

ents who suffer from rifampicin resistance or toxicity.

Prophylaxis

Measures for the control and prevention of leprosy

include:

o early diagnosis, and treatment with MDT;
o health education to encourage early self-presentation;
o examination of domestic contacts associated with

health education, so that any who subsequently

develop symptoms of leprosy present rapidly, not

waiting for annual surveillance; and

o vaccination of neonates with BCG. the vaccine used

for tuberculosis.

The advent of successful MDT has increased public

awareness and greatly encouraged early self-reporting.

Table 45.3 The World Health Organization (WHO) Study Group's recommended treatments for leprosy

Type of patientu

Mul t ibac i l la ry
Paucibaci I  lary

Rifampicin 600 mg
once monthly
. b

Clofazimine 300 mg
Dapsone 100 mg daily once monthly + 50 mg daily

*  * o

Duration
(months)

>24'
6

a) For definrtions. see text
b)  +,  Treatment g iven;  ,  t reatment not  g iven
c) Should be continued for at least 2 years and whenever possible until smears become negative
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WHO is aiming to 'eliminate leprosy as a significant
public health problem' (defined as a prevalence of less
than 1:10 000 population) by the year 2000; although
some countries will not achieve this objective, the
campaign, commenced in 1991, has helped to mobilize
the medicopolitical will, resulting in widespread applica-
tion of MDT.

There is still a need for a fully effective vaccine.
Fernandez (1939) observed that over 90 percent of
healthy lepromin-negative children became positive after
receiving BCG. There followed a series of field trials of
BCG against leprosy in three different countries
(Myanmar, New Guinea, and Uganda) and two tubercu-
losis studies were analyzed for their leprosy protection
(India and Malawi), all of which showed variable protec-
tion from 20 to 80 percent (see review by Fine 1988).
Variable protection is also a feature of the use of BCG
vaccine against tuberculosis. A second report from
Malawi, based on a randomized controlled trial of single
BCG, repeated BCG, or combined BCG, and killed M.
leprae vaccine (Rees 1983) for the prevention of leprosy
and tuberculosis (Karonga Prevention Trial Group,
1996), showed that in a population in which a single
BCG vaccination affords 50 percent or more protection
against leprosy, but none against tuberculosis, a second
vaccination can add appreciably to the protection
against leprosy. The addition of M. leprae to BCG did
not add to the protection provided by BCG alone,
although there was some suggestion that it might do so
under the age of 15 years. Further long-term follow-up is
required, especially as killed M. leprae but not killed
BCG will protect mice against experimental foot-pad
infection (Shepard et al. 1978). Second-generation
vaccines using genetic engineering should quickly
become feasible, if and when the protective antigens of
M. leprae are identified.

Chemoprophylaxis is not currently recommended by
WHO in leprosy endemic areas, partly because in the
classical dapsone child study in India of Dharmendra
and Noordeen (Noordeen 1969) more early cases of
leprosy occurred in the dapsone group than in the
control group during the first year of the study, although
thereafter there was highly significant protection.
However, in the UK and the USA, chemoprophylaxis is
recommended for child household contacts of leproma-
tous cases, and BCG is also given as immunoprophylaxis
in Britain. Kaur et al. (2002) reported quite satisfactory
results from a combined 12-month WHO/MDT MB
regimen and Mycobacterium w. vaccine in multibacillary
leprosy.

Mitsuda reaction

This reaction, also called the 'lepromin reaction,' was
described by Mitsuda in Japan in 1919. The test is
carried out by the intradermal injection of 0.1 ml of an
autoclaved extract of M. leprae from the skin lesions of

lepromatous patients, the extract being referred to as
'integral lepromin.' The crude preparations of Mitsuda's

era were standardized on the basis of content of tissue.

Modern preparations are standardized according to their

M. leprae content and prepared as described in a WHO

Memorandum (1979). Standard Mitsuda lepromin

contains 4.0 x 1.07 M. leprae per milliliter and has a shelf

life of 2 years at 4'C. Mitsuda lepromin is increasingly

being prepared from armadillo-derived M. leprae; slch

preparations, which are designated '(A),' are likely to

replace eventually the lepromin, designated '(H).'

derived from human lesions.

A positive reaction takes two forms, an early and a

late one. The early reaction is characterized by an acute

Iocalized area of inflammation with congestion and

oedema appearing usually within 24-48 h and tending to

disappear within 3-4 days. The late reaction (Mitsuda

reaction) is characterized by local infiltration of the skin

starting at about 7 days and proceeding to the formation

within 4 weeks of a nodule that may undergo central

necrosis and ulceration and take several weeks to heal.

The early or 'Fernandez' reaction (Fernandez 1940) is,

like the tuberculin reaction, a delayed-type hypersensi-

tivity (DTH). It is, however, usually poorly defined and

of little practical use. In contrast, the Mitsuda reaction is

not a measure of pre-existing DTH but is the manifesta-

tion of cell-mediated immunity, which the Mitsuda

lepromin itself can induce. It thus discriminates between

people who are capable of responding to M. leprae and

those who cannot. It is positive in the majority of

healthy adults, even in nonendemic areas, and cannot be

used as a diagnostic test. On the other hand, it is of

great value in classifying cases of leprosy (see above).

Prognostically, the Mitsuda reaction is indicative of

resistance to infection. Lepromatous patients are

invariably Mitsuda-negative unless, or until, abott 24

or more years have passed since they commenced

effective chemotherapy without any relapse. Around

this time, when presumably almost all the M. leprae

antigens have been removed, some develop a weak

positive reaction (Waters et al. 1990). Until then,

they are not converted by repeated Mitsuda tests or by

BCG, as healthy individuals frequently are. It is a

remarkable fact that lepromatous patients, though

failing to give a positive skin reaction to the leprosy

bacillus, are able to do so in response to antigens of

other mycobacteria, indicating that they are anergic both

to M. leprae-specific antigens and to common myco-

bacterial antigens, but not to other species-specific

antigens.

TREATMENT OF INFECTIONS BY NTM

Treatment of infections caused by NTM are, by far, Iess

well established than for tuberculosis. Usually, a

combination of several drugs is being administered for

a long period of time (months up to 12 years,
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depending on the species and the extent of disease). All
NTM have in common that they are inherently resistant

toPZA.

Pulmonary infections

With the advent of molecular testing in the laboratory, it
is important to recognize the species, its potential to

cause clinical disease, its susceptibility to antimicrobial

drugs, and its response to drug/surgical therapy. In parti-

cular, with NTM present in respiratory specimens, it is
not always easy to address these aspects, since not all
individuals with sputum cultures positive for NTM
require immediate treatment. In patients with severe
Iung problems or those with a single smear-negative,
culture-positive sputum specimen, treatment should be

delayed to determine whether the infection is invasive.

The guidelines of the American Thoracic Society (1997)

can be used to determine whether the infection is active.
The need for treatment should be assessed critically in
patients with medication intolerance or allergy, elderly
patients with indolent disease, and patients in whom
previous treatment has failed. Overall, prediction of

treatment outcome from in vitro susceptibility tests
continues to be a problem in infections with NTM
(Heginbothom 2001; Research Committee of the British
Thoracic Society 2002).

MAC. The MAC cell wall is a barrier to many anti-

microbial agents (Rastogi et al. 1990). MAC isolates are
generally resistant in vitro to most antituberculous
drugs, and in vitro susceptibility correlates poorly with

clinical response (Rynearson et al. l97l; Heifets 1988).
In the past, long-term treatment failures had been
commonplace and only 45-65 percent of patients

responded long term to early multidrug treatment regi-

mens (Etzkorn et al. 1986), but surgery combined with
medical therapy has been effective in highly selected
cases (Corpe 1981).

With the availability of newer drugs, better outcomes
can be expected. The ESM drugs (e.g. clarithromycin,

azithromycin) are the flrst with strong in vitro activity

against MAC (Heifets et al. 1994). They are concentrated
in lung tissue and macrophages, have a long half-life,
have a postantibiotic effect, and are well tolerated orally.
Availability of ESM antibiotics has led to a re-evaluation

of in vitro susceptibility testing to predict the likely

clinical response. Resistance to ESM in vitro may develop

during monotherapy and thus predict treatment failure
(Heifets et aL. 1994; Wallace et al. 1,994a).

Another advance is rifabutin, a derivative of rifamycin
S, which is more active in vitro against MAC than rifam-
picin. Preliminary data suggest that clinical responses
are improved only modestly when rifabutin is used in
place of rifampicin (O'Brien et al. 1990). Side effects
unique to rifabutin are also a drawback to its widespread
clinical use. Drug combinations, such as ethambutol and
rifampicin, are synergistic in vitro and effective in vivo,

although MAC are resistant to these agents individually

in vitro.

Usually, a regimen of an ESM, ethambutol, rifam-

picin, or rifabutin is recommended (ATS 1997). In

severe disease the addition of streptomycin for the

first 24 months of therapy is recommended. Treat-

ment should be continued for 18 months to 2 years or

at least 12 months after the last positive sputum culture.

M. kansasii. This is susceptible to most anti-

tuberculous agents except PZA. Some strains show

intermediate resistance to INH (Wallace et al. 1990). A

recommended regimen is INH, RMP, and EMB daily

for 18 months. Strains isolated from patients treated

with RMP are predictably susceptible to the drug at

1 pg/ml. As with most other pulmonary mycobacterioses,

large controlled clinical treatment trials have not been

reported. Medication regimens that include RMP have

relapse rates of less than 8 percent (Ahn et al. 1981) and

treatment can be shortened to 12 months if streptomycin

is added for the first 3 months (Ahn et al. 1983). Resis-

tance to RMP, which is caused by point mutations in the

rpoB gene (Klein et al. 2001), predicts a poor outcome.

RMP resistance has arisen as a result of inadequate

initial therapy and has been a greater problem in HIV

patients (Wallace et al. 1994b). Newer agents such as the

ESMs and fluoroquinolones are active against M.

kansasii in vitro and may be useful to treat patients

infected with RMP-resistant bacteria (Jacobs L999;

Burman et al. 1998). A rifabutin-based regimen has been

suggested for HlV-positive patients receiving anti-

retroviral therapy (Grifflth 2002).

Other NTM. Treatment of pulmonary disease caused by

other NTM remains controversial since it is uncertain

whether in vitro testing predicts clinical response in the

way it does for M. tuberculosis and M. kansasii and to a

lesser extent for MAC. Agents to be primarily considered

are clarithromycin, EMB, and RMP, while the utility for

amikacin, INH, rifabutin, ciprofloxacin, and streptomycin

are less certain (American Thoracic Society 1997). In a

large randomized trial of treatments for pulmonary

disease caused by MAC, M. malmoense, and M. xenopi in

HlV-negative patients, the research committee of the

British Thoracic Society (2001) missed a correlation of the

in vitro susceptibility results with the patients' response to

chemotherapy. In that study, treatment of M. malmoense

with RMP and EMB for 2 years was preferable to RMP,

EMB, and INH. Conversely, addition of INH reduced the

failure of treatment/relapse rates for MAC and M. xenopi,

but there were higher death rates overall. Lang-Lazdunski

et al. (2001) pointed out that resection represented an

important adjunct to chemotherapy for the treatment of

M. xenopi pulmonary disease.

Extrapulmonary infections

Most M. marinum isolates are predictably susceptible

to RMP and EMB. Alternative asents include
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clarithromycin, amikacin, ciprofloxacin, tetracyclines,

and sulfamethoxazole-trimethoprim. Even though treat-

ment with adequate drugs is administered, surgical inter-

vention (excision or debridement) is often necessary.

Wild-type strains of M. haemophilum appear to be

susceptible to quinolones, rifamycins, clarithromycin,

and azithromycin, and usually resistant to EMB, INH,

and SM. In vitro susceptibility test results may be

helpful for the treatment of other NTM such as M.

xenopi, M. szulgai, and M. malmoense because of the

lack of information about the susceptibility patterns of
these organisms. However, reports indicate that the

correlation between susceptibility test results and ther-

apeutic success was inconsistent (Wallace et al. 1988).
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some mycobacterial isolates that belong to species

considered to be slow growers initially be thought to be

RGMs, but also some isolates that belong to species that

are considered RGMs may initially be thought to belong

to one of the groups of slowly growing nontuberculous

mycobacteria.

Many case reports, even some published recently,

make little or no mention of the procedures used for

identifying isolates. Sometimes the only substantiation

for an identilication presented is that it was performed

in a reference laboratory. Unfortunately, it then

becomes impossible to know with certainty to what

species the isolate or isolates actually belonged; this

problem becomes magnilied as new specres are

described and reference is made to the older literature.

Deposition of unusual isolates, or of the sequences

obtained from unusual isolates, in appropriate reposi-

tories would be helpful, but this also may not have been
performed.

RGMs are widely distributed in the environment,

particularly in soil and water (Wolinsky and Rynearson

196i3; Wallace 1987; Carson et al.  1988; Covert et al.

1999); many outbreaks of infection are ultimately trace-

able to a contaminated water source. We are not aware

of any reports documenting the transmission of an RGM

directly from one patient to another. However, in one

outbreak of otitis media, it appeared that patient-to-

patient transfer via contaminated instruments played a

signiflcant role, although the ultimate source of the

infecting strain may have been tap water (Lowry et al.

1 988).

Rapidly growing mycobacteria

FRANK G. WITEBSKY AND PATRICIA S. CONVILLE

In t roduct ion
Taxonomic re lat ionships and grouping
Stain ing propert ies
Phenotypic  ldent i f  icat ion
Chromatography
Molecular  test ino

INTRODUCTION

The rapidly growing mycobacteria (RGM) were init ial ly
separated from the other nontuberculous mycobacteria
by Runyon as members of his Group IV (Runyon 1965);
as defined by him. these are 'Acid-fast baci l l i  which
from small  inocula mature at room temperature (25"C)
within one week. '  Unfortunately. not al l  isolates of al l
species of mycobacteria separate cleanly as either slow
or rapid growers. For example. a signilicant percentage

of Mycobacterium marintrm and Mvcobacterium terrae
isolates - perhaps more than half of each - meet the
technical definition of a RGM. although both species
are traditionally grouped with the slow growers It
is also important to note that the definition of an
RGM is not based on the t ime to detection of the
organism on init ial  isolat ion: especial ly with modern
l iquid-based culture methods, some isolates of species
generally considered to be slow growers, particularly
when present in high concentration in a specimen,
may occasional ly be detected in less than 7 days.
Conversely, some isolates of species that are generally
considered to be RGMs may take more than 7 days to
grow on init ial  isolat ion. especial ly i f  the culture is not
incubated at the temperature optimum for the species
in question. A further problem in the accurate init ial
categorization of an isolate is that dif ferent species of
RGMs may be photochromogenic, scotochromogenic, or
nonphotochromogenic (key features of the Runyon
groups I, II, and III, respectively, of slowly growing
nontuberculous mycobacteria). Therefore, not only may
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Different species of RGMs seem to have some
propensity for causing infections at specific body sites,
although it appears likely that any species could cause
an infection at any site. We are aware of only a few
studies of virulence factors of RGMs. Byrd and Lyons
(1999) reported that rough colony variants of M.
abscessus are more pathogenic than smooth colony
variants, based on observations in murine pulmonary
infection models and in human monocyte monolayers.
They proposed that phenotypic changes occurred in
the smooth colony variants, which affected phagosome

development and function, cord formation, and mono-
cyte-macrophage aggregation. Udou (1994) reported
the presence of hemolytic activity by clinical isolates of
M. fortuitum, M. chelonae, and M. smegmatis, which
may be a virulence factor in cases of soft-tissue and
cutaneous infection. However. it is clear that the
precise immune status of the host is an important factor
in the development of mycobacterial infections, and
individuals suffering from a number of immune defi-
ciencies in addition to acquired immunodeficiency
syndrome (AIDS), hematologic malignancies, and
iatrogenic immunosuppression have been found to be
particularly susceptible to mycobacterial infections
(Reichenbach et al. 2001).

Isolation of RGMs is generally not difficult, as they
will grow on a wide variety of media. However, they
may be missed if cultures are not held for at least 7 days,
and their isolation may also be delayed (or possibly even
prevented on occasion) if cultures are incubated only at
higher temperatures such as the 35-37'C generally used
for clinical specimens.

TAXONOMIC RELATIONSHIPS AND
GROUPING

The phylogenetic relationships among members of the
gents Mycobacterium have been studied using sequence
data from the 165 rRNA gene (Stahl and Urbance
1990; Pitulle et al. 1992), the 23S rRNA gene (Stone

et al. 1995), and the RNA polymerase (rpoB) gene
(Kim et al. 1999). The analysis of these molecular
data by these authors has supported the existence of
separate evolutionary pathways for the RGMs and the
slowly growing mycobacteria. However, the precise
nature of the relationships observed among these two
groups of organisms, as well as the extent to which the
two groups are separated, seems to depend both on the
phylogenetic algorithm and the specific genetic data
employed. Please refer to the section on Molecular
testing for more information on the phylogenetic rela-
tionships of the RGM.

As has occurred recently for many other groups of
bacteria, the number of recognized species of RGMs
has been increasing rapidly. Some of these new species
have been defined largely or solely on the basis of their
molecular features, and some descriptions are based on

only one or a small number of isolates. This prolifera-

tion of species has made accurate identification of

isolates of RGMs increasingly difficult. Adequate

phenotypic data for identification are not available for

many species, making identification based solely on

phenotypic features increasingly uncertain for any

isolate. To complicate matters further, any single

molecular technique, such as sequencing the 165 rRNA,

gene may not sufflce for definitive identification, as

some species that are considered distinct may have

identical, or nearly identical, sequences. (For example,

M. goodii and M. smegmatis reportedly differ in their

165 rRNA sequences by merely three base pairs, yet

they show only 40 percent homology by DNA-DNA

hybridization (Brown et al. 1999).) Therefore, not only

for the convincing discrimination of new species, but

even for the identification of isolates that may belong to

poorly known species, DNA-DNA hybridization may be

still be the only technique that provides unarguable

results.

In their review of pathogenic nonpigmented or late-

pigmenting RGMs, Brown-Elliott and Wallace (2002)

proposed the following arrangement into groups,

complexes, and species:

M. fortuitum group
M. fortuitum
M. peregrinum
M. fortuitum third biovariant complex

Sorbitol-positive (in part, the proposed species
M. houstonense)

Sorbitol-negative (in part, the proposed species
M. bonickei)

M. septicum
M. mageritense (probably more appropriately

placed in the M. smegmatis group)
M. mucogenicum
M. senegalense

M. chelonae-abscesstrs group
M. chelonae
M. abscessus
M. immunogenum

M. smegmatis group
M. smegmatis
M. goodii
M. wolinskyi

Other species not considered in the review by Brown-

Elliott and Wallace, but mentioned here, include

M. aichiense, M. alvei, M. aurum, M. austroafricanum,

M. brumae, M. confluentis, M. elephantis, M. faUax, M.

farcinogenes, M. flavescens, M. gadium, M. gilvum,

M. hassiacum, M. hodleri, M. holsaticum, M. marinum,

M. moriokaense, M. neoaurum, M. novocastrense, M.

obuense, M. parafortuitum, M. phlei, M. rhodesiae,

M. terrae, M. thermoresistible, and M. vaccae. Of these,

M. marinum and M. teruae ate generally considered

with the slow-growing mycobacteria and have not been

included in Table 47.1 or Fieure 47.1. Some of these
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M thermoresistible ATCC 19527r X55602
M hassiacum U49401
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Figure 47.1 Phylogenetic tree of type strains or representative strains of various specles of rapidly growing mycobacteria prepared

using the ClustalV algorithm of the Megalign software (DNAstar, lnc )

RGMs are discussed in another review (Brown-Elliott

et al. 2002).

STAINING PROPERTIES

If mycobacteria, including RGMs, are visible at all in a

direct Gram stain of a specimen, they may appear as

negative images (as a result of failure to take up any

components of the stain), as faint rods containing gram-

positive beads, or rarely as gram-positive organisms

suggestive of coryneforms. Hence, care is needed in the

examination of gram-stained material so that RGMs are

not dismissed as either staining artifacts or incon-

sequential contaminants. All mycobacteria, including

RGMs, are considered to be acid-fast. However, there

are several reports of RGMs staining less well with an

auramine or auramine-rhodamine stain than with the

Ziehl-Neelsen stain (Joseph et al. 1,967; Flournoy 1993).

Flournoy also found M. fortuitum to stain relatively less

avidly than M. chelonae with the auramine stain. Our

own experience (unpublished data) suggests that some

isolates of RGMs may stain less well with the Kinyoun

stain, the carbol fuchsin-based stain that we routinely

use, than do most isolates of slowly growing myco-

bacteria. Nearly all are positive with the modified acid-

fast stain used for Nocardia species, but it has been our

personal observation that subculture to selected media

may be necessary for a rare isolate to exhibit any acid-

fastness whatever. The possibility that an organism that

appears as a beaded gram-positive rod is a myco-

bacterium should not be dismissed too rapidly solely

because it is negative by a regular acid-fast stain such as

the Kinyoun stain. Although the individual cells of many

species of RGMs appear relatively long, some may be

coccobacillary, and there are no morphological features

of individual cells of which we are aware that permit

definite identification of an isolate as a RGM, let alone

a particular species of RGM. See Chapter 46
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Mycobacterium tuberculosls Complex, Mycobacterium
leprae, and other slow-growing Mycobacteria for details
on performing regular acid-fast stains, and Chapter 41
Actinomyces and related genera for details on
performing the modified acid-fast stain.

PH ENOTYPIC IDENTI FICATION

A large number of biochemical tests have been used for
the characterization of the RGMs, particularly in numer-
ical taxonomic studies. However, clinical laboratories,
for reasons of cost minimization, the need for rapid
results, and the need for maintenance of expertise, must
restrict themselves to the use of a relatively small
battery of biochemical tests, if indeed they attempt
identification of these organisms at all. It is our opinion
that, given the large number of recognized species, only
molecular methods can provide entirely accurate
identification of RGMs. However, judicious use of a
relatively small battery of biochemical tests can provide
reasonably reliable identification of most of the more
commonly encountered species. Such identification may
be helpful for the initial selection of antimicrobial agents
and for early recognition that an outbreak may be in
progress. We describe here our procedures for
performing selected biochemical and other phenotypic
tests; detailed procedures for performing these and other
tests are available in many standard references (Kent
and Kubica 1985; Witebsky and Conville 1993; Pfyffer
et al. 2003; Vincent et al. 2003). All laboratories do not
perform these procedures in the same way, and full
procedural details are often not provided in publications
describing phenotypic features of RGMs. For most of
these tests, we have indicated in Table 47.l the expected
reactions for the different species of RGMs when we
have been able to find the relevant information. Data
presented in the table have been abstracted from the
references given in connection with the information
presented under each species, and from some secondary
sources as well (Kent and Kubica 1985; Witebsky and
Conville 1993). For the most part, we have not repeated
the data in the table in the accounts of the individual
species. Some of the data are based on studies of only
one or a very small number of isolates of a given
species. Published data regarding phenotypic test results
for all organisms need to be interpreted with caution;
differences among laboratories with regard to testing
materials such as media and reagents, and testing proce-
dures and interpretive criteria, may result in different
outcomes with a given isolate or species for what is
nominally the same test. In some cases, data are not
consistent from one publication to another, even when it
is most likely that the same procedures have been used.
We have provided results in the table obtained by the
procedures we employ when possible, but more often
than not, we have had to rely simply on results asso-
ciated with a test procedure name. It should also be

noted that, in any study, only a relatively small number
of species are compared with one another with regard to
results for a particular test performed at the same time
in the same laboratory. Most media and reagents are
now commercially available; recipes for preparation of
such media will not be provided here. It is important
that both positive and negative controls be performed

with the majority of these phenotypic tests to ensure
adequate medium, reagent, and technologist perfor-

mance.

Arylsulfatase

This enzyme hydrolytically cleaves sulfate groups from
aromatic rings. In the test, the production of free
phenolphthalein from potassium phenolphthalein disul-
fate is detected by alkalinizing the medium with sodium
carbonate. If free phenolphthalein has been produced, a
pink to red color will be produced. Both 3- and 14-day
tests are performed; the 3-day test is particularly useful
for RGMs. In the 3-day test, a tube of 0.001-M substrate

is inoculated with an appropriate volume (generally

0.1 ml) of a 1 McFarland density broth culture and incu-
bated in ambient air for three days at 37'C. Thereafter,

six drops of 2 N sodium carbonate are added, and the
development of at least a pale pink color is considered
positive.

Carbon uti l ization

The capabilities for using citrate, inositol, mannitol, and
sorbitol as sole carbon sources are useful for identifying
some species of RGMs. For this test, a 1:100 dilution in
sterile normal saline of a barely visible broth culture of
the organism is prepared; an additional dilution is made
if turbidity is visible in the first dilution. E,ach slant is
inoculated with 0.1 ml of the appropriate dilution, and
incubated with the caps loose in ambient atr at 27"C.
Slants are examined for growth after 3,7, and 14 days,
and the results compared with growth on a base control.
In our hands, this test did not prove reliable for the
identification of M. mucogenicum (Conville and
Witebsky 2001).

Colonial morphology

With experience, laboratorians find colonial morphology
helpful in suggesting a particular species, but they
should never make a definite identification on the basis
of colonial morphology alone. With regard to some of
the more commonly isolated species, the colonies of an
M abscessus isolate may be both rough and smooth,
those of an M. chelonae isolate may be smooth with a
thin surrounding fringe, and those oI M. mucogenicum
may be quite mucoid (Vincent et al.2003).
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Growth rate

A 1:2500 dilution in sterile normal saline of a L McFar-

land broth culture is prepared, and 0.1 ml of the dilution

is spread evenly over the surface of a slant of a nonse-

lective. enriched medium such as Lowenstein-Jensen

(LJ). Slants are incubated with caps loosened and the

slant surfaces kept horizontal at the optimum growth

temperature for the organism (in ambient air, or, if at

37'C, in 8 percent CO2). Slants are checked after 6 days

for growth of isolated colonies clearly visible to the
naked eye; if no growth is seen, the slants are checked

again after 2 weeks of incubation, and weekly thereafter

until growth is detected. By definition, RGMs show

clearly visible growth within 7 days of incubation.

lron uptake

Some RGMs can convert ferric ammonium citrate to
iron oxide, thereby imparting a rust color to both the
medium and the colonies. For this test. the same dilution
is used as in the test for growth rate, and 0.1 ml is

spread evenly over the surfaces of two LJ slants, one
with and one without the substrate. Slants are incubated

with caps loosened and the slant surfaces kept horizontal

at27"C in ambient air. Slants are checked weekly for up

to 4 weeks for iron oxide production. Some isolates
produce a tan rather than a rust color; while not a true
positive reaction, such a result is useful for the identifi-

cation of some species.

MacConkey agar without crystal violet

Many pathogenic species of RGMs can grow on this

medium. A large loopful from a 1 McFarland broth

culture is used to inoculate a plate of the medium, with

streaking done to assure the production of isolated colo-

nies. Plates are examined after 5 and 11 days of incuba-

lion at 27"C in ambient air. A oositive result is indicated
by good growth.

Nitrate reduction

This procedure tests the ability of an organism to reduce
nitrate to nitrite. To perform this test, two loopfuls of
growth from a culture on solid medium at least 2 weeks

old are suspended in 0.2 ml sterile distilled water. 2 ml

of sodium nitrate substrate solution is added, shaken

manually, and incubated for 2 h in a 37"C water bath.

The tube is removed from the water bath, and one drop

of a solution of one part concentrated hydrochloric acid

and one part distilled water, two drops of a 0.2 percent

aqueous sulfanilamide solution, and two drops of a 0.1
percent aqueous solution of N-naphthyl-ethylenediamine

dihydrochloride are added. A deflnite pink color, or

anything darker, is considered positive. Negative tests

are confirmed by adding zinc dust, which results in the

production of a red color.

Pigment production

Most species of RGMs are nonphotochromogenic, their

colonies being buff-colored or paler, regardless of

whether they have been exposed to light. Some species

are scotochromogenic, producing colonies that ate

pigmented (yellow to orange) from the time growth is

visible, irrespective of exposure to light; isolates of some

scotochromogenic species may become more pigmented

after light exposure. Isolates of some species produce

colonies that become pigmented with age; Brown-Elliott

and Wallace state that most isolates of M. smegmatis

and M. goodii become pigmented at 7-10 days (Brown-

Elliott and Wallace 2002). See Chapter 46 Myco-

bacterium tuberculosis complex, Mycobacterium leprae,

and other slow-growing mycobacteria for details

regarding the performance of the light test.

Polymyxin B inhibit ion

This test can be helpful for distinguishing among some

of the more commonly isolated RGMs. Most isolates of

M. fortuitum, M. fortuitum, third biovariant, and M.

peregrinum are inhibited by polymyxin B; most isolates

of M. abscessus, M. chelonae, and M. immunogenum are

not (Wallace et al. 7982; Wallace et al. 1993a; Wilson

et al. 2001). Isolates of M. mageritense and M. mucogen-

icum give variable results (Wallace et al. 1993a; Wallace

et al. 2002). For other species of RGMs, we have not

been able to find adequate data pertaining to this test,

and so we have not included this test in Table 47.1.

Careful attention to inoculum preparation is essential

for accurate performance of this test. Four drops of oleic

acid-albumin-dextrose-catalase solution are added to a

Mueller-Hinton agar plate and spread evenly over the

surface using a cotton swab. A tube of Middlebrook 7H9

medium that has been lightly inoculated and incubated

overnight at37"C in 8 percent CO2 is standardized to a

0.5 McFarland concentration with sterile saline. A sterile

cotton swab is dipped into the inoculum suspension, the

excess is removed from the swab by pressing it against

the side of the tube, and the Mueller-Hinton agar plate

is inoculated as for a Kirby-Bauer susceptibility test.

After allowing approximately 10 min for the plate to

dry, a 300-unit polymyxin B susceptibility testing disk is

placed on the plate, which is then incubated for 72h in

ambient at at 37"C. A clear zone of inhibition of anv

size is considered a positive result.

Sodium chloride tolerance

While isolates of many species of RGMs can grow on

LJ medium containing 5 percent NaCl, isolates of
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M. chelonae and M. mucogenicum generally cannot. We
have found this test to be somewhat unreliable (Conville
and Witebsky 1998), but others have found it more
consistently useful (Yakrus et al. 2001). We have found
it useful to: (1) inoculate slants with 0.1 ml of a suspen-
sion of organism grown in Tween albumin broth with
glass beads at 27"C in ambient air to a concentration
spectrophotometrically equivalent after vigorous
vortexing to a 1 McFarland standard; (2) incubate slants
at 35'C in ambient air, checking weekly for growth; (3)
assure that more than 50 colonies are present on the
control slant; and (4) interpret a result as positive only if
at least 50 colonies of any size appear on the salt-
containing slant.

Temperature studies

Many species of RGMs grow best at approximately
room temperature, but determination of the optimum
growth temperature, and the temperatures at which
growth is possible at all, may be helpful for the identifi-
cation of some species. Useful temperature ranges at
which to test include 25-27,30-32,35-37, and 40429.
all incubations should be in ambient air. So far as we
have been able to determine, only three of the species
discussed here (M hassiacum, M. phlei, and M. thermo-
resistible) will grow at 52C; M. hassiacum is reported to
be able to grow at 65'C (Schroder et al. 1997). Using a
1:2500 dilution in sterile normal saline of a 1 McFarland
broth culture, LJ slants are inoculated with 0.L ml
spread evenly over the slant. Slants are incubated with
the caps loose and the surfaces kept horizontal and
examined weekly for 3 weeks. Relative amounts of
growth at each temperature are noted. As the optimum
and maximum growth temperatures for many species
have not been determined unambiguously, we have not
included temperature data in Table 4'7.l but have noted
both above and in the individual species accounts those
few species known to be capable of growth at unusually
high temperatures.

CHROMATOGRAPHY

Chromatographic techniques have become useful
methods for the rapid identification of some species of
RGM. These methodologies are based on the analysis of
the mycolic acids associated with the peptidoglycan layer
of the cell walls of mycobacteria and related organisms.
The mycolic acids are long-chain, high-molecular-weight
u-branched, B-hydroxy fatty acids that vary both in the
number of their constituent carbon atoms and in the
presence or absence of various structural groups that
may be attached. Analytic procedures involve extraction
of the mycolic acids from the cell walls and cleavage of
these molecules to form fatty acid methyl ester deriva-
tives and/or mycolic acid cleavage products, which can

then be analyzed by a variety of chromatographic

methods. The structures of mycolic acids have been

shown to vary by genus and by species (Lechevalier et al.

1971; Minnikin et al. 1975); identification schemes take

advantage of these dissimilarities and allow for the

differentiation of species of mycobacteria from other

aerobic antinomycetes (Minnikin et al. 1975) and from

one another (Minnikin et al. 1984; Butler et al. 1986;

Tisdall et aI.1979).

Thin-layer chromatography (TLC) has been used in

the analysis of mycolic acids to discriminate among

various species of mycobacteria and related actinomy-

cetes (Minnikin et al. 1,975). Using two-dimensional

TLC, Minnikin et al. (Minnikin et al. 1984) separated

numerous species of mycobacteria into 11 groups based

on the structural types of mycolic acids; RGMs are
included in seven of these groups. However, species-

specific discriminations are not possible for a number of
RGMs. and TLC data for recently described species are

not available.

Gas-liquid chromatography (GLC) and high-perfor-

mance liquid chromatography (HPLC) have been used

to discriminate among the members of the genus Myco-

bacterium; species discrimination is made by analysis of

the pattern of peaks obtained from chromatographic

separation of mycolic acid derivatives, the retention

times of these peaks, and, sometimes, the relative peak

height. Tisdall et al. ('1,979, 1982) determined unique

chromatographic patterns for M. chelonae, M. fortuitum,
and several slowly growing mycobacteria using GLC and

an identification system based on the presence of char-

acteristic peaks. Utilizing HPLC, Steck et al. (1978)

identified 24 dtfferent mycolic acids from four species of
mycobacteria, which can aid in identification. Various

other investigators (Thibert and Lapierre 1993; Guthertz

et al. 1993; Butler and Kilburn 1990) have identified

distinct chromatographic patterns of RGM species based

on relative retention times and peak-height ratios. In

1996, the Centers for Disease Control and Prevention
published a standardized method for HPLC identifica-

tion of mycobacteria (Butler et al. 1996) that includes
patterns for the identification of the M. chelonae/

abscessus group, the M. fortuitumlM. peregrinum grolp,

and M. mucogenicum, in addition to patterns for slowly
growing mycobacteria. A computerized identification

system has been developed that utilizes HPLC and
pattern-recognition software to assist in the identifica-
tion of mycobacterial isolates; an evaluation of this

system found that it correctly identified between 83 and
100 percent of the species of RGMs (Kellogg et al.
2001). Enhancements of sample preparation may allow

better discrimination of closely related mycobacterial
isolates using this system (Miiller et al. 1998).

Most described chromatographic methods are
performed from growth on solid media; HPLC
performed directly on clinical specimens has met with

limited success (Jost et al. 1995). Methodologies
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utilizing HPLC of mycobacterial isolates growing in

liquid media may provide rapid identiflcation of those

isolates: however. a limited number of RGMs have

been identified using these techniques (Cage 1994; Jost

et al.  1995).

A number of variables may affect chromatographic

results, complicating the comparison of results from

different investigators. Methodologies used for the

extraction and derivatization of mycolic acids may affect

the types and sizes of patterns obtained; variations in

column material and carrier gases, as well as the use of

different detection methods, may also affect results.

Users of these methods would be well advised to famil-

iarize themselves with the patterns obtained for type

strains with their particular system, and compare with

results from unknown isolates with those obtained for

the reference strains.

Table 47.1 gives information on the availability of

mycolic acid chromatographic patterns for the RGMs

mentioned in this chapter.

Other identif ication methods

Additional methods that have been utilized for the iden-
tification of RGM include pyrolysis mass spectrometry
(Magee et al. 1997) and isoelectric focusing of B-lacta-
mase enzymes (Sparks and Ross 1981). Multilocus
enzyme electrophoresis has also been used to separate
species of RGM from one another (Yakrus et al. 2001).

MOLECULAR TESTING

Molecular methodologies have added considerably to

our understanding of the evolutionary relationships of

all species of mycobacteria and of the RGMs in parti-

cular. Baess et al. (1982) used DNA-DNA hybridization

to evaluate relationships among the RGMs and

proposed a close phylogenetic relationship among M.

fortuitum, M. peregrinum, M. senegalense, and M. farci-
nogenes. As stated previously, analysis of various gene

sequences has shed light on the evolutionary relation-

ships of the RGMs to one another and to other myco-

bacterial species. Figure 47.1 shows the phylogenetic

relationships we have obtained for the species of RGMs

discussed in this chapter, using sequences of type strains
(when available) from the GenBank database, and

aligning them with Megalign software (DNAStar, Inc.,

Madison, WI) using the ClustalV algorithm. The phylo-

genetic tree was constructed with Megalign using

sequences of similar length (1305 bp).

The addition of various molecular methods to the

procedures available for the identification of myco-

bacteria has allowed more accurate characterization of

mycobacterial isolates and widened the spectrum of

RGMs implicated in human disease. These techniques

provide reliable, and often more rapid, identification

alternatives to conventional (and generally less accurate)

biochemical methods. While these methods rnay not be

available in all laboratories, their use in regional or

reference centers allows greater species discrimination

for laboratories that can avail themselves of such

service. Very few methods have been described for the

detection and identiflcation of RGMs directly from clin-

ical specimens; the majority of the methods described

here are applied most appropriately to growth on solid

media.

Widespread use of automated methods for DNA

sequencing of genes of mycobacterial species has

dramatically increased the amount of molecular infor-

mation available about these organisms. Several genes

of interest have been studied for their ability to reli-

ably discriminate among the growing number of recog-

nized species. Several authors have shown that the

hypervariable regions of the 165 rRNA gene may be

useful for the discrimination of many of the species of

RGMs (Rogall et al. 1990; Kirschner et al. 1992a). A

commercially available sequencing system (MicroSeq

500 Bacterial Sequencing Kit, PE Applied Biosystems)

has been evaluated for the identification of a number

of mycobacterial species (Cloud et aI.2002; Patel et al.

2000). The usefulness of 165 rRNA sequencing is in

considerable measure due to the large amount of 165

sequence information in molecular databases, with

which the sequences of unidentified organisms can be

compared. It is clear that the 165 rRNA gene is quite

conserved within the genus Mycobacterium, and some

species exhibit a high degree of similarity to each

other, most notably the species pairs M. abscessus and

M. chelonae (Patel et al. 2000), M. goodii ar'd M.

smegmatis (Brown et al. 1999), and M. farcinogenes
and M. senegalense (Kirschner er al. 7992b). The use

of an alternative gene region for restriction enzyme

assays (REA) or sequencing or DNA-DNA hybridiza-

tion may be essential in some cases for demonstrating

that separate species are indeed involved (Domenech

et al. t994) (Baess 1982). Practically, some closely

related species may, at present, actually be more reli-

ably separated by phenotypic rather than by molecular

methods.

The sequences of other genes have been investigated

for their usefulness for reliably identifying various

species of RGMs, including the 23S rRNA gene (Stone

et al. 1995), the 165-235 internal transcribed spacer

(ITS) region (Park et al. 2000; Hamid et al. 2002; Roth

et al. 2000), the rpoB gene (Kim et al. 1999), the dnal

gene (Takewaki et al. 7994), and the 32-kDa protein

gene (Soini and Viljanen 1997). Most of these genes are

less highly conserved than the 165 rRNA gene and

therefore show more variability among species. The

usefulness and reliability of using sequences of

these genes for the identification of clinical isolates is

dependent on the number of species for which the

sequence of the gene in question has been tested, the
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analysis of the intraspecies variability in relation to the
interspecies differences, and the quality of the sequence
databases used for comparlson.

In the absence of commercial DNA probe systems for
the identification of RGMs, some investigators have
evaluated the use of the polymerase chain reaction
(PCR) and species-specific probes using the superoxide
dismutase gene (Zolog and Philippi-Schulz 1994) and
the 165 rRNA gene (Patel et al. 1997; de Beenhouwer
et al. 1995). Successful use of these methodologies is
complicated by the need for probes for all the various
species of RGM.

Based on PCR methodologies initially developed by
Telenti et al. (1993), Rinquet et al. (1999) evaluated
methodologies employing sequences of a 441-base-pair
(bp) fragment of the heat-shock protein (HSP) gene
for multiple strains of ten species of RGM and found
distinct sequence differences among the species. Intra-
species variability was common, but the degree of
divergence within a species was less than that seen
among different species (Ringuet et al. 1999). This
gene region has proven to be particularly useful for the
identification of many species of both slowly growing
mycobacteria and RGMs, and now gene databases
have considerable information about HSP seouences
for this genus.

REAs have become popular rapid methodologies for
the identification of mycobacteria; they are readily
adapted to a basic molecular biology laboratory and are
most frequently performed on growth from solid media.
REAs involve PCR amplification of a specific region of
a gene and subsequent restriction enzyme digestion of
the amplified product. The differences in resulting
restriction fragment length polymorphism (RFLP)
patterns allow discrimination of a number of species and
variants of those species. Vaneechoutte et al. (1993)
initially described the use of this procedure for the iden-
tification of mycobacterial species utilizing a 1 500-bp
region of the 165 rRNA gene.

Telenti et al. (1993) took advantage of the variability
of the HSP gene in mycobacteria and developed a
method that involves amplification of a 439-bp region of
that gene and subsequent REA with two restriction
endonucleases. With this method. Telenti was able to
distinguish among 28 species of mycobacteria including
both slowly and rapidly growing mycobacteria. Stein-
grube et al. (1995) focused the use of this procedure on
the RGMs and created an algorithm for the identifica-
tion of commonly isolated RGMs. Subsequent studies
have increased the number of mycobacterial species
identifiable by this method (Taylor et al. 1997; Devallois
et aL 1997; Brunello et al 2001) and have recognized
species that show intraspecies variability in their RFLP
patterns. In some cases, additional restriction enzymes
must be used to adequately differentiate particular
species (Brown et al. 1999). Enhancements such as the
use of 10 percent polyacrylamide gel electrophoresis

(Brunello et al. 2001) and computer-assisted software
(Devallois et al. 1997) have improved the resolution of
small bands and decreased the influence of gel to gel

variation. Figure 47.2 shows RFLP patterns of several
common strains of RGMs. Nonspecific amplification (see

240-bp band on BstEII digest for M. peregrinum in

Figure 47.2) can sometimes occur, but bands resulting
from this amplification should not be considered when
analy zing RFLP results.

Other gene regions have been evaluated for the
usefulness of REA, including the 165-235 spacer region
(Roth et al. 2000), the dnal gene (Takewaki et al. 1994),

and the rpoB gene (Kim et al. 2001). These methodolo-
gies have been evaluated with a limited number of
isolates. and their ultimate usefulness remains to be
determined.

While most molecular methodologies have been
applied to identification of isolated organisms grown on
solid media, Kirschner et al. (1996) reported success
with the identification of some species of mycobacteria
directly from clinical samples using PCR ampliflcation of
the mycobacterial 165 rRNA gene and subsequent

sequencing of that gene. Molecular methodologies have

also been applied for the early identiflcation of myco-
bacterial growth in liquid media. Kirschner et al. (1993)

and Taylor et al. (1997) reported obtaining reliable
results from PCR and sequencing of the 165 rRNA gene

and PCR and REA of the HSP gene, respectively. In
both cases, a limited number of samples containing
RGMs were studied.

STRAIN TYPING

RGMs have frequently been implicated in nosocomial
infections, and because of their propensity to thrive in
water environments, they are often the cause of

outbreaks or pseudo-outbreaks. In such cases, strain
typing is useful for determining the relatedness of
isolates and to assist in locating a common source.
Historically, strains have been compared with one
another using biochemical profiles or susceptibility to
antibiotics or heavy metals (Wallace et al. 1989). While

Lowry et al. (1988) used a high degree of aminogly-
coside resistance to characterize an outbreak of
M. chelonae, such phenotypic techniques are frequently
not helpful in accurately characterizing outbreak strains,
as their traits may not be significantly different from
those of unrelated strains (Wallace et al. 1993b). The
application of molecular techniques to outbreaks of
infection and pseudo-infection caused by RGMs has
considerably improved the reliability of epidemiologic
studies. The study of plasmid profiles is based on the
detection and comparison of plasmids of similar sizes
from suspected outbreak strains (Wallace et al. L989;
Zhibang et al. 2002), but the technique requires consid-
erable technical skill. Pulse field gel electrophoresis
(PFGE) is the method of choice for the epidemiologic
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study of outbreak strains of many bacterial species,
including RGMs. The technique of PFGE involves
preparation of genomic DNA and digestion of the
DNA with restriction endonucleases, which have a
limited number of recognition sites. The digests are
then subjected to alternating-field electrophoresis; ultra-
violet (UV) illumination of the ethidium bromide-
stained gel reveals DNA banding patterns, which vary
depending on the DNA sequence of the organisms
(Hector et al. 1992). This technique has been applied
successfully to outbreaks of M. fortuitum (Hector et aI.
1992) and M. chelonae (Wallace et al. 1993b). The use

of PFGE is limited for the investigation of outbreaks
involving M. abscessus because of spontaneous lysis or
fragmentation of the M. abscessus DNA, which was
been seen in nearly 40 percent of samples tested in one
study (Wallace et al. 1993b). The use of random ampli-
fied polymorphic DNA polymerase chain reaction
(RAPD-PCR) has been used successfully to compare
strains of M. abscessus involved in outbreaks
(Villanueva et aL t997; Lai et al. 1998; Zhang et al.
t997). "the procedure involves extraction of DNA and
PCR using arbitrary primers and low-stringency PCR
conditions. Gel electrophoresis of the ampliflcation
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Figure 47.2 Bio-Rad derived restriction fragment length polymorphism (RFLP) patterns of the 439 base-pair amplified region of the HSP
gene for type strains of various rapidly growing mycobacteria (RGM). Digests were electrophoresed on 2-5 percent Metaphor agar gels.
Bands smaller than 50 bp are not highlighted; only bands from the digestion of the 439 bp amplicon of the HSP gene are highlighted.
Ge/ A, BstE il digests of HSP gene; Gel B, Hae ll digests of HSP gene. Lane l, bp marker; lane 2, M. chelonae ATCC 35752'; lane 3, M
mucogenicum, ATCC49650r; Lane4,M.fortuitum, ATCC6841r; lane5,M.peregrinum, ATCCl4467r; lane6,M abscessutAICC
19977r.

(a)
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products shows patterns of banding that vary from
strain to strain. Zhang et al. (1977) proposed inter-
pretive criteria that allow an objective comparison of
results from outbreak strains; the technique is depen-
dent on the use of freshly extracted DNA and the
choice of appropriate primers for optimum differentia-
tion. Multilocus enzyme electrophoresis has also been
used occasionally for characterization of outbreak
strains (Ashford et al. 1997).

ASSESSMENT OF CLINICAL
SIGNIFICANCE

As RGMs are ubiquitous in the environment, care needs
to be used in the assessment of the clinical significance
of certain isolates, particularly in the case of a smear-
negative specimen from a patient without a picture

clearly compatible with an infection that could be
caused by an RGM. The American Thoracic Society has
provided some useful guidelines for assessing clinical
significance, particularly of respiratory tract isolates
(Wallace et al. 1.997).

SUSCEPTI BI LITY TESTI NG

A standardized susceptibility testing procedure recom-
mended for use with RGMs has been published by the
National Committee for Clinical Laboratory Standards
(NCCLS) (2000). It may be difficult for laboratories that
do not perform the procedure frequently to obtain
reproducible results and results that are comparable to
those from a reference laboratory. Because of the
variety of techniques and interpretive criteria used in the
past, caution is advised in assessing the interlaboratory
comparability and the clinical relevance of published
susceptibility testing results, even when what is
described as the same methodology has been used by
different investigators. The currently recommended
susceptibility testing procedure is a broth microdilution
procedure similar in principle to that recommended by
the NCCLS for bacteria that grow aerobically. There
are, however, differences in features such as recom-
mended incubation periods, interpretive breakpoints for
certain agents, and species-specific caveats. It is impor-
tant to be aware that the majority of antituberculous
agents are not effective for treatment of diseases caused
by the RGMs. Those interested in performing suscept-
ibility testing of RGMs are encouraged to consult the
relevant NCCLS document, which will be updated peri-

odically. Although susceptibility testing results are to
some degree predictable from the species identification,
there is sufficient intraspecies variability in susceptibility
that testing of all clinically significant isolates is
recommended.

SPECIES ACCOUNTS

In the accounts that follow, we will summarize the
phenotypic and molecular features of the RGMs with

approved names (information found at the 'List of

Bacterial Names with Standing in Nomenclature'

website by J. P. Euz6by (www.bacterio.cict.frl)) that we

have found through our literature search (almost

entirely confined to that published in the English

language) to have been reported to have been isolated

from human sources, whether or not they have been

clearly implicated as etiologic agents of disease. Clinical

features of the diseases produced by RGMs will be

summarized, as well as susceptibility test data when

available. For the more common pathogens, a separate

susceptibility section is included in the species account.

Because of the economic impact of the disease, we will

also briefly discuss the mycobacterial species responsible

for African bovine farcy. In addition to cattle, other

vertebrates for which RGMs have been found to be

pathogenic include flsh (Daoust et al. 1989; Bragg et al.

1990), cats (Malik et al. 2000), a horse (Booth and

Wattret 2000), and others (Hines et al. 1995).

Wallace, Brown-Elliott, and their colleagues have

studied the identiflcation, disease association, suscept-

ibility testing, and therapeutic management of human

pathogenic RGMs for many years, and reference to their

work is critical for an appreciation of the problems

involved in the diagnosis and management of infections

caused by these organisms. They have recently published

a comprehensive overview of the pathogenic nonpig-

mented or late-pigmenting species (Brown-Elliott and

Wallace 2002), and, with Pfyffer, Vincent, and Jost, have

coauthored two chapters covering species pathogenic for

man, providing details for performing many of the iden-

tification procedures feasible for diagnostic laboratories

(Pfyffer et al. 2003; Vincent et al. 2003). In 1998,

Wallace et al. reviewed the nosocomial outbreaks and
pseudo-outbreaks caused by nontuberculous myco-

bacteria, and also summarized information pertaining to

their occurrence in municipal and hospital water systems

and their relative resistance to disinfecting agents such

as chlorine and glutaraldehyde.

In the species accounts that follow, organisms are

arranged alphabetically by species epithet. We have

elected to review - as well as to critique - in some detail

the cases and outbreaks that we think are of particular

interest, rather than attempt a comprehensive list of

infection sites and references. Hopefully, the references

contained in the reports selected will contain sufficient

information to enable those interested to access the

larger body of published data. Reports are discussed

under the currently recognized species most likely to

have been involved, as best as we could determine on

the basis of the data presented regarding the organisms

discussed. When insufficient data were presented to
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enable a presumptive assignment to a currently valid

species, but the report is nonetheless considered suffi-

ciently noteworthy, it is discussed under the species to

which it was originally assigned, with a comment made

regarding the uncertainty of the identification. The

elevation to species of many taxa formerly considered

subspecies or biovariants has further complicated the
problem of reference searching and accurate species
assignment. The organisms now assigned to M. pere-

grinum and the third biovariant complex of M. fortuitum
were probably often reported as merely M. fortuitum in

the past. M. abscessus was previously considered a

subspecies of M. chelonae and not always clearly sepa-
rated from it in infection reports. Indeed, it is probably

the case that in the past, many laboratories reported any
presumptively pathogenic rapid grower isolate as 'M.

fortuitum-chelonae complex,' or something equivalent.

M. abscessus

The initial description of this organism, by Moore and
Frerichs in 1953, was based on an isolate from synovial

tissue from the left knee of an 'unusually well preserved'

63-year-old woman who had injured and dislocated her
Ieft patella at the age of L4 while on a farm. The species
name was presumably given to the organism by the

original describers because it had been 'Observed in

synovial lesions and in deep subcutaneous abscesses of

the buttocks.' The authors also asserted. 'It is not fatal

to man.' For the next 48 years the patient suffered some

stiffness and pain, but developed increasing pain and

swelling about 6 months prior to her presentation that
resulted in a patellectomy and synovectomy. Many acid-

fast bacilli were seen in sections of the synovium, and
the patient was initially presumed to have tuberculosis.

However, the organism grew welf in a few days,' and on

subculture incubated at room temperature, colonies

were readily visible in seven days. Postoperatively, there
was dissemination to both buttocks. Some of the lesions

were initially treated with incision and drainage, but it

took 18 months for the lesions to clear, apparently

without any antimicrobial treatment. This case is note-
worthy for the extremely long time period (some 48
years) between the time of presumed organism inocula-
tion and the time of organism isolation. For many years,

this organism was considered to be a subspecies of M.

chelonae, but it was eventually shown by DNA-DNA

hybridization to be a distinct species (Kusunoki and

Ezaki 1992).

In 1976, an outbreak of sternal wound infections
occurred that involved L9 patients who had surgery for

valve replacement or coronary artery bypass grafts

(Robicsek et al. 1978; Hoffman et al. 1981). Infections

were noted 6-40 days postoperatively, when incisional
pain or drainage developed. Five of the patients even-

tually died, probably all of complications related to their

infections. Seven patients underwent total sternectomy

in an attempt to control their infections; six of these did

well, but one died with mycobacterial sepsis. Antibiotics

used included erythromycin, kanamycin, and rifampin.

The source of the organisms in this outbreak could not

be identified. In 1983, Kuritsky et al. reported on an

outbreak affecting six patients following cardiac surgery;

five of the infections involved M. abscessus, and one

involved M. fortuitum. Of the patients with M. abscessus

infections. three had sternal wound infections, one had

endocarditis, and one had a saphenous vein graft-site

infection; the patient with M. fortuitum had a sternal

wound infection. The infections were thought probably

to have resulted from operative-field contamination

stemming from the nonsterile ice used to cool the cardi-

oplegia solution; no more infections occurred after

sterile water was substituted for the nonsterile ice.

Bolan et al. (1985), reported their investigation of a

1982 outbreak of infections involving two cooperating

hemodialysis centers; 27 of 1,40 patients had documented

mycobacterial infections. One isolate was not available

for speciflc identification, one was an M. chelonae-llke

organism (MCLO), and 25 isolates were M. abscessus.

Of the 27 infected patients, nine had disseminated

disease, 14 evidently had bacteremia alone, three had

soft-tissue infections, and one had infection of the access

graft. Of the 27 patients, 14 died over the course of a

year, but as most had multiple medical problems and

only one was autopsied, it was not clear to what extent

the mycobacterial infections contributed to the deaths.

All 140 patients had been dialyzed using processed

hemodialyzers; both M. abscessus and MCLO were

isolated from water used in the processing procedure.

Part of the processing procedure involved filling the

dialyzers with 2 percent aqueous formaldehyde and

storing them for about 48 h before reuse. Several of the

infecting isolates were unable to survive a 24-h exposure

to 2 percent formaldehyde, but several dialyzers tested

were found to contain formaldehyde concentrations of

less than 2 percent. In 1990, Lowry et al. reported on

five patients who had been dialyzed at a hemodialysis

outpatient clinic and developed systemic infections.

From four patients, M. abscessus was isolated from

multiple sites; from another patient, M. chelonae and an

MCLO were isolated in addition Io M. abscessas. This

outbreak was associated with the use of high-flux dialy-

zers: M. abscessus was isolated from the water used in

the cleaning process of these dialyzers and was found to

be able to survive to some extent in the hydrogen

peroxide and peracetic acid-based disinfectant (the

strength of which was found to deteriorate significantly

over a few days) with which the dialyzers were filled

after cleaning.

In 1987, Safranek, et al. reported postoperative wound

infections in eight patients following facial and breast

cosmetic plastic surgical procedures, all performed by

the same physician in his office. The organism was found
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in the gentian-violet skin-marking solution used by the
surgeon, and was traced to the stock solution in the
pharmacy that provided it. It was presumed that the
distilled water used to make up the stock solution had
been the source of the organism, but the water was not
available at the time of the epidemiological investiga-
tion. Infections occurred following operations that were
conducted over a period of 5.5 months. Incubation
periods between date of surgery and date of symptom
onset ranged from 9 to 55 days. During the same time
period, 27 patients undergoing facial plastic surgery
procedures and exposed to the contaminated skin-
marking solution did not develop any clinically apparent
infection. In 1991, Soto et al. reported an outbreak of
cellulitis in 22 patients following rhinoplasty; the
organism was also recovered from two of the involved
hospital's water tanks and from surgical equipment.

In 1988, Lowry et al. reported on an outbreak of otitis
media involving 18 patients, 17 of whom were seen at
the same ear, nose, and throat (ENT) office; all cases
appeared traceable to one index patient. The organism
was cultured only from patients who had at least one
tympanotomy tube in place or had at least one chronic
tympanic membrane perforation. The ultimate source of
the organism was thought to have been tap water;
transfer among patients was considered probably to have
resulted from inadequate instrument sterilization. In
1994, Franklin et al. reported on 20 sporadic cases of
otitis media caused by this species. Of the 16 patients for
whom the information was available, all had a tympa-
nostomy tube in place. The majority of the patients lived
in a southern coastal state, but the epidemiologic signifi-
cance of this observation was not certain, in part
because the reference laboratory that worked with the
isolates was located in Texas. All six of the patients for
whom a detailed history was available had been treated
unsuccessfully with a variety of oral antibiotics and with
otic drops containing steroids and aminoglycosides. The
six patients for whom a detailed history was available all
responded to the combination of surgical and antibiotic
treatment, which included long-term oral erythromycin
or clari thromycin in al l  six patients.

In 1990, Wenger et al. reported on an outbreak of
foot infections in eight patients who had invasive proce-
dures performed in a podiatry offlce. Two different risk
factors were identified in this outbreak: patients who had
procedures performed before 10:30a.m., and those
having procedures performed on any inner toe (rather
than the first and/or fifth toes), were more likely to
develop infections. A handheld jet injector had been
used to administer lidocaine to all affected patients.
Fresh disinfectant solution, in which the injector tip was
immersed between procedures, was prepared daily at
approximately 8a.m. and discarded in the evening. The
infecting organism was cultured from the jug in which
the distilled water used to prepare the disinfectant solu-
tion was stored, and studies revealed that the number of

organisms recoverable from the disinfectant solution

decreased with time. After 4 h in the solution, the

colony count had decreased by 98 percent, and no viable

organisms were recovered after 24 h. lt was presumed

that the greater risk posed by procedures performed

earlier in the day resulted from the injection of a higher

number of colony-forming units present in the solution.

Larger amounts of a bupivacaine-dexamethasone solu-

tion were injected in patients undergoing procedures on

an inner toe than on an outer toe, and it was hypothe-

sized that the larger steroid amount in such cases may

have resulted in a decrease in the local inflammatory

response and consequent increase in infection risk.

In 1996, Camargo et al. reported on an outbreak of

skin lesions involving 232 of 298 patients studied, out of

an exposed population numbering 667. The infections

were traced to injections of contaminated lidocaine
given by a so-called 'bioenergetic,' an alternative medi-

cine practitioner, in Colombia, South America. Many
patients had received numerous injections; there was a
median of two lesions per patient, with a range of one to

nine. The investigators of the outbreak noted that the

lidocaine carpules used had rubber stoppers with several
punctures and that the carpules contained differing

volumes, suggesting that they had been refilled and

reused repeatedly.

In 1997, Villanueva et al. presented a detailed analysis

of a huge outbreak of postinjection infections involving

350 of approximately 2 000 patients who had all been
treated by the same alternative medicine practioner in

Barranquilla, Colombia. Other outbreaks of postinjec-

tion abscesses involving rapid growers were also briefly

summarized. In most cases lesions developed within 30
days of an injection, but it was usually several months

after injection before the etiologic agent was identifled.

Organisms were recovered from 205 of the 210 speci-
mens cultured. Five of these were further studied in
reference laboratories and identified as M. abscessus.

The five isolates all shared the same typical suscept-

ibility pattern for this species, and all were also resistant

to inorganic mercury, cadmium, and arsenite. Two
methods of DNA analysis were used to assess related-

ness of the five isolates. PFGE and RAPD-PCR. PFGE

could not be used, as the DNA broke or lysed sponta-
neously, a problem, the authors comment, that has been
found previously with half the M. abscessus isolates

investigated. Patterns obtained by RAPD-PCR,

however, were identical for all five isolates. No specific

environmental source for the outbreak could be identi-
fied, but it stopped when reusable injectors and related

syringes were no longer used. Although assignment of
patients to different treatment regimens was not rando-
mized, it was nonetheless noteworthy that less than one-
third of the patients who received no treatment or who

were treated with either surgery or clarithromycrn were
cured, while 95 percent of the patients treated with

surgery and clarithromycin were considered cured.
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In 1998, Lai et al. used RAPD-PCR to determine that
two outbreaks were actually pseudo-outbreaks, with the
epidemic strain also found in contaminated autoclaved
distilled water that had been used for specimen proces-

sing in the microbiology laboratory. The outbreak
ceased when commercially prepared processing reagents
were substituted for those prepared in house. Some
unexplainable issues remained, however. While the
epidemic strain was found in specimens from 14

different patients, three patients had at least two speci-
mens, at least one of which was smear-positive, from
which the epidemic strain was isolated, and four patients

had positive specimens that apparently had not come
into contact with the contaminated water.

In 1997, Ashford et al. reported the results of their
investigation of a pseudo-outbreak of bacteremias invol-
vittg 23 human immunodeficiency virus (HlV)-positive
patients followed at the same hospital; nine isolates were
available for study, seven of which were M. abscessus
and two of which were M. mucogenicum. The blood
culture procedure employed included the use of the
Septi-Chek AFB system. That system involves resus-
pending a medium supplement in sterile water, and for
this the hospital laboratory used water from a 1-l bottle
stored in a refrigerator and used in conjunction with
other media and reagents as well. M. abscessus, M.

fortuitum, and other organisms were cultured from a

supplement vial that was in use, but no organisms were

obtained from three vials that had not been previously

opened. Careful study of the laboratory blood culturing
procedure revealed several lapses in technique whereby

contaminants could have been introduced into the blood

cultures. The seven M. abscessus patient isolates and the
supplement isolate were found to be identical in their
susceptibilities to 13 antimicrobial agents and in their
multilocus enzyme electrophoresis patterns.

In 1998, Chadha et al. described an outbreak of
postsurgical wound infections in 45 of 452 patients who
had operations performed during a 5-month period at a
children's hospital in New Delhi, India. The infections
were traced to the water supply of the operating room.
All the surgical instruments were cleaned in tap water
in the operating room prior to sterilization, and major
problems were discovered with the autoclave being
used, which was not able to sterilize gauze impregnated
with M. abscessus. Despite in vitro resistance of the
organism, many patients were treated with an anti-
tuberculous regimen, coupled with incision and drai-
nage in a few patients. After several months of
therapy, all patients evidently cleared their lesions, but,
given the prolonged course of some of the patients and
the absence of any type of control group, it is not clear
what role their treatment regimen played in their
recovery.

In 1999, Galil et al. reported the largest outbreak

of infections thus far recorded in the USA due to
M. abscessus. At least 87 individuals developed

postinjection abscesses following the use of an unli-

censed material sold as adrenal cortex extract. Alter-

native medicine providers administered the material

intramuscularly, intravenously, subcutaneously, or by

several routes for indications such as chronic fatigue

syndrome, immune system enhancement, infection,

weight loss, and 'hypoadrenalism.' Cultures from vials of

the material and from patients revealed identical organ-

isms by both enzymatic and molecular methods. The

material was apparently manufactured under nonsterile

conditions; the handwritten formula for its preparation

indicated the use of hydrocortisone in low concentra-

tions combined with merthiolate as a preservative. After

being placed in unlabeled vials, the material was shipped

to another state, where labels with names of fictitious

pharmaceutical firms were added. No evidence was

found of the use of any animal products in the prepara-

tion of the material. Prior to its intravenous administra-

tion, some providers added vitamins, minerals, or crude

liver extract. As is unfortunately typical for such

outbreaks, it continued for a considerable period before

being recognized - in this case, for over a year. Cultures

of a patient's lesions for mycobacteria could be docu-

mented in only one-fourth of the cases. Less than a third

of all patients received a drug with antimycobacterial

activity and, of those who did, most received a course

that was too short to be curative.

In 2000, Chetchotisakd et al. reported an unusual

presentation of infections caused by rapid growers, many

of which were assigned to this species, initially involving

16 adults who all presented with chronic bilateral

cervical lymphadenopathy that ranged from 1 month to

5 years in duration. Other lymph node groups and

organs were also involved in most of the patients. A full

immunologic workup was not performed on these

patients, but, as many of the patients had prior or

concurrent infections with opportunistic pathogens, they

may have had some underlying immunologic abnorm-

ality. Only five of the patients showed an initial

complete response to antibiotic treatment, and three of

these were known to have relapsed. None of the patients

were related, and no clustering of cases was noted. All

the patients presented to the same hospital in Thailand,

but no source of the infections was identifled. Most of

the isolates were found by in vitro testing to be resistant

to cefoxitin. an unusual feature of M. abscessus

(Brown-Elliott and Wallace 2002).

A case of postoperative endocarditis involving a

Bjork-Shiley aortic valve was reported (Altmann et al.

1975), with organisms isolated premortem from blood

cultures and from valve vegetations obtained at autopsy.

The organism was identified as M. chelonei (abscessus),

with the identification confirmed by agglutination

testing; however, insufficient data are presented to be

sure of which currently recognized species was involved.

Also, a case of postoperative endocarditis involving

Starr-Edwards mitral and aortic valves was reported
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(Repath et al. 1.976), with organisms isolated premortem
from blood cultures and from valve vesetations obtained
at autopsy.

A case of renal infection (most likely actually a disse-
minated infection, as the patient also had multiple
nodular skin lesions) (Becker et al. 1980) was probably

secondary to initial infection at an arteriovenous shunt
site. No details regarding the biochemical reactions of
the organism were presented, but the addition of cefox-
itin to the patient's treatment regimen resulted in subse-
quent failure to isolate the organism from her urine,
suggesting that the organism, which was identified by the
Centers for Disease Control and Prevention (CDC) as
M. chelonei, was in fact M. abscessus (Brown-Elliott and
Wallace 2002).

In 1980, Sopko et al. reported on four patients with
underlying emphysema who developed pulmonary infec-
tion; all had radiographically visible pulmonary infil-
trates. A minimum of four positive sputum cultures was
obtained from each patient; one patient had 2l positive
cultures. In 1996, Olivier et al. discussed nontuberculous
pulmonary disease in patients with cystic fibrosis and the
problem of distinguishing colonization from infection.
Cullen et al. (2000) described a cystic fibrosis patient
who was thought to be colonized for 13 years but who
was eventually considered to have had invasive disease
for that entire period. Of the rapid growers that cause
chronic pulmonary disease, this species is estimated to
be the etiologic agent in approximately 80 percent of
cases (Brown-Elliott and Wallace 2002).

Inl992, Fraser et al. reported on an outbreak ofpseudo-
infections traced to the use of an automated broncho-
scope disinfector. Thirteen patients had positive cultures
obtained during bronchoscopy with a flexible broncho-
scope; the positive culture from another patient was
obtained during esophageal endoscopy. Organisms with
the same unusual high level of resistance to cefoxitin as
the patient isolates were recovered from the rinse water
from the automated disinfector. Attempts to disinfect
the automated disinfector itself were unsuccessful; after
institution of a rinse with 70 percent alcohol and forced-
air drying of the bronchoscopes, no additional isolates of
the epidemic strain were detected. It was postulated that
the epidemic strain may have originally been introduced
from tap water, although the investigators were not able
to isolate it from 'unused' tap water. ln 1994, Maloney
et al. reported on another pseudoepidemic traced to the
use of an automated washer. In this study, the related-
ness of patient and environmental isolates was demon-
strated by DNA analysis involving large restriction frag-
ment patterns of genomic DNA. In neither of these
studies was there any evidence of infection developing in
any of the patients from whom the positive cultures had
been obtained.

Other interesting case reports include the following:
possible vascular catheter-associated septicemia in a
premature infant (Speert et al. 1980), vascular catheter

site infection (Engler et al. 1989), vascular catheter-asso-

ciated bacteremia (Rodgers et al. 1996), disseminated

disease in two renal transplant patients (Graybill et al.

1974), osteomyelitis following a foot puncture wound
(Meredith and Sexton 1996), vertebral osteomyelitis in a

steroid-dependent adolescent with systemic lupus

erythematosus (Pruitt et al. 1993), infection of epicardial

pacemaker wires (Cutay et al. 1998), tenosynovitis of a

finger in a patient with anorexia nervosa (Zenone et al.

1998), pulmonary and pleural infection in a lung-trans-

plant patient (Fairhurst et al. 2002), disseminated

disease in immunocompromised patients (Pottage et al.

7982; Carpenter et al. 1984), disseminated skin infection

in an elderly woman (Fitzgerald et al. 1995) and in a
post-lung-transplant patient some time after pulmonary

colonization (Swetter et al. 1993), fatal pulmonary infec-

tion post-lung-transplant in a patient with cystic flbrosis
(Sanguinetti et al. 2001), keratitis following ocular

trauma (Meisler et al. 1982), and mucocutaneous lesions

of the glans penis and inguinal adenopathy following

urethral dilatations (the organism was identified as M.

chelonei but showed'NaCl tolerance') (Zina et al. 1980).

SUSCEPTIBILITIES

Nearly all isolates of this species are either susceptible,

or susceptible at an intermediate level, to amikacin,

cefoxitin, and clarithromycin, but only about half the

isolates have at least an intermediate level of suscept-

ibility to imipenem and linezolid. Most isolates are resis-

tant to ciprofloxacin, gatifloxacin, and doxycycline
(Brown-Elliott and Wallace 2002). Note that the

NCCLS currently recommends that imipenem not be

tested against this species (NCCLS 2000). One study

traced the genetic basis of clarithromycin resistance in

this species to a point mutation in the 23S rRNA gene

(Wallace et al. 1996). In 1999, Jongevos et al. reported

the successful use of the combination of ofloxacin,

ethambutol, and doxycycline for the treatment of subcu-

taneous nodules in a patient who could not tolerate

either clindamycin or rifampin; however, no biochemical

or susceptibility testing results were reported for the
isolate.

Information concerning molecular identification of

M. abscessus by REA of the HSP gene can be found in

Telenti et al. (1993). Chromatographic identification is

described by Butler et al. (1996).

M. aichiense

In the publication originally describing this species
(Tsukamura et al. 1981), some isolates are said to have

been obtained from patient sputum. No clinical details
were provided, and we are not aware of subsequent

reports of the isolation of isolates of this species from

clinical material. The species name is derived from the
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name of the Japanese prefecture, Aichi, from which the
original isolates were obtained.

Information concerning molecular identification of M.
aichiense by REA of the HSP gene can be found in
Brunello et al. (2001).

M. alvei

The initial description of this species in 1992 involved
the study of six isolates, four from environmental
sources and two from human sputum specimens (Ausina

et al. 1992). No assessment of the clinical significance of
the sputum isolates was provided. The species name is
from a Latin word meaning 'bed of a river;' the type
strain was isolated from water from the Llobregat River
in Spain. Some pathogenic human isolates belonging to
this species have evidently been obtained recently
(Brown-Ellio tt et al. 2002).

Information concerning molecular identification of
M. alvei by REA of the HSP gene can be found in
Brunello et al. (2001). Chromatographic identification is
described by Ausina et aL. (1992).

M. aurum

This species was originally described in 1966
(Tsukamura 1966a), and presumably was given its
species name because of its orange-colored colonies.
However, in a subsequent numerical taxonomic analysis
of scotochromogenic RGMs, Tsukamura and Mizuno
(1977) concluded that M. aurum could be considered
either a subspecies of M. parafortuitum or a species that
constituted part of the M. parafortuitum complex. They
also distinguished two types within M. aurum, with
somewhat different biochemical reactions. However, a
subsequent numerical taxonomic study by Tsukamura
et al. (1983), concluded that M. aurum could be consid-
ered a separate species. This organism has been reported
as a cause of catheter-related bacteremia in a patient
with lymphoma (Esteban et al. 1998). The isolate was
identified at a national reference laboratory, but little
information regarding the phenotypic characteristics of
the organism was provided.

Information concerning molecular identification of
M. aurum by REA of the HSP gene can be found in
Telenti et al. (1993). Taylor et al. (1997) report that
some strains of M. aurum may be indistinguishable from
M. neoaurum by HSP REA.

M. austroafricanum

The original description of this species in 1983 by Tsuka-
mura et al. (1983) was based on a numerical taxonomrc
study of water isolates from South Africa - hence the
species name. This organism was reported from acid-
fast, smear-negative, and mycobacterial culture-negative

synovial tissue obtained from one patient with 'crystal

arthritis.' The organism was detected by PCR amplifica-
tion with genus-specific primers of DNA extracted from
the tissue, followed by automated sequencing (van der
Heijden et al. L999). We are not aware of other reports
of the organism from clinical specimens.

M. brumae

The initial description of this species in 1993 involved

the study of 11 isolates, ten from environmental sources

and one from a human sputum specimen (Luquin et al.

1993). The name is from a Latin word meaning 'of

winter,' given to the organism because the first isolates

were obtained in winter. No assessment of the clinical

significance of the sputum isolate was provided.

Information concerning molecular identification of M.

brumae by REA of the HSP gene can be found in

Brunello et al. (2001). Chromatographic identification is

described by Luquin et al. (1993).

M. chelonae

The initial species name for this organism was'chelonei,'

derived from the Latin word for a tortoise, from which

the organism was evidently originally isolated (Wayne

and Kubica 1986). The spelling of the species name was

subsequently changed to make it consistent with general

usage. On the basis of a study of 40 different strains,

Stanford et al. (1972) concluded that the organisms

sometimes designated as the separate species M.

abscessus, M. borstelense, M. chelonei, ar'd M. runyonii

all belonged to the same species, within which there

were two geographic 'variants.' However, it was even-

tually shown by DNA-DNA hybridization studies that

M. abscessus and M. chelonae were separate species

(L6vy-Fr6bault et al. 1986; Kusunoki and Ezaki 1992).

The names 'M. borstelense' and 'M. runyonii' are no

longer considered valid.

Borghans and Stanford (1973) reported an outbreak

of 47 cases of injection-related abscesses following

administration of diphtheria-pertussis-tetanus-polio

vaccine at a clinic in the Netherlands in 1969. Abscesses

took up to 1 year to develop. Many patients required

incision or excision of the abscesses. Evidently all lesions

eventually resolved without specific antimicrobial

therapy. No definite source for the outbreak was

detected.

Gremillion et al. (1983) reported an outbreak of

abscesses occurring in 13 of 42 student nurse assistants

after practice injections. The authors reported that the

material for the injections was taken from a hanging 1-l

bottle of 0.9 percent sodium chloride, which was not

changed over a 3-month period and which was noted to

be cloudy and occasionally leaking. The bottle was not

available for epidemiological investigation, having been
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discarded prior to the recognition of the first case. The
incubation period ranged from 6 to 16 weeks; all
patients required some surgical intervention. Resolution
of the infections took from2 to 31 months.

There have also been a number of other case reports
of infection subsequent to varying degrees of skin pene-

tration, including two cases following acupuncture (Woo

et aL.2002)

Laskowski et al. (1977) and Levy et al. (1977),

reported on two patients with infections related to
receipt of porcine heart valves that presumably had
become contaminated during the course of the manu-
facturing process. By 1977, at least 25 contaminated
porcine valve remnants had been detected by ten
different medical centers (MMWR 1978), but only the
two previously mentioned patients were known to have
developed infections. The organism involved was identi-
fied by the CDC as M. chelonei, but no phenotypic

features were mentioned in the reports. In 1984,
Rumisek et al. (1985) reported the case of a young

woman who had a mitral valve replacement with a
porcine valve in I976 and evidently did well for almost 3
years before developing symptoms; she eventually died
more than 6 years after the initial valve replacement
from complications related to M. chelonae endocarditis.

Grange (1992) reviewed mycobacterial infections
occurring after heart valve replacement, including infec-
tions due to M. chelonae and M. fortuitum demonstrated
or presumed to have resulted from implantation of
contaminated valves, and postoperative sternal wound
infections caused by each species, with cases tending to
occur in clusters and probably due to contaminated
water and perhaps to contaminated bone wax. Olalla
et al. (2002) presented a case of M. chelonae endo-
carditis that occurred after aortic and mitral valve repla-
cement. and reviewed the literature from 1966 to 2000
regarding M. fortuitum complex endocarditis.

Kuritsky et al. (1983) reported six patients with
sternal wound infection, endocarditis, and saphenous
vein graft-site infection caused by M. chelonae and M.

fortuitum; the one M. fortuitum isolate caused a sternal
wound infection. RGMs were cultured from several
water sources in the hospital in which the infections
occurred; the most likely source of the infecting organ-
isms was thought to be nonsterile ice used to cool the
cardioplegia solution before it was infused.

McCracken et al. (2000) reported a cluster of four
immunocompromised patients with bacteremia, probably
all related to procedures performed in the hospital radi-
ology department, involving insertion of three Hickman
lines and a biliary stent, Organism identificatron was
performed by thin-layer chromatography.

Meyers et al. (2002) reported on an outbreak of cuta-
neous abscesses that developed in 34 of 82 patients who
underwent liposuction procedures performed by a single
physician over a period of approximately 6 months. An
isolate of what was considered to be the same strain was

obtained from an office faucet. The outbreak probably

occurred as a consequence of inadequate infection

control practices.

Boxerbaum (1980) reported the repetitive isolate of

this organism from the sputum of an adolescent with

cystic fibrosis; autopsy findings suggested that the

organism may have contributed to the patient's demise.

A review of hospital records revealed seven additional

patients out of 430 with cystic fibrosis from whom a

rapidly growing mycobacterium was isolated; flve were

M chelonae and two were M. fortuitum. No phenotypic

features of the organisms were provided, so, for

example, it is not clear that the isolates reported to be

M. chelonae were not irt fact M. abscessus.

In 1983, Pappas et al. reported an outbreak resulting

from contaminated flexible flberoptic bronchoscopes

involving 72 patients with positive cultures. Of these,

nine patients became transiently colonized, and two with

serious underlying diseases became infected. Broncho-

scopes had initially been disinfected with glutaraldehyde;

the problem was not resolved after attempting steriliza-

tion with ethylene oxide. The problem was eventually

traced to puncture of the suction channel of the

bronchoscopes, resulting in contamination of the

bronchoscope interior with both M. chelonae and Pseu-

domonas aeruginosa. No biochemical data regarding the

organism are presented, so the currently recognized

species involved is not clear. Campagnaro et al. (1994)

reported a pseudoepidemic that was traced to a single

contaminated bronchoscope and a contaminated device

for the cleaning of bronchoscopes. Cox et al. (7997)

reported a pseudo-outbreak of 28 patients with positive

bronchial washing specimens out of a total of 91 patients

who had bronchial washings performed during a 3-

month period. Lidocaine sprayers used during the

bronchoscopy procedure were found to be contaminated

with the organism; these sprayers were cleaned with a

solution made with tap water, which was probably the

ul l imate source of the organism.

Gutman et al. (1974) report a case of a thyroid

abscess in a 4-year-old child treated with surgical exci-

sion and one year of ethionamide, to which the organism

was sensitive in vitro. Only minimal phenotypic data

regarding the organism were presented in the report.

This species has been reported to be the cause of

infections of the eye, particularly keratitis; most cases

have followed ocular surgery or traumatic eye injuries

(Khooshabeh et al. 1994; Bullington et al. 1992) (no

biochemical results provided, and different susceptibility

results obtained with different isolates) (Newman et al.

1984) (no biochemical results provided); apparently even

such minor trauma as caused by the wearing of soft

contact lenses can result in infection. Although in

several of these reports the mycobacterial species

causing the infection was not well characterized, in at

least one report the organism was identifled by mole-

cular methods (Alvarenea et aL.2002\.
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A case of bilateral otits media and mastoiditis in a
young child, symptoms of which began 6 months after
insertion of myringotomy tubes, was reported by Avery
et al. (1995). Interestingly, an initial isolate was consid-
ered by one reference laboratory to be resistant to all

agents tested, with the exception of imipenem. (The

cefoxitin minimum inhibitory concentration (MIC) was

reported as >32, but note that current NCCLS guide-

lines (NCCLS 2000) would consider cefoxitin MICs of
32 and 64 to represent an intermediate level of suscept-
ibility.) The patient was treated with imipenem and
further surgery. A subsequent isolate was found at a

second reference laboratory to be sensitive only to

cefoxitin and ciprofloxacin but resistant to all other

agents tested, including imipenem. Cefoxitin was not
included in the patient's treatment regimen until
receipt of the second report. The patient responded to
the combination of cefoxitin and further surgical

management. The cefoxitin susceptibility suggests that
the organism may actually have been M. abscessus
(Brown-Elliott and Wallace 2002). At the time of the
report, the two organisms were considered conspeciflc,
and no biochemical data for the orsanism are included
in the report.

Infections have been associated with access devices
such as intravascular (Flynn et al. 1988; Raad et al.
1991) and peritoneal catheters (Merlin and Tzamaloukas

1989; Hevia et al. 2000) (see also lunder M. fortuitum).
Catheter-related infections may remain localized to the
exit site or may result in disseminated infection; their
course may become both chronic and complicated, with

dissemination perhaps resulting in the seeding of other
catheter sites (Hsueh et al. 1998).

In 1992, Singh and Yu reported the successful treat-

ment of a case of pulmonary disease attributed to

M. chelonae with the combination of cefoxitin and cipro-

floxacin and reviewed the literature on pulmonary

disease caused by this organism. However, they did not

distinguish between cases caused by what were then

considered to be the two subspecies, M. chelonae ssp.

chelonae and M. chelonae ssp. abscessus.

ln 1992, Wallace et al. reviewed 100 patients with

skin, soft-tissue, or bone infections. Fifty-three patients

had disseminated cutaneous disease: of these, three
had positive blood cultures and two had osteomyelitis
of the extremities. Thirty-five patients had cellulitis, a
subcutaneous abscess, or osteomyelitis; 30 of these

infections occurred after a penetrating injury or a

medical procedure. Twelve infections were catheter-
related. Four of the eight patients with intravenous

catheters were bacteremic. Ninety-two percent of the
patients with disseminated skin infection were

receiving corticosteroids, either alone or in combina-

tion with other immunosuppressive agents. Of the
antimicrobial agents tested in vitro, clarithromycin was
the most active. Of the rapid growers, this species

appears to be the one most commonly involved in

disseminated cutaneous infections (Brown-Elliott and
Wallace 2002).

SUSCEPTIBILITIES

Nearly all isolates of this species are either susceptible,
or susceptible at an intermediate level, to amikacin,
tobramycin, clarithromycin, gatifloxacin, and linezolid,
but only about one-fifth have at least an intermediate
level of susceptibility to ciprofloxacin, about one-fourth,
to doxycycline, and two-fifths to imipenem (Brown-

Elliott and Wallace 2002). Note that the NCCLS
currently recommends that imipenem not be tested
against this species; this is also the only species of the
RGMs for which tobramycin results should be reported
(NCCLS 2000). Wallace et al. (1993c) reported the
successful use of clarithromycin as monotherapy in
patients with skin disease. One patient who discontinued
therapy early relapsed with a resistant isolate. Subse-
quently, Tebas et al. (1995) reported the development of
clarithromycin resistance in a heart-transplant patient

being treated for disseminated disease; the authors
recommended the use of at least two agents, one of
them clarithromycin, particularly in immunocompro-
mised patients, for treating M. chelonae infections. Dris-
coll et al. (1997) reported a patient with recurrence of
skin lesions with a resistant isolate after apparently
successful treatment with clarithromycin monotherapy.
One study traced the genetic basis of clarithromycin
resistance in this species to a point mutation in the 23S
rRNA gene (Wallace et al. 1996). Brown-Elliott et al.
(2001) reported the successful use of linezolid in a
patient with skin involvement of his right lower leg with

an organism that had developed resistance to clari-
thromycin following treatment with that agent.

Information concerning molecular identification of M.
chelonae by REA of the HSP gene can be found in
Telenti et al. (1993). Chromatographic identification is
described by Butler et al. (1996).

M. confluentis

The original description of this organism in 1992 was

based on a single isolate obtained from the sputum of an

apparently healthy male (Kirschner et al. 1992b). A

brownish pigment, which subsequently turns black, is

said to develop after incubation for 8-12 weeks;

however, this pigment production was not found to be a

stable property of the strain. In vitro, the type strain

showed susceptibility to ethambutol, isoniazid, and

streptomycin. The name is derived from the Latin word

confluentis, which refers to the city of Koblenz, the

source of the type strain.

Information concerning molecular identification of M.

confluentis by REA of the HSP gene can be found in

Brunello et al. (2001). Chromatographic identification is

described by Kirschner et al. (1992b).
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M. elephantis

The original description of this organism was based on
as isolate obtained from a lung abscess in an elephant
(Shojaei et al. 2000). A subsequent report in 2002 by
Turenne et al., described 11 isolates obtained from
patients in Ontario, Canada. Ten of these isolates were
obtained from sputum specimens and were of uncertain
clinical significance. One isolate was obtained from an
axillary lymph node of a patient who presented with
lymphadenopathy and had been tattooed recently.
Histopathology showed caseating granulomas, and the
isolate was presumed to be clinically signiflcant. These
authors provided a detailed comparison of the pheno-
typic and molecular features of their isolates as
compared with the two colony types that they detected
in the type strain. The sequence they obtained for the
165 rRNA gene from one of the two colony types
differed by only one bp from the sequence that they
obtained for the same region from their clinical isolates;
the sequence obtained for the other colony type showed
several additional bp differences. The M. elephantis
sequence that we used in our tree diagram (Figure 47.1)
is the one obtained for the clinical strains, and the
phenotypic features in Table 47.L for the species are
those obtained for the clinical isolates. An isolate was
also reported from the sputum of a patient in Belgium
who had a history of both a respiratory tract infection
and enteritis; the identification was made by molecular
methods (Potters et al. 2003).

Information concerning chromatographic and mole-
cular identification of M- elephantis by REA of the HSP
gene can be found in Turrene et al. (2002).

M. fallax

Three of the 22 strains included in the study on which
the original description of the species was based (L6vy-
Fr6bault et al. 1983) were isolated from sputum speci-
mens, but no mention was made of the possible clinical
significance of the isolates; the other 19 isolates were
from water and soil samples. The name fallax is a Latin
word meaning deceptive, given to the organism as the
colonies resemble those of M. tuberculosis. The
organism has been found to be susceptible in vitro to
cycloserine and ethambutol. We have not been able to
find any subsequent accounts of isolation of the
organism from other than environmental sources.

Information concerning chromatographic identifica-
tion of M. fallax is described by L6vy-Fr6bault et al.
(1e83).

M. farcinogenes

This species and the closely related M. senegalense are
considered to be the causative agents of bovine farcy. an

infectious disease of cattle (Chamoiseau 1979; Hamid

et al. 1991). The disease is apparently confined to Africa
(Brown-Elliott and Wallace 2002). In a numerical
phenetic study, Ridell and Goodfellow (1983) found

several characters that proved useful for distinguishing

between these species; most isolates of this species

required more than 5 days for growth, whereas most

isolates of M. senegalense grew within 5 days. Data
presented by Chamoiseau (1979) suggest that most

isolates of M. farcinogerzes would be considered slow

growers. These species are very closely related to each

other, as well as to M. fortuitum (Pitulle et al. 1992;

Kirschner et al. 1992a). The 165 rDNA sequences of

both species are very similar, but there are differences in

the 165-235 rDNA internal transcribed spacer regions of

the two species, and probes based on these differences

have been developed that can be used for identification
purposes (Hamid et al.2002).

Information concerning molecular identification of M.

farcinogenes by REA of the HSP gene can be found in

Brunello et al. (2001). Chromatographic identification is

described by Hamid et al.  (1991).

M. flavescens

This organism is generally placed in the group of slowly
growing scotochromogens; some isolates evidently grow

rapidly enough that they could be classified as rapid
growers. There are only a handful of reports of infection

attributed to this organism (see brief summary as of

1997 by Fischer et al.). These infections have involved a

variety of body sites.

Information concerning molecular identification of M.

flavescens by REA of the HSP gene can be found in

Telenti  et al.  (1993).

M. fortuitum

This species was considered a human pathogen when it

was initially described in 1938 by da Costa Cruz. (See

the discussion by Wayne and Kubica (1986) for a brief

account of the history regarding the appropriate species

name for this organism.) In 1981, Staneck et al. reported

a patient with posttraumatic osteomyelitis in the ankle

region after sustaining a compound fracture in a motor-

cycle accident. On the basis of the Gram stain appear-

ance of the organism in pus from the lesion, described as

an'irregular-stained gram-positive filamentous branching

organism,' and on the basis of the initial studies of the

organism in culture, it was thought to be a Nocardia

species. Further study of the organism after the patient

failed to respond to therapy for a Nocardla infection

revealed that the organism was in fact an RGM, identi-

fied as M. fortuitum in two reference laboratories,

although specific biochemical data are not provided.
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The lesion eventually responded after long-term admin-

istration of erythromycin and minocycline.

Nolan et al. (1991), reported on an outbreak involving

six patients undergoing electromyography that was

performed at the same facility; infections in all six

patients began at a site at which a needle-electrode

probe had been inserted. No source for the outbreak

could be determined, but it was speculated that the

source of the infection may have been contaminated tap

water, which was used to rinse needles after they had

been soaked in glutaraldehyde solution.

Plemmons et al. (1996) reported a case of otitis media

and mastoiditis in an adolescent who had had multiple
pressure equalization tubes placed on the same side for

treatment of otitis media. Four other cases of otic infec-

tion due to M. fortuitum that had been reported to date

were also reviewed. Susceptibility results of the patient's

infecting organism were unusual, in that it was resistant

to both amikacin and cefoxitin; the amikacin resistance

was thought possibly to have resulted from previous

topical treatment with aminoglycosides. The patient was

treated with a combination of hyperbaric oxygen,

limited debridement, and oral clarithromycin and trime-

thoprim-sulfamethoxazole, and ultimately did well.

Five patients undergoing open heart surgery at a

community hospital between October 1975 and May

1976 developed infections at their median sternotomy

sites from 6 to 44 days postoperatively; no source for the

infections was found (Hoffman et al. 1981).

A few cases of endocarditis have been described,

including a case affecting a native valve in an HIV-posi-

tive intravenous (IV) drug abuser (Spell et al.2000) and

cases affecting prosthetic valves (Narasimhan and

Austin 1978). References to these and other cases can

be found in the review by Olalla et al. (2002). although

the review itself does not distinguish among the various

species involved. A case of aortitis following sternal

wound infection subsequent to aortic valve replacement

has also been reported (Schlossberg and Aaron 1991).

In 1991, Raad et al. reported on 15 patients who had

developed catheter-related infections caused by

members of the M. fortuitum complex, and also

reviewed the literature on catheter-related infections to

date, finding an additional 14 cases. Nine of their own

cases, and seven of those in their review. were attributed

to M. fortuitum.'fhe other cases were attributed to M.

chelonae, but M. abscessus was not distinguished from

M. chelonae. The authors noted that catheter removal

was critical for successful management of such infec-

tions, with parenteral antibiotic administration also

being of great importance. Rodgers et al. (1996), subse-

quently reported an additional case in an 18-month-old

child who was evidently successfully treated by catheter

removal alone, as it appeared that by in vitro testing the

organism was resistant to the principal antibiotic used

for treatment. In 2000, Hevia et al. presented five

patients with peritoneal catheter exit-site infections, four

of which were caused by M. fortuitum and one by M.

chelonae; they also briefly refer to the few other

reported cases that they could find. None of their four

cases caused by M. fortuitum were associated with peri-

tonitis, but there have been a few cases of peritonitis

reported in patients undergoing chronic peritoneal

dialysis (LaRocco et al. 1986; Woods et al. 1986). A case

of ventriculoperitoneal shunt infection has also been

reported (Midani and Rathmore 1999); the authors also

briefly review a few other reported cases of central

nervous system (CNS) infections attributed to M.

fortuitum. The patient did well following shunt removal

and antibiotic therapy.

In 1988, Varghese et al. reported a fatal pulmonary

infection in a young woman with aspiration pneumonia

secondary to esophageal achalasia; however, no biochem-

ical data regarding the organism were provided Several

fatal cases of pneumonia, generally in somewhat compro-

mised hosts, have been described (e.g. Bevelaqua et al.

1981; Nussbaum and Heseltine 1990; Lessing and Walker

1993). Successful medical treatment of a child with

Wilms' tumor, who had pulmonary disease with a vascu-

litic component, and positive cultures obtained from lung

biopsy and blood, has been reported (al Shaalan et al.

1997). Successful medical treatment of a lung abscess in a

patient who perhaps had underlying congenital cystic

lung disease has also been reported (Pacht 1990).

Sack (1990) described an HlV-positive IV drug abuser

who had disseminated cutaneous disease d:u.e Io M.

fortuitum; both M. fortuitum and M. tuberculosis were

cultured from bronchial washings, and Cryptococcus

neoformans was cultured from cerebrospinal fluid (CSF).

Smith et al. (1996), described another patient with AIDS

who had disseminated cutaneous disease; positive

cultures for the organism were obtained from a skin

biopsy and from bone marrow. At autopsy, the patient

was noted to have basilar meningitis; a tissue specimen

was histopathologically positive for acid-fast bacilli and

grew M. fortuitum. Butt (1998) reported two HIV-posi-

tive patients with cervical lymphadenitis and reviewed

the literature pertaining to lymphadenitis caused by M.

fortuitum. One of their two patients had had M.

fortuitum isolated from a sputum specimen several

months before the development of lymphadenitis but

had not been treated because of the absence of any

pulmonary symptoms.

Clegg et al. (1983) discussed 17 patients who devel-

oped infection after augmentation mammoplasty over a

3.5-year period. Isolates from 12 of the patients were

available for study; ten of these proved to be M.

fortuitum and two M. chelonae. Infections became

apparent from 1 week up to more than' 2 years after

surgery. The source of the organisms was not identifled.

Haiavy and Tobin (2002) reported two additional cases

and briefly reviewed the literature.

In their 1996 review of meningitis caused by non-

tuberculous mycobacteria, Flor et al. (1996) mention six
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patients who they found in their literature review with
meningitis attributed to this species, but they mention
no other species of RGM and provide no identification
details.

Smith et al. (198a) reviewed their experience with
finding mycobacteria in patients with cystic fibrosis.
Mycobacteria were found in seven of 223 patients; three
of the isolates were M. tuberculosis, two were unidenti-
fied, one was M. chelonae, and one was M. fortuitum.
The patient from whom the M. fortuitum was isolated
had multiple sputum specimens that were both smear-
and culture-positive; this patient eventually died,
evidently from overwhelming pulmonary mycobacterial
infection.

In 1987, Hoy et al., reported on a pseudoepidemic
involving bone-marrow specimens obtained from four
patients. All four patients had underlying malignancies,
and three had had bone-marrow transplantation. All
specimens were obtained on the same ward, and three
were obtained on the same day. Acid-fast smears of all
four specimens were negative, and in none of the
patients did a disseminated M. fortuitum infection seem
very likely. The source of the organisms was flnally
determined when it was realized that all four patients
had had viral bone-marrow cultures requested. When
such cultures were requested, the syringe with needle
and cap still attached was placed in ice obtained from
the floor ice machines for transport to the laboratory.
The same organism was grown from melted unconcen-
trated ice obtained from the machine on the floor that
had housed the affected patients. Although the same
organism was found in concentrated samples from other
floors, organisms were not grown from unconcentrated
samples from any other floor. After changing the
method of specimen delivery to the laboratory, no addi-
tional positive cultures occurred.

In 1991, Burns et al. (1991) reported on an outbreak
of respiratory tract colonization that was detected after
16 patients on an alcoholism rehabilitation ward had
positive sputum cultures over a 6-month period; subse-
quent surveillance cultures detected several more colo-
nized patients. None of the patients had an illness attrib-
uted to the organism. The outbreak was thought to have
been caused by organisms present in water in the ward
showers. By PFGE, an isolate obtained from a tap
connected to the water line that supplied the showers,
and all 16 patient isolates, were identical. Gebo et al.
(2002) reported on an outbreak of respiratory tract colo-
nization on a ward primarily for HlV-infected patients.
The outbreak was recognized when it was noted that an
unusually high number of M. fortuitun isolates had been
obtained from patients on that ward; 60 specimens from
47 patients were culture-positive over a 13-month
period, but none of the specimens was smear-positive.
No clinical illness definitely attributable to the organism
was found in any of the patients. Multiple isolates of the
same species were obtained from an ice machine on the

ward. PFGE was used to confirm strain identity of
patient and ice machine isolates.

Winthrop et al. (2002) reported on their extensive
analysis of an outbreak of furunculosis associated with
footbaths at a California nail salon. One hundred and
ten customers of the nail salon who developed furuncu-
losis were identified. Of these. 34 had cultures that were
positive for RGMs; 32 of the organisms were identified

as M. fortuitum, and two were not identified. The
outbreak was not detected until it had been ongoing for
almost 6 months, when a physician reported to the local
health department that she had seen four patients over
the past 6 months with lower-extremity furunculosis of
unknown etiology. Cultures from all ten of the footbaths
in the salon grew M. fortuitum; other mycobacteria or
nocardiae also were found in five of the footbaths.
Isolates from 14 patients and six footbaths were
compared by PFGE; the isolates from all the patients

and three of the footbaths were found to be identical.
while the isolates from the other three footbaths were
not the same strain. Shaving of the legs prior to having a
footbath was found to be a significant risk factor for
infection. The median number of lesions per patient was
two, with a range of one to 37. The authors noted that
patients frequently delayed seeking medical attention
because of the initial indolence of the infections, and
that, once consulted, physicians generally did not
consider the possibility of a mycobacterial infection,
resulting in ineffective treatment and lack of clinical
improvement. In those patients who eventually received
appropriate oral antibiotic treatment, the lesions
resolved, as they also did in some of the untreated
patients. However, one untreated patient developed
disseminated disease.

SUSCEPTIBILITIES

Nearly all isolates of this species are either susceptible,
or susceptible at an intermediate level, to amikacin,

cefoxitin, ciprofloxacin, gatifloxacin, imipenem, linezolid,

and trimethoprim-sulfamethoxazole, but only about
four-fifths have at least an intermediate level of suscept-
ibility to clarithromycin, and about one-half to doxycy-
cline (Brown-Elliott and Wallace 2002).

Information concerning molecular identification of
M. fortuitum by REA of the HSP gene can be found in
Telenti et al. (1993). Chromatographic identification is
described by Butler et al. (1996).

M. fortuitum, third biovariant complex

Wallace et al. (1991) studied 85 isolates of this complex.
By in vitro testing, all isolates were susceptible to
amikacin, gentamicin, ciprofloxacin, imipenem, and
sulfamethoxazole; one-quarter were resistant to doxycy-
cline. Of the patients with skin and soft-tissue infections
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for whom clinical histories were available. most had a
history of trauma prior to the development of infection.
Most patients responded well to drug treatment or a
combination of drug and surgical management. Five
patients were simultaneously infected with a second
species of RGM. Twenty-six isolates were from a
respiratory source; the clinical significance of these was
not determined. Organisms in this group can be further

subdivided on the basis of ability to use sorbitol as a sole
carbon source; most sorbitol-positive isolates were found

to be cefoxitin-resistant, while all sorbitol-negative
isolates were susceptible. Recent studies have suggested
that there may be six or more species within this complex
(Brown-Elliott and Wallace 2002); the proposed name
for most of the isolates within the sorbitol-positive group

is M. houstenense, and the proposed name for most of
those in the sorbitol-negative group is M. bonicket.

Isolates of this complex typically have at least an
intermediate level of susceptibility to amikacin, cefoxitin
(sorbitol-negative group only - see above), ciprofloxacin,
gatifloxacin, imipenem, levofloxacin, linezolid, and sulfa-
methoxazole; some 80 percent of isolates have at least
an intermediate level of susceptibility to clarithromycin
(Brown-Elliott and Wallac e 2002).

Information concerning molecular identiflcation of M.

fortuitum third biovariant by REA of the HSP gene can
be found in Telenti et al. (1993).

M. gadium

The initial description of this organism was based on a

sputum isolate from a patient with pulmonary tubercu-
losis from whom M. tuberculosis was isolated simulta-
neously (Casal and Calero 1974).'fhe species name is a
Latinized name for 'Cadiz,' the Spanish town where the
patient from whom the organism was isolated lived. No
pathogenic role could be attributed to the organism. We
are not aware of any subsequent isolation from clinical
specimens of organisms belonging to this species. A later
comparison of this species with three other species of
rapid growers, using molecular methods, suggested that
this was indeed a distinct species (Garcia and Tabar6s
1986).

Information concerning molecular identification of
M. gadium by REA of the HSP gene can be found in
Brunello et al. (2001).

M. gilvum

The initial description of this organism was based on a
sputum isolate; no clinical information regarding the
patient from whom the isolate was obtained was
provided (Stanford and Gunthorpe I97I). The name of
the organism is derived from a Latin word meaning
'pale yellow.' By in vitro testing, it was found to be
susceptible to cycloserine and ethambutol.

M. goodii

This organism was recently separated from M. smeg-

matis (Brown et al. 1999). Of 28 clinical isolates initially

reported, six were responsible for pulmonary infections;

and at least 18 of the remaining isolates were from post-

traumatic or postsurgical infection sites. As with M.

smegmatis and M. wolinskyi, the chronic lung disease

that can be caused by this species tends to occur 1n

patients with lipoid pneumonia. The organism was

named after mycobacteriologist Robert Good. A case of

olecranon bursitis caused by this organism was subse-

quently reported (Friedman and Sexton 2001). The

patient's infection responded after the lesion had been

aspirated several times and he had been treated with

both doxycycline and ciprofloxacin. Typical antibiotic

susceptibilities of this species are the same as those for

M. smegmatis (Brown-Elliott and Wallace 2002).

However, isolates of this particular species typically

have an intermediate level of susceptibility to tobra-

mycin (at an MIC of 2-8 pg/ml for taxonomic purposes)
(Brown et al.  1999).

Information concerning chromatographic identifica-

tion and molecular identiflcation of M. goodii by REA

of the HSP gene can be found in Brown et al. (1999).

M. hassiacum

The initial description of this organism was based on a

single urine isolate that was not considered clinically

significant (Schroder et al. 1,997). The name refers to

Hesse, the German province where the type straln was

isolated. This species is remarkable for its ability to grow

at 65'C. A second isolate from a single urine specimen

of a patient with symptoms of cystitis has also been

reported (Tortoli et al. 1998), but it was not clear that

the organism played any role in the patient's illness. In

vitro, both isolates were found to be susceptible to

amikacin, clarithromycin, ethambutol, streptomycin, and

trimethoprim-sulfamethoxazole. Although the organism

grows rapidly, phylogenetic analysis indicated that it is

most closely related to M. xenopi (Schroder et al. 1997).

Information concerning chromatographic identifica-

tion of M. hassiacum can be found in Tortoli et al.

(1ee8).

M. hodleri

The initial description of this species was based on an

organism isolated from fluoranthene-contaminated soil

(Kleespies et al. 1996). The organism was named in

honor of Christian Hodler. a director of the Ministrv of

lnformation concerning

M. gilvum by REA of the

Brunello et al. (2001).

molecular identiflcation
HSP sene can be found

of

ln
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Science and Culture in Lower Saxony, Germany, for his
support of the natural sciences. On direct application of
a PCR procedure for amplification of a portion of the
165 rRNA gene to synovial tissue obtained from a
patient with rheumatoid arthritis, an amplicon was
obtained that showed 97 percent sequence identity to
the corresponding sequence for M. hodleri (van der
Heijden et al. 1999); however, no mycobacterla were
visualized in, or isolated from, the clinical material from
this patient, and the significance of the positive PCR
result was not clear.

Information concerning chromatographic identifica-
tion of M. hodleri can be found in Kleespies et al.
(1ee6).

M. holsaticum

The initial description of this species was based on
organisms isolated from clinical specimens from nine
patients in different regions of Germany (Richter et al.
2002). 

-fhe 
species name refers to Holstein, the region in

Germany in which the organism was first studied. Of the
nine isolates, six were from sputum, and one each was
from urine, gastric fluid, and an unknown source. No
clinical information regarding any of the patients was
provided By in vitro testing, the isolates were said to be
susceptible to ethambutol, ofoloxacin, and streptomycin.

Information concerning chromatographic identifica-
tion and molecular identification of M. holsaticum by
REA of the HSP gene can be found in Richter et al.
(2002).

M. immunogenum

This is a newly described species phenotypically similar
to M. abscessas and M. chelonae (Wilson et al. 2001).
However, M. immunogenum has two ribosomal gene
copies, a characteristic it shares with all other RGMs
studied to date, except for M. abscessus and M.
chelonae, each of which has only one copy. Many
isolates of M. immunogenum have been recovered from
metal-working fluids. The organism has been found in
pseudo-outbreaks resulting from bronchoscopic contam-
ination and has also been found to be the causative
agent of human disease in a small number of cases to
date Patients from whom it has been isolated have had
disseminated cutaneous disease, pneumonia, and
foreign-body-related infections (Wilson et al. 2001). The
organism is also likely to play an etiologic role in some
cases of hypersensitivity pneumonitis, particularly in
metal workers. The species name is a Latin word
meaning'eliciting an immune response.' In vitro isolates
were found to be susceptible to amikacin and clari-
thromycin but resistant to cefoxitin, ciprofloxacin, doxy-
cycline, imipenem, and sulfameth oxazole.

Information concerning chromatographic identiflca-

tion and molecular identification of M. immunogenum

by REA of the HSP gene can be found in Wilson et al.
(2001).

M. mageritense

The initial description of this species was based on flve

sputum isolates from different patients; none of the

isolates was thought to be pathogenic (Domenech et al.

1997). The species name is derived from an Arabic name

for Madrid (Magerit), where most of the initial isolates

were obtained. Wallace et al. (2002) have presented data

on six clinical isolates from North American patients.

Isolates have come from sputum, a bronchoscopy

specimen, an area of persisting cellulitis of the thigh

postliposuction, blood, a sinus, and a wound. The

isolates were noted to be very similar to isolates

belonging to the sorbitol-positive group of the third

biovariant but could be distinguished by carbohydrate

utilization, relatively greater cefoxitin susceptibility, and

molecular methods.

Information concerning chromatographic identification

and molecular identification of M. mageritense by REA

of the HSP gene can be found in Brown et al. (1999).

M. marinum

Some isolates of members of this species may grow

rapidly enough to meet the technical definition of an

RGM. However, this organism is traditionally grouped

with the photochromogenic slowly growing mycobacteria

and will not be discussed further here.

M. moriokaense

This initial description of this organism was based on a

number of environmental isolates and a single sputum

isolate from a patient with pulmonary tuberculosis

(Tsukamura et al. 1986). The species name indicates the

place (Morioka) where the species was initially isolated.

On the basis of comparisons made with other RGMs at
the time of its first description in 1986, the species could

be distinguished from other rapid growers by the use of

certain phenotypic tests, by its mycolic acid pattern, and

by DNA relatedness studies. We could not find any

subsequent reports of isolation of this species from clin-

ical specimens.

Information concerning chromatographic identifica-

tion of M. moriokaense can be found in Tsukamura et al.
(1986) .

M. mucogenicum

This organism was first recognized as a human pathogen

in the late 1970s. when it was isolated from several
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patients with peritonitis who were undergoing chronic
peritoneal dialysis; two separate outbreaks, each at a

different dialysis center, were involved, and seven

sporadic cases were found as well (Band et al. 1982).

Cross-infection from patient to patient was thought to

have occurred as a result of both some design def,-

ciencies in the dialysis machines and employment of

inadequate disinfection procedures. The ultimate source

of the organisms was not determined but was thought

most likely to be tap water. One isolate belonging to this
group (out of a total of 27) was also detected in the

outbreak studied by Bolan et al. (1985). The organism

was initially referred to as an MCLO. Even though the

initial isolates were found to have phenotypic features

that would differentiate them from what are now the

separate species M. abscessus and M. chelonae, the

species was not formally described and named until 1995
(Springer et al. 1995). The species name was selected

because of the mucoid appearance of colonies of most

isolates on solid media. In a study of 87 sporadic isolates

of this organism from 84 patients, 54 were from the

respiratory tract (Wallace et al. 1993a). Of those respira-

tory isolates, only two were thought to be clinically

significant; one was from an open lung biopsy and the

other was from the sputum of a patient who also had a
positive blood culture. Both of these isolates were from

AIDS patients. Isolates from skin, soft tissue, or blood

were more likely to be considered clinically signiflcant,

but even in the case of blood isolates, a few that were

obtained from only a single blood culture from patients

who had other negative blood cultures were considered

contaminants. Most of the skin and soft-tissue infections

followed accidental trauma or surgery, and most of the
patients with what were considered to be significant
isolates had catheter-related sepsis. This organism has

also been isolated from the blood of a patient with

cirrhosis (Paterson et al. 1998); the source of the

organism could not be determined, but the patient was

on hemodialysis and did have an intravascular catheter
in place. Additionally, it was isolated from liver tissue

obtained at autopsy from a patient with granulomatous

hepatitis, although the organism could not be visualized

in sections of the liver (Goldblatt and Ribes 2002).

Zhlbang et al. (2002) reported an outbreak of buttock

infections in 86 patients following penicillin injection at

a hospital in Chongqing, China. The infection spread in

at least some patients from the injection sites to the

inguinal lymph nodes. The source of the organisms was

thought to be the soil in the basement in which the vials

were stored on the ground; additionally, the vial lids

were inadequately disinfected prior to entry of the vials.

Susceptibility testing by an unspecified method revealed

the organisms to be sensitive to amikacin, gentamicin,

kanamycin, and vancomycin. The use of some or all the

agents to which the organisms appeared susceptible,

combined with surgery, evidently resulted in the cure of

all patients within a year. The authors identified the

organism involved as M. abscessas, but they stated that

the isolates were mucoid, did not grow on 5 percent

NaCl, utilized citrate, and were described as 'positive'

for iron absorption. It seems most likely that these
isolates actually belonged to the species M. mucogen-
icum. (M. mucogenicum is usually said to be negative for
iron uptake, but some tan or rust color may develop)
(Wallace et al. 1993a).

SUSCEPTIBILITIES

Unlike isolates of many other species of rapid growers,

isolates of M. mucogenicum tend to be susceptible in
vitro to a wide array of antimicrobials (Wallace et al.
1993a)

Information concerning molecular identiflcation of M.
mucogenicum by REA of the HSP gene can be found in
Steingrube et al. (1995). Chromatographic identification
is described by Butler et al. (1996).

M. neoaurum

This species was initially described by Tsukamura tn

1972; the species name means 'a new gold-pigmented

organism' (Wayne and Kubica 1986). Tsukamura subse-

quently published an additional study comparing this

species with other scotochromogenic rapid growers

(Tsukamura 1981). The first reported human infection

attributed to this organism was a case of bacteremia

occurring in an immunocompromised patient with a

Hickman catheter in place; the patient was successfully

treated with cefoxitin and gentamicin, without removing

the catheter (Davison et al. 1988). Eight of nine blood

cultures were positive. The organism was identifled on

the basis of its phenotypic and thin-layer chromato-

graphic features; no molecular studies were carried out.

Subsequently, there have been at least five case reports

of infections attributed to this organism. Three of these

have been cases of bacteremia in patients with Hickman

catheters (Holland et al. 1994; George and Schlesinger

1999; Woo et al. 2000). One was a case of peritonitis in a

patient receiving chronic ambulatory peritoneal dialysis

(McNally and Mangino 2000), and another was from a

patient with a urinary tract infection (Zanetti et al.

2001). The isolate from the patient with peritonitis was

identified on the basis of results with thin-layer and

high-performance liquid chromatography. One of the

isolates was identified on the basis of its L6S rRNA

sequence (Woo et al. 2000), and another on the basis of

both restriction analysis of the PCR product from the

hsp65 gene and the 165 rRNA sequence (Zanetti et al.

2001). All these patients recovered from their infections.

Information concerning molecular identification of M.

neoaurum by REA of the HSP gene can be found in

Taylor et al. (1997); this species may be indistinguish-

able from M. aurum. Chromatographic identiflcation is

described by Woo et al. (2000).
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M. novocastrense

The initial description of this species was based on an
isolate obtained from a skin biopsy of a lesion on a
child's hand (Shojaei et al. 7997). No additional clinical
information regarding the patient from whom the
organism was isolated was provided. The species name
refers to the city of Newcastle in England. We are not
aware of any subsequent reports of clinical isolates
belonging to this species.

Information concerning chromatographic identifica-
tion of M. novocastrense car be found in Shoiaei et al.
(ree'l).

M. obuense

In the publication initially describing this organism,
isolates belonging to this species were said to have been
isolated from patients with pulmonary disease (Tsuka-
mura 1981). However, it is not clear whether the one
isolate actually studied for that publication, which is
indicated in one of the tables as having been 'received

as' a member of this species and as having been
obtained from the sputum of 'humans,' was actually
considered to belong in this species. No specific clinical
information regarding any isolate is provided. The
species name refers to the place (Obu in Japan) where
the species was initially isolated.

Information concerning molecular identification of M.
obuense by REA of the HSP gene can be found in
Brunello et al.  (2001).

M. parafortuitum

The original description of this species was based on
isolates obtained from soil; the species name is presum-
ably intended to indicate its similarity to M. fortuitum
(Tsukamura 1966b). In a table in a publication on the
numerical taxonomy of organisms in the M. para-

fortuitum complex, several sputum isolates are listed
that are labeled as M. parafortutium bttt are also said in
a footnote to be 'outside the M. parafortuitum cluster'
(Tsukamura et al. 1983). No additional clinical informa-
tion is provided, and it is not clear to which species
these organisms were actually considered by the authors
to belong.

M. peregrinum

This species was initially described by Bojalil et al.
(1962) on the basis of two isolates, one of which was
from a child with 'bronchial aspiration.' The species
name means 'strange' or 'foreign,' and it was applied
because the initial isolates were the only nonpigmented
organisms in the authors' 'branch I.' After some 30 years
of debate regarding its taxonomic status, this organism

was established as a valid species distinct from M.

fortuitum by DNA-DNA hybridization criteria in 1992
(Kusunoki and Ezaki 1992). Although the occurrence of
clinical isolates is noted in the publication establishing

the species status of the organism, no specific clinical
data are provided. Individual case reports of infections

attributed to this organism have included a skin lesion
(from which both this organism and M. scrofulaceum

were isolated) in a fish fancier (Ishii et al. 1998), a thigh

abscess at a site of continuous subcutaneous insulin infu-

sion (Pagnoux et al. 1998), and catheter-related bacter-
emia in an immunocompromised patient (the organism

in this case apparently having been identified on the

basis of its glycopeptidolipids) (Rodriguez-Gancedo et al.

2001). Pipemidic-acid-susceptible and -resistant types
(types 1 and 2, respectively, have been distinguished:

type 1 is reported to have the same restriction pattern as
the proposed species M. bonickei, and type 2 the same
as the proposed species M. houstonense) (Brown-Elliott

and Wallace 2002).

Information concerning molecular identification of M.
peregrinum by REA of the HSP gene can be found in
Telenti et al. (1993) and Steingrube et al. (1995). Chro-
matographic identification is described by Butler et al.

1996\.

M. phlei

This species was described in 1899; the species name
indicates a genus of grasses (Phleum) from which the

organism was presumably initially isolated (Wayne and
Kubica 1986). A noteworthy characteristic of this species

is its ability to grow at 52C (Saito et al. 1977). We have

found three individual case reports of infection attrib-

uted to this species. One was a case of left-knee arthritis
in a young boy; direct smear of synovial fluid was posi-

tive, and the organism cultured was identified as M.
phlei, but only minimal biochemical data are presented
(Aguilar et al. 1989). An abscess in the ankle region was

also attributed to this organism, but direct smears of
patient material were negative, fungal and mycobacterial
cultures were negative, and the organism (regarding

which no phenotypic features are presented other than
that it was an RGM) was cultured only from the liquid

medium that comprised a part of the routine bacter-
iologic culture (Spiegl and Feiner 1994). In a case of
peritonitis in a patient on chronic ambulatory dialysis
and who had several smear- and culture-positive speci-
mens, the organism isolated was also identified as
belonging to this species, but, other than susceptibility

testing results and the fact that the organism was an
RGM, no other phenotypic characteristics of the
organism are mentioned (Paul and Devarajan 1998).

Information concerning molecular identification of
M. phlei by REA of the HSP gene can be found in
Devallois et al. (1997). Chromatographic identification is
described by Kirschner et al. (1992b).
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M. rhodesiae

Isolates belonging to this species were said to have been
isolated from patients in Rhodesia with 'lung tubercu-
losis' (Tsukamura 1981). No speciflc clinical information

regarding any isolate was provided; we are not aware of
any subsequent reports of clinical isolates belonging to

this species.

Information concerning molecular identification of M.
rhodesiae by REA of the HSP gene can be found in

Brunello et al. (2001).

M. senegalense

See the discussion under M. farcinogenes

M. septicum

This organism was described on the basis of three blood
culture isolates and a catheter-tip isolate obtained from
a 2-year-old male with metastatic hepatoblastoma; both
phenotypic and molecular tests supported the fact that
these isolates were identical and represented a hitherto
undescribed species (Hogg et al. 1,999; Schinsky et al.
2000). The infection responded well to catheter removal

and antimicrobial therapy. The species name refers to
the clinical condition produced by the organism in the
patient from whom it was flrst isolated.

Information concerning chromatographic identifica-

tion of M. septicum can be found in Schinsky et al.
(2ooo).

M. smegmatis

This species was described in 1899; the species name ts
derived from the Latin word for 'smegma,' from which
the organism was presumably initially isolated (Wayne

and Kubica 1986). In 1,988, Wallace et al. reported on

their experience with infections caused by this organism.

Of 22 isolates from 2L patients, three were from respira-
tory tract sites, and the remainder were from infections
involving skin, soft tissue, and/or bone. Seven infections
occurred after cardiac surgery, including six sternal
infections and one case of aortic valve endocarditis. By
in vitro testing, all isolates showed what was considered
to be at least some degree of susceptibility to amikacin,
ciprofloxacin, doxycycline, ethambutol, and sulfamethox-
azole. All of the 11 patients treated on the basis of the
susceptibility testing results evidently responded well.

These authors also studied some isolates obtained from
cats and in addition noted that bovine mastitis had been

attributed to this organism. In 1990, Plaus and Hermann
reported two cases of injection site abscesses in weight
lifters who had injected themselves with a veterinary
preparation of an anabolic steroid; cultures of the
injected material grew the same organism (Plaus and

Hermann 1991). Newton et al. (1993) reported two cases

of infection following trauma related to automobile acci-

dents; no details were reported regarding the identifica-

tion techniques employed. Cox et al. (1994) reported a

case of M. smegmatis infection in a severely mentally

disabled adolescent patient with concomitant lipoid

pneumonia resulting from long-term mineral oil admin-

istration for chronic constipation; the organism was seen

in, and cultured from, a lung biopsy specimen. The iden-

tification was confirmed in a reference laboratory; the

patient appeared to resolve his infection with long-term

antibiotic treatment. Gagnon (1994) reported the isola-

tion of this organism from a foot puncture wound in a

young girl; identification was performed in a reference

laboratory and the patient responded well to debride-

ment and trimethoprim-sulfamethoxazole. Infection

following a facelift procedure has been reported by

Pennekamp et al. (1997); the patient was treated with

antibiotics and local wound care. A case of ultimately

fatal disseminated infection due to M. smegmdns was

reported in a child with interferon gamma receptor 1

deficiency by Pierre-Audigier et al. (1997). The

organism, identifled at a reference laboratorY, was

isolated both from a liver biopsy and from blood. The

patient was apparently infected chronically with the

organism for at least 5 years, until her death at 8 years

of age. Skiest and Levi (1998) reported a case of

catheter-related bacteremia caused by this species and

Enterococcus faecalis; both organisms were recovered

from blood and catheter-tip cultures and the patient

responded well to catheter removal and antibiotic treat-

ment. Typically, isolates of the M. smegmatis species

group (M. goodii, M. smegmatis, and M. wolinskyi) are

susceptible to amikacin, doxycycline, ethambutol, and

sulfamethoxazole, have an intermediate level of suscept-

ibility to ciprofloxacin, and have variable susceptibility

to cefoxitin and clarithromycin (Brown-Elliott and

Wallace 2002). However, isolates of this particular

species have been found to be susceptible to tobramycin

(at an MIC of (1 pg/ml, for taxonomic purposes)
(Brown et al.  1999).

Information concerning molecular identification of M.

smegmatis by REA of the HSP gene can be found in

Telenti et al. (1993). Chromatographic identification is

described by Brown et al. (1999).

M. terrae

'the 
M. terrae complex is composed of M. terrae and

M. nonchromogenicum; M. triviale is also included by

some authors. One text (Kent and Kubica 1985) indicates

that 23 percent of the isolates of the complex (in the

narrow sense) may meet the technical definition of a

rapid grower. However, the members of this complex are

generally considered to be slowly growing nonphotochro-

mogens, and they will not be considered further here.
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M, thermoresittible

This organism was presumably given its species name
because of its ability to grow at temperatures of up to at
least 52'C and to survive exposure to even higher
temperatures (Saito et al. 1977). It was first reported as
a pathogen following its isolation from a woman who
presented with a 3-week history of weight loss, cough,
and fever and who had several cavities on her chest X-
ray (Weitzman et al. 1981). The organism was isolated
from several pulmonary specimens. The patient
responded to the combination of ethambutol, rifampin,
and streptomycin. Subsequently reported human cases of
infection caused by this organism have included a
pulmonary granuloma in a man with common variable
hypogammaglobulinemia (Liu et al. 1984), cutaneous
infection at a surgical site in a diabetic heart-transplant
recipient (Neeley and Denning 1989), abscesses
following augmentation mammaplasty (Wolfe and
Moore 1,992), and localized cutaneous infection of a
foot, also involving M. fortuitum, subsequent to stepping
on gardening shears while spreading manure-containing
mulch. In no case was there confirmation of the source
of the infection by isolation of the organism, but the
initial isolates of the species were obtained from soil
(Tsukamura I966a). Most patients responded slowly to
treatment that generally included rifampin and etham-
butol, in some cases with surgical drainage and foreign-
body removal employed as well. The patient with the
foot lesion apparently responded to the combination of
levofloxacin and doxycycline.

Information concerning molecular identification of M.
thermoresistiblle by REA of the HSP gene can be found
in Brunello et al. (2001).

M, vaccae

This species was described in 1964; the species name is
derived from the Latin word for 'cow,' the source from
which the organism was presumably initially isolated
(Wayne and Kubica 1986). We have been able to find
only one report of human infections caused by this
organism (Hachem et al. L996): three cases of
pulmonary infection and one of cutaneous infection
were reported. Two of the patients with pulmonary
disease and the one with cutaneous disease had under-
lying malignancies. There was a history of exposure to
cattle in two of the patients with pulmonary disease. The
pulmonary infections appeared to respond to medical
regimens including ciprofloxacin, and the patient with
cutaneous disease appeared to respond to the combina-
tion of trimethoprim-sulfamethoxazole and minocycline.
Organisms were isolated from only one specimen from
each of the patients; apparently only one of the culture-
positive specimens was also smear-positive for acid-fast
bacilli on direct examination. No molecular studies were
reported on the isolates.

Information concerning molecular identification of M.

vaccae by REA of the HSP gene can be found in Telenti

et al.  (1993).

M. wolinskyi

This species was described on the basis of a study of

eight human isolates (Brown et al. 1999). Of the seven
patients for whom clinical histories were available, four

had post-traumatic infections involving bone and/or soft

tissue and three had postsurgical infections, including

one arterial-venous shunt infection. They could not be

distinguished from M. smegmatis or M. goodii by

biochemical characteristics. There were some subtle

differences among the three species noted by high-

performance liquid chromatography (HPLC); molecular

methods were the most reliable in clearly distinguishing

among the three species. The organism was named

after mycobacteriologist Emanuel Wolinsky. Typical

antibiotic susceptibilities of this species are the same

as those for M. smegmads (Brown-Elliott and Wallace

2002), except that isolates of this species have been

found to be resistant to tobramycin (at an MIC of

)16 ltglml, for taxonomic purposes) (Brown et al. 1999).

Information concerning chromatographic identifica-

tion and molecular identification of M. wolinskyi by

REA of the HSP gene can be found in Brown et al.

(1eee).

SUMMARY

Most, but perhaps not all, of the species generally

considered to be RGMs are more closely related to one

another than to the slow growers. The operational defi-

nition of an RGM is based on visible growth within 7

days on solid medium from a dilute suspension of organ-

isms, not on the length of time for initial organism

detection, although in most cases growth from the

original specimen will be detectable in less than 7 days.

Some isolates of species generally considered to be slow
growers, however, may also meet the operational defini-

tion of an RGM.

On Gram stain, RGMs may appear as beaded gram-

positive rods and may be presumed prematurely to be

inconsequential contaminants because of their resem-

blance to coryneforms. RGMs usually stain adequately

with regular acid-fast stains such as the Kinyoun stain,

but some isolates may be relatively weakly acid-fast, and

a modified acid-fast stain. such as that used for Nocardia

species, may be useful to reveal their acid-fast proper-

t ies.

RGMs are widely distributed in the environment and

are relatively resistant to many disinfectants and so can

relatively easily enter into, and persist in, materials used

for diagnostic and therapeutic purposes.

Special media are not required for their isolation, but

some isolates will grow better at room temperature,
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and they do not grow as rapidly as most nonmyco-

bacterial species, so they may be missed on routine

bacterial culture of patient specimens. Also, it is

possible that bacteremia is more frequent than

currently reported, as in many cases of infection with

these organisms, blood cultures may either not have

been held for an adequate period of time or not have

been obtained at all.

Many of the infections caused by these organisms are

relatively indolent, and their possible etiologic role may

not be considered early in the course of an epidemic, so

their detection may be long delayed or perhaps missed

altogether.

There have been many changes in the taxonomy of

these organisms since the early reports on their occur-

rence were published. Unfortunately, both earlier as

well as recent reports on these organisms often do not

contain sufficient information about the isolates to be

sure to which currently recognized species they belong.

In some cases, species assignment has almost certainly

been incorrect. Hence, care is needed in interpreting

publications concerning these isolates. An increasing

number of rapid-growing species is being recognized,

and most laboratories have only a small array of pheno-

typic tests available for their identification. Furthermore,

some of these tests may provide unreliable results, parti-

cularly in inexperienced hands. At the present time,

molecular methods probably provide the most reliable

for accurate identification of these organisms.

It is clear that isolates of certain species or species
groups are much more commonly isolated from clinical

materials than others, and it is also clear that some

species are more commonly involved in certain types of

infections than others. However, it is probably the case

that virtually any species can potentially be involved in

any type of infection. Also, mixed infections and

episodes of contamination may occur.

Identiflcation to the level of a specific species or

species group is generally clinically relevant, not only to
provide more information regarding the disease assocla-

tions of particular species but, more importantly, also to

provide an initial guide to selection of appropriate anti-

microbial therapy. Most RGMs are resistant to the

agents used for treating infections caused by members of

the M. tuberczlosis complex, although a few species are

susceptible to ethambutol.

Many reports include in vitro susceptibility results, but

as the methodology has frequently not been specified,

and a variety of different procedures have been

employed, the comparability and clinical relevance of

much published data are uncertain. An NCCLS-recom-

mended broth dilution susceptibility testing procedure

has been established and should be used for all isolates

considered to be clinically significant, as susceptibility

status does not correlate perfectly with species assign-

ment. However, susceptibility results, particularly for

organisms obtained prior to the institution of treatment,

which deviate markedly from expected results for the
species, suggest the possibility of organism misidentifica-
tion. Laboratories not experienced with the suscept-
ibility testing procedure should ensure that they can

obtain reproducible results that correlate with those
obtained by a reference laboratory before reporting
results on patient isolates.
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INTRODUCTION

Definit ion

Members of the genus Nelsseria are gram-negative

diplococci that are normal inhabitants of the mucous

membranes of mammals and reptiles; some species are
primary pathogens of man. Neisseria are cocci 0.G1.0 pm

in diameter, occurring singly but more often in pairs with

adjacent sides flattened; one species (Neisseria elongata)

is an exception and consists of short rods 0.5 pm wide,

often arranged as diplobacilli or in short chains. Division

of the coccal species occurs in two planes at right angles

to each other, occasionally resulting in tetrads. The

species can largely be defined as either pathogenic or
commensal, with Neisseria gonorrhoeae and Neisseria
meningitidis being recognized as important human patho-

gens. The commensal Neisseriae are largely confined to

the upper respiratory tract of humans (Smith et al. 1999).

All organisms belonging to the Neisseriaceae are

aerobic chemoorganotrophs. They have a genomic DNA

composition of 46.5-53.5 mole percentage of guanosrne
plus cytosine. They are oxidase- and catalase-positive
(with one exception, N. elongata). Swarming motility

does not occur and correspondingly flagella are absent.

Members may express fimbriae (pili) that are associated

with attachment, twitching motility, and genetic com-
petence. They demonstrate natural transformation with
homologous DNA at varying levels of efficiency.
Most species are nutritionally fastidious, with an optimal
growth temperature between 35 and 37"C. Some
species are encapsulated, other species produce a

greenish-yellow carotenoid pigment, and others are

moderately c-hemolytic. Carbonic anhydrase is

produced by all species, except the 'false Neisseriae'

Neisseria caviae, Neisseria ovls, and Neisseria cuniculi.

Historical

Because of their association with disease, the pathogenic

members of the Neisseriaceae were first described. N.

gonorrhoeae (the gonococcus) was initially identified by

Albert Neisser in 1879. Using microscopy, Neisser

observed organisms within polymorphonuclear leuko-

cytes (PMN) in gram-stained smears of urethral

exudates from patients with gonorrhea, similar to those

present in Figure 48.1. Shortly after this observation, this

organism was successfully cultivated by Bumm (1885a,

b) and by Lestikow and Loeffler (Lestikow 1882). The

meningococcus (N. meningitidis) was first isolated in

1887 by Weichselbaum from the cerebrospinal fluid of

patients with acute meningitis (Weichselbaum 1887). In

1906, von Lingelsheim described a number of

commensal Neisseria species in nasopharyngeal cultures

from healthy and diseased persons; these included

Micrococcus pharynges siccus (Neisseria sicca), Micro-

cocus cinereus (Neisseria cinerea), and Micrococcus

pharynges flavus grotps I, II, and III (Neisseria subflava

biovars) (Von Lingelsheim 1906). Opportunistic

members of the genus were subsequently identifled.

Neisseria .flavescens was described in 1930 by Branham

and Neisseria lactamica was described in 1969 by Hollis

et al. Both these species were originally isolated from

cererbrospinal fluid and thought to be responsible for
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Figure 48.1 Gram stain of the urethral exudates from a patient
suffering from a local gonococcal infection

occasional cases of meningitis. N. gonorrhoeae subsp.
kochii was isolated from conjunctival cultures from
patients in rural Egypt and was first described in 1986
(Mazloum et al. 1986). Neisseria isolates formerly desig-
nated CDC group M-5 have been isolated from dog-bite
infections and are now designated Neisseria weaveri
(Andersen et al.  1993).

GENERAL FEATURES

Classif ication

The genus Neisseria is the type genus of the family Neis-
seriaceae (Bovre 1984). Strains belonging to the genus
Neisseria may be identified by phenotypic characteristics
including pigment expression, production of acid from
various carbohydrates, production of polysaccharide
from sucrose, and the reduction of nitrate and nitrite
(Table 48.1). Using these criteria, 15 different Neisseria
species, subspecies, and biovars isolated from humans
and six species isolated from animals have been described
(Knapp 1988; Barrett and Sneath 1994; Holmes et al.
1993). The majority of the human-associated species are
placed into one of two major groups Strains belonging
to the first group (N. gonorrhoeae, N. meningitidis,
N. lactamica, N. cinerea, N. polysaccharea, N. gonor-
rhcteae stbsp. kochii) grow as nonpigmented, translucent
colonies on solid medium; strains belonging to the second
group (N. mucosa, N. sicca, and N. subflava, including the
biovars subflava, flava, and perflava) are referred to as
the saccharolytic species and usually grow as opaque,
yellow-pigmented colonies on solid medium.

Based on an analysis of ribosomal RNA genes by
hybridization, Neisseria spp. can be divided into three
main subgroups (Dewhirst et al. 1989; Rossau et al
1989). The first subgroup is comprised of N. gonor-
rhoeae, N. meningitidis, N. lactamica, N. polysaccharea,
and N. cinerea; the second subgroup is comprised of
N. flavescens, N. subflava, and N sicca; and the third

subgroup is comprised of strains of N. mucosa. -[he

results of 165 rRNA sequence analysis and DNA

hybridization (Rossau et al. 1989; Dewhirst et al. 1989)

suggest that the genera Eikenella, Simonsiella, and

Alysiella and the CDC groups EF-4, M-5, and M-6

also be included in this family. Strains belonging

to CDC group M-5 have been classified as Neisseria

weaverii (Holmes et al. 1993), whereas strains

belonging to CDC group M-6 have been classifled as

Neisseria elongata subspecies nitroreducens (Grant et al.

1990). Similar 165 rRNA analysis has also led to the

recommendation that the genera Acinetobacter, Morax-

ella, and Branhamella, as well as the 'false Neisseriae'

and Kingella indologenes, be removed from the family

Neisseriaceae (Rossau et al. 1989; Dewhirst et al.

1989). Proposals have been made to assign Branha-

mella catarrhalls (formerly Neisseria catarrhalis) to the

genus Moraxella in the family Moraxellaceae or to its

own genus, Branhamella, in the family Branhamaceae

(Catl in 1990).

As an alternative to phenotypic typing and 165 rRNA

sequence homology, nucleic acid-based analysis has been

useful in defining Neisseria spp. The three-subgroup

organization defined by 165 rRNA organization has

been further expanded to five phylogenetic groups based

on the pattern of nucleotide sequence variation of the

recA, argF, and rho genes, with the pathogenic Neisseria

spp. associated with group 1 (Smith et al. 1999). Analysis

of these data indicates that the human commensal Nels-

seria spp. can be separated into discrete groups of

related species, but that their genetic relationships are

distorted by interspecies recombination events facilitated

by natural transformation.

Habitat

N. gonorrhoeae and N. meningitidls are obligate human

pathogens. The majority of the human-associated species

of Neisseria are nonpathogenic and are normal inhabi-

tants of the upper respiratory tract (oro- and nasopharyn-

geal mucous membranes) (Knapp and Hook 1988).

However, these commensal species may be infrequently

associated with other mucosal sites and may occasionally

be implicated as the etiologic agent of severe infections,

including meningitis, osteomyelitis, endocarditis, cellu-

litis, arthritis, and pneumonia (Doern and Gantz 1982;

Doern et aL. 1982; Herbert and Ruskin 1981; Davis et al.

1983; Johnson 1983; Boyce et al. 1985; Gilrane et al.

1985; Wong and Janda 1,992). Patients with various

immune deficiencies, such as leukemia and acquired

immunodeliciency syndrome (AIDS), are at increased

risk for serious infections with the commensal Neisseria

spp. (Schifman and Ryan 1983).

Children and adults may be colonized simultaneously

by several Neisseria spp. or biovars. Colonization by

nonpathogenic Neisseria spp., as well as N. meningitidis,
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may persist for several months (Knapp and Hook 1988).
N. lactamica has been isolated more frequently from
children than adults (Gold et aL.1978; Blakebrough et al.
1982), whereas colonization of the oropharynx by N.
polysaccharea appears to occur infrequently and varies
geographically (Riou et al. 1983; Boquete et al. 1986).
Neissera spp. have been isolated from the oropharynx of
animal species in addition to humans (Berger 1960,1971;
Andersen et al. 1993; Vedros et al. 1973, 1983; Dent
t982; Barr ett et al. 799 4).

Morphology, ultrastructure, and cell
d iv is ion

Neisseria spp. are gram-negative diplococci that vary in
the ease with which they are decolorized by alcohol
during Gram staining. Their cell morphology and
arrangement are affected by the environmental condi-
tions in which they are propagated and may vary
between cells grown in vitro and those directly observed
in specimens from an infected host. Observation of thin
sections prepared from N. gonorrhoeae grown in vitro by
electron microscopy exhibit cell structures that are
similar to those of other gram-negative bacteria.
Figure 48.2 summarizes the molecular organization of a
typical Neisseria spp., which is largely a function of the
biology by which these organisms divide. An undulating
outer membrane, approximately 7.5-8.5 nm in thickness,
appears as a bilayered structure (Fitz-James 1,964;
Swanson et al. l97l; Wegener et al. 1977) and contains
lipo-oligosaccharide (LOS), proteins, and phospholipids
(Morse and Hebeler 1978). The periplasmic space, the
region between the cytoplasmic membrane and the
outer membrane, comprises approximately 25 percent of
the cell volume and contains proteins that are released
upon osmotic shock (Chen et al. 1993) or by treatment
with chloroform (Judd and Porcella 1993). Among the
periplasmic proteins that have been identified are an

iron-binding protein (Chen et al. 1993), a c-type cyto-

chrome, and a homolog of elongation factor Tu (Judd

and Porcella 1993). An electron-dense layer, approxi-

mately 6.0 nm in thickness, corresponding to the pepti-

doglycan layer of the bacterial cell envelope, is located

within the periplasmic space (Swanson et al. l97t).

Peptidoglycan isolated from N. gonorrhoeae grown at

neutral pH comprises 1-2 percent of the cellular dry

weight and has a composition similar to that of Escher-

ichia coli (Hebeler and Young 1976). The peptidoglycan

layer and outer membrane demonstrate adherent

regions at regular intervals around the periphery of the

cell (Fitz-James 1964; Wolf-Watz et al. 1975). Electron

microscopy has also revealed the presence of

membrane-bound vesicles in the cytoplasm of some cells

located proximal to the site of septum formation, which

resemble mesosomes (Fitz-James 1964; Murray et al.

re63).
It is likely that cell division is similar in all Neisseria

spp., with the possible exception of N. elongata and N.
weaveri. Cell division occurs by septation rather than by
constriction (Westling-Haggstrom et al. 1977) and is
initiated by an ingrowth of the cytoplasmic membrane
enclosing a fold of peptidoglycan (Figure 48.3). Division
planes are formed consecutively at right angles to each
other, resulting in a transient tetrad formation (Murray
et al. 1963; Catlin 1975; Westling-Haggstrom et al. 1977).
Individual cells expand in only one dimension
throughout most of the cell cycle (Westling-Haggstrom
et al. 1,977). Toward the end of the division period,
initiation of growth in the second dimension typically
begins before completion of the first septum. This
change in growth direction enables these organisms to
avoid a rod-sphere-rod transition and the large fluctua-
tions in internal pressure that would occur if growth
were unidirectional (Westling-Haggstrom et aI. 1977).
Subinhibitory concentrations of penicillin G, which
induces filament formation in gram-negative rods and

Capsule

Cel l  envelope

Outer membrane

Cytoplasmic membrane

Pept idoglycan

Figure 48.2 Diagrammatic and electron-micrographic
representation of Neisseria spp To the left is a thin-section
transmission electron micrograph showing the morphology of the
cell membrane The right-hand drawing is developed from the
electron micrograph and other data

Figure 48.3 Electron micrograph of Neisseria spp undergoing
cell division
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has been used to differentiate coccobacilli from cocci.
does not induce filament formation in N. gonorrhoeae

(Catlin L975). However, subinhibitory concentrations of
penicillin will induce filament formation in N. elongata,

suggesting that cells of this species grow in a single

dimension. A transmission electron micrograph of

Neisseria spp. undergoing cell division is shown in
Figure 48.3.

Genetic analysis of the gonococcal genome has
identified a cluster of genes involved in cell division and
cell-wall (dcw) biosynthesis. The gonococcal dcw gene

cluster consists of 17 genes and is similar to that

observed in gram-negative rods, such as E coli and
Haemophilus influenzae, and includes a protein encoded
by ftsZ, which plays a central role in the cell division
process by localizing to the division site, forming a
contractile ring (Salimnia et al. 2000). Furthermore, it is
known that division at the mid-cell in E. coll is main-

tained by a set of proteins designated MinC, MinD, and
MinE, encoded by the minB genetrc locus. It has been
reported that Neisseria spp. possess MinC, MinD, and
MinE homologs produced as part of a Iarge 17-kb gene

cluster (Ramirez-Arcos et al. 2001). Deletion of minC in

N. gonorrhoeae led to abnormal cell division and cell

lysis. The gonococcal minC gene can complement a
minC mutant of E. coli; overexpression of gonococcal

MinC causes filamentation in wild-type E. coli becarse rt

is a cell-division inhibitor (Ramirez-Arcos et al. 2001).

Cell-wall blebs produced by budding of the outer
membrane have been observed both in lag-phase broth-
or agar-grown cultures of N. gonorrhoeae and N. menm-
gitidis.'fhese blebs consist of outer-membrane compo-
nents including LOS and proteins; they are produced by
rapidly growing cells (Andersen et al. 1979; Andersen
and Solberg 1978, 1988; Pettit and Judd 1992a,b). Blebs
produced by N. gonorrhoeae contain both circular and
linear DNA and may facilitate the intercellular transfer
of plasmid or chromosomal DNA (Dorward et al. 1989).

Growth requirements

The natural habitat of the Neisseria spp. suggests that
some species may have complex growth requirements.
Many of these requirements are fulfilled by standard
laboratory media. For example, Neisseria spp. other than
N. gonorrhoeae and N. meningitidis will grow on
nutrient agar at 35-3'7"C. Many of these nonpathogenic
species will also grow in a chemically defined medium
containing as few as five amino acids and two vitamins,
although some require the addition of glucose and
lactate, or both glucose and lactate for optimal growth
(McDonald and Johnson 1975). Some species produce

large amounts of ammonia during growth in these
media, which will interfere with the detection of acid
production from sugars like glucose. Consequently, the
utilization of glucose by some Neisseria spp. may not

correlate with results of tests that measure acid produc-

tion (Table 48.1) (McDonald and Johnson 1975).

As a group, strains of N. meningitidls are relatively

homogeneous and biosynthetically competent (Catlin

1973); most strains can grow on a relatively simple agar

medium containing mineral salts, lactate and flve amino

acids. Cystine is required by <10 percent of strains

(Catlin 1973). N. gonorrhoeae is more fastidious and will

not grow in the absence of an energy source, such as

glucose, pyruvate, or lactate (Morse 1978). All gono-

coccal strains require cystine for growth; glutamine and

cocarboxylase are required by a significant proportion of

strains upon primary isolation. For these reasons, a

growth factor supplement containing these nutrients is

added to media used for the primary isolation of N.

gonorrhoeae. Many strains of N. gonorrhoeae have addi-

tional genetic defects in the pathways used for the

biosynthesis of amino acids, purines, pyrimidines, and

vitamins. This results in specific growth factor require-

ments and reinforces the need to use complex media for

primary isolation of this microorganism. The use of

growth factor requirements to differentiate between

gonococcal strains, i.e. auxotyping, is a useful tool for

epidemiological studies (Catlin 7973; Carifo and Catlin

1973). The development of defined media for growth of

N. gonorrhoeae (Cathn 1973; Morse and Bartenstein

1980; La Scolea and Young 1974) has facilitated studies

on gonococcal genetics and has helped to elucidate

biosynthetic pathways.

Metabolism

N. gonorrhoeae and N. meningitidis dissimilate glucose

via the Entner-Doudoroff (ED) pathway, with acetate

and CO2 as the primary end products (Morse et al. 1974;

Holten 1975). With the exceptions of N. cinerea and N.

elongata sttbsp. elongata, which lack 6-phosphogluconate

dehydrase (Holten 1974), other Neisseria spp. also

dissimilate glucose via the ED pathway (Holten 1975).

Fermentative pathways like the Embden-Meyerhoff

pathway do not appear to function in the dissimilation

of glucose by these microorganisms (Morse er al. I974).

The lack of fermentative capability may explain why

Neisseria spp. are aerobic and little or no growth occurs

under strictly anaerobic conditions in the absence of an

alternative terminal electron acceptor. Nevertheless,

gonococci will remain viable for extended periods under

anaerobic conditions (Short et al. 1982), and growth will

occur when subtoxic concentrations of the alternative

electron acceptor potassium nitrite are present (Knapp

and Clark 1984). Nitrite, which is reduced by the consti-

tutive enzyme nitrite reductase, may enable gonococci to

survive within anaerobic environments in the host.

Amino acids are utilized as an energy source via the

tricarboxylic acid (TCA) cycle by Neisseria spp. capable

of srowth in a chemicallv defined medium without
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glucose, pyruvate, or lactate. N. gonorrhoeae, which also
has a functional TCA cycle (Hebeler and Morse L976),
is unable to grow in medium containing amino acids as
the sole energy source. A high relative humidity (ca. 50
percent) is beneficial to the growth of all Neisseria spp.
(Vedros 1984). All species of Neisseria (except the 'false

Neisseria') contain carbonic anhydrase. However,
increased concentrations of carbon dioxide (5-10
percent) are required for the growth of N. gonorrhoeae
and will enhance the growth of N. meningiridrs on solid
medium (Vedros 1984). Bicarbonate can replace the
requirement for carbon dioxide (Talley and Baugh
1975). The carbon dioxide (Platt 1976) and bicarbonate
ions (Talley and Baugh I975; F,arl et al. 7976) stimulate
gonococcal growth by reducing the lag phase. Incorpora-
tion studies using laC-labeled bicarbonate revealed that
the majority of the bicarbonate was used for nucleic acid
and protein biosynthesis during the lag phase (Morse

1976). This would be expected since the requirement for
carbon dioxide can be met in part by the addition of
uracil (Griffin and Racker 1956) and oxaloacetate
(Griffin and Reider 1957) to the medium. The former rs
a direct precursor of RNA, whereas the latter can be
used as a precursor of pyrimidines or proteins. Phospho-
enolpyruvate carboxylase activity, which would be
needed for the incorporation of bicarbonate, has been
described in N. gonoruhoeae (Cox and Baugh 1977).

The optimum growth temperature of Nelsserla spp. is
36-38.5'C, with a range of 2240'C (Morse 1976; Vedros
1984). It has been reported that N. gonorrhoeae and N.
meningitidis grow poorly or not at all below 30'C
(Vedros 1984). However, several reports have suggested
that some strains of N. gonorrhoeae may grow on solid
or in liquid medium at temperatures as low as 25-28'C
(Morse 7976; Annear and Grubb 1982). pH has a
marked effect upon the metabolism and cell composition
of N. gonorrhoeae (Morse and Hebeler 1978; Hebeler
et al. 1979; Pettit et al. 1996, 1999). N. gonorrhoeae wlll
grow in a glucose-containing medium over a pH range
of 6.0-8.0 (Morse and Hebeler 1978), with the shortest
generation time between pH 7.0 and 7.5. When gono-

cocci are grown in continuous culture at constant pH

values ranging from 6.3 to 7.2, the highest cell yields at
all dilution rates are obtained at pH 6.75 (Brookes and
Sikyta 1967).

GENOMICS

Organization of the neisserial
chromosome

The genomes of N. meningldills strains MC58 (group B)
(Tettelin et al. 2000) and 2249I (group A) (Parkhill et al.
2000) and the genome of the gonococcal strain FA1090
(unpublished) have been completely sequenced. As B-
proteobacteria, Neisseria spp. are separated by over 100

million years of evolution from their next closest rela-

tives, the y-proteobacteria, of which H. influenzae and E.

coli are examples. This is reflected by differences in size

and chromosomal organization. ,8. coli has a genome

size of greater than four megabases, whereas N. menin-

gitidis and N. gonorrhoeae have genomes on the order of

2.2 megabases.

The repertoire of genes encoded by N. gonorrhoeae

and N. meningitidis is highly homologous, identically

expressing greater than 90 percent of their genes
(Jordan et al. 2002). It is estimated that about 1 607

potential proteins are expressed by N. meningitidis. Of

these, 281 are predicted to be important for information

storage and processing, 306 for cellular processes, and

426 for metabolism; the remaining 675 are poorly char-

acterized. The genomic and proteomic differences

between the gonococcus and meningococcus are likely

responsible for their differences in habitat and patho-

physiology.

Genome analysis of N. meningitidis strain 22491 indi-

cates that this organism encodes a complete set of

enzymes for glycolysis (apart from fruK and pfkA),

gluconeogenesis, the pentose-phosphate and ED path-

ways, the pyruvate dehydrogenase complex, and the TCA

cycle. In addition to the aerobic respiration genes, there

are also both nitrite and nitrate reductases (Parkhill et al.

2000). N. meningitidis appears to be capable of de novo

synthesis of most of the amino acids (with the exception

of asparagine and methionine) and purine and pyrimidine

nucleotides. However, the pathways for production of

folic acid, molybdopterin, pantothenate, and pyridoxine

are incomplete. This is in good agreement with the

experimental data described under the sections on

Growth requirements and Metabolism. A similar analysis

of the gonococcal genome awaits completion.

In spite of their small genome size compared with that

of other bacterial species, numerous repetitive elements

are present in the Nelsserla chromosome, ranging from

short repeated sequences (10 bp to about 200 bp in

length) to insertion elements (around 1 kb), to large

gene duplications and prophage sequences (2.5-40 kb).

Some of these repeats correspond to previously

described sequences, such as the DNA uptake sequences

important for the natural transformabilrty of Neisseria

spp. Most of these repeats are Correia sequences

(discussed below) or inverted repeats flanking important

virulence-associated genes. The relevance of these large

repeated sequences is not understood at present, but

they undoubtedly are involved in horizontal gene

exchange.

The ability N. gonorrhoeae and N. meningitidis to

exhibit antigenic diversity was well known prior to the

sequencing of their genomes. One mechanism by which

these organisms accomplish this is by phase variation,

which can give rise to a large repertoire of phenotypes

and facilitate survival in a changing environment (Saun-

ders et al. 2000). Phase variation is generally associated
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with reversible changes within DNA sequence motifs of
fewer than ten base pairs. These repeat motifs are
located either within open reading frames (ORF) or
within promoter regions. Repeat sequences can be
deleted or inserted by a process called 'slipped-strand

synthesis.' Deletion or insertion of the repeat sequence
located in the ORF alters the translational reading
frame, often putting it out of frame and resulting in a
nonsense protein (van Belkum et al. 1999; Belland et al.
1989; Stern and Meyer 1987). Genome sequence analysis
has identified over 100 genes containing these repeats,
suggesting that about 16 percent of neisserial genes are
subject to phase variation. Alternatively, changes in the
length of repeats located within promoters alters the
relative position of promoter components and can
thereby influence transcriptional levels of a given
protein.

In addition to phase variation, horizontal gene

transfer provides another mechanism for generating
diversity rn N. gonothoeae and N. meningitidis. Transfer
of genetic information between Neisseria spp. occurs by
transformation, conjugation, and, less frequently, trans-
duction (Vogel and Frosch 2002). As a consequence of
selective pressures in the human host, genetic exchange
can confer advantages such as antibiotic resistance and
antigenic mosaisism. This is particularly true for N.
gonorrhoeae and N meningitidis. The recognized
mechanisms of genetic exchange are described below.

Transformation

Transformation in Nelsseria was first described more
than 40 years ago (Catlin and Cunningham 1961), when
it was demonstrated that nearly all Neisseria species are
transformable by chromosomal DNA from homologous
(i.e. from the same species) and heterologous (i.e. from
closely related species) sources. Neisseria spp. are
unique among bacteria in being naturally competent for
genetic transformation throughout their entire growth
cycle (Biswas et al 1,977). The transformation frequency
is much higher for piliated (Pil") gonococci than for
nonpiliated (Pil ) gonococci (Sparling L966). Their auto-
lytic nature facilitates the release of DNA into the local
environment. An interesting hypothesis has been
advanced that uptake of naked DNA may serve as a
nutritional source (Finkel and Kolter 2001), suggesting
that transformation and metabolism may be linked more
closely than thought previously.

The specificity of transformation for homologous
DNA is due to the presence of conserved ten-base-pair
'uptake sequences,'which are distributed throughout the
neisserial genome (Kroll et al. 1998; Elkins et al. 1991).
Exchange of DNA by transformation between different
species of Neisseria occurs in vivo (Cannon and Sparling
1984), albeit at a much reduced frequency when
compared with homologous transformation, most likely

because this heterologous DNA lacks the specific uptake

sequence. Homologous transformation involves binding

of double-stranded DNA to the bacterial cell surface

followed by entry into a compartment, where it becomes

resistant to exogenous nuclease. By a mechanism that is

not completely understood, pilin (encoded for by pllE),

and two loci referred to as pi[l and comP are critical for

the transport of DNA across the outer and cytoplasmic

membrane (Koomey 1998; Aas et al. 2002). One strand

of the DNA enters the cytoplasm, while the other strand

is degraded (Finkel and Kolter 2001). Finally, after a

recombination event, the new DNA is integrated into

the chromosome, requiring RecA activity and homo-

logous sequences in the recipient DNA for incorpora-

tion of the DNA into the chromosome.

Conjugation

Conjugal transfer of DNA, which occurs in N. gonor-

rhoeae and N. meningitidis, is different from that in E.

coli because a plasmid-encoded pilus does not appear to

be required. Measurable transfer of episomal DNA

occurs only when cells are on a solid surface. However,

one report suggests that certain strains of gonococci may

contain a genetic island containing genes that confer

serum resistance, the production of a cytotoxin, and

transfer factor genes homologous to the E coli F-factor

(Dillard and Seifert 2001). Two gonococcal conjugal

plasmids of 24.5 and 25.2 mDa mediate the transfer of

resistance (R)-plasmids to both pathogenic and nonpa-

thogenic Neisseria spp., E. coli, and H. influenzae

(Biswas et al. 1980). Although these conjugal plasmids

have been found to function transiently in E. coli, they

are not stably maintained in any species other than N.

gonorrhoeae, N. meningitidis, or N. cinerea (Genco et al.

1984). The mobilization of R-plasmids is often accom-

panied by transfer of the conjugal plasmids. However,

no evidence of stable cointegrate formation has been

found. Several of the R-plasmids can be mobilized by E.

coll conjugal plasmids and transferred to other E. coli

strains, Salmonella minnesota, and H. influenzae (Gdney

and Ito 1982), suggesting that E. coli and related species

may play a role in the dissemination of the R-plasmids

to pathogenic Neisseria spp.

Small repetit ive elements and
transposons

Small repetitive elements (SRE), often called 'Correia

elements,' are sequences of unknown function, and are

characteristic of neisserial genomes (Correia et al. 1986,

1988). The 156-bp Correia elements fall into four major

classes distinguished by a 50-bp internal deletion and

five point mutations (Buisine et aI.2002). The elements

resemble a transposon with 25-bp inverted repeats and a

TA duplication at the target site. Within the element
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there is a functional integration host factor binding site.

The genomic distribution of Correia elements is essen-

tially random except for some small 'Correia-less'

regions apparently derived by horizontal exchange.

Correia elements have a high potential for creating func-

tional promoters because there is a perfect TATA box

at each end of the element. The distribution and number

of Correia elements in the genomes of N. gonoruhoeae

and N. meningitidis suggests that these elements were

acquired before the divergence of these species.

While transposable elements have become valuable

tools for molecular genetic analysis and manipulation,

no naturally occurring transposons have been described

for Neisseria spp. Investigators have exploited several

exogenous transposons for use in N. gonorrhoeae and N.

meningitidis, including Tn916 and derivatives of Tn1545
(Kathariou et al. 1990; Nassif et al. 1991). However,
direct transposon mutagenesis with Tn916 is not highly

efficient in N. meningitidis; nor has it been developed for

use in N gonorrhoeae. Although several interesting N.
meningitidis mutants have been isolated, including

strains altered in capsular polysaccharide and LPS and

auxotrophic mutants (Stephens et a\.1994), mutagenesis

with Tn916 has been diff,cult. Several shuttle mutagen-

esis systems have also been described for targeting and

modiflcation of distinct chromosomal genes (Seifert and

So 1991; Haas et al. 1993). A mini-Tn system based on
'kl72l transposition functions appears to be particularly

useful for genetic studies in the pathogenic Neisseria

spp.

Plasmid-mediated antimicrobial
resistance

The increased proportion of antimicrobial-resistant

bacterial strains is a challenge to the management of

infectious diseases. The inappropriate use of broad spec-

trum antibiotics, combined with self-administration, has
provided the selective pressure for the emergence of

antimicrobial-resistant bacteria and has contributed to

the appearance and dissemination of antimicrobial-resis-

tance encoding plasmids.

The discovery of penicillinase-producing N. gonor-

rhoeae (PPNG) in 1976 (Ashford et al. 1976) fore-

shadowed the demise of penicillin as effective therapy
for the treatment of gonorrhea and ensured that future

control of this infection would require the use of

more costly treatment regimens. To date, six gonococcal

B-lactamase plasmids have been described (Table 48.2).

The origin of these B-lactamase plasmids is uncertain,
but the B-lactamase gene itself and some of its

surrounding DNA are homologous with the ampicillin
transposon TnA (Roberts and Falkow 1978). The

B-lactamase encoded by TnA is a TEMl-type enzyme.

The left-hand 60 percent of the transposon, including

the structural gene for the transposase, has been lost. It

Table 51.2 Plasmids that have been described lor Neisseria
gonorrhoeae

Plasmid Resistance
Designation size (mDa) Conjugative determinant

Afr ican 3.2 - P-Lactamase
Asian 4.4 - P-Lactamase
Rio 2.9 - B-Lactamase

Toronto 3.1 B-Lactamase
Nimes 4.0 B-Lactamase
New Zealand 6.0 - 0-Lactamase

Dutch 25.2 + TetM

American 25.2 + TetM

Conjugative 24.5 + None

Cryptic 2.6 - None

is thought that the right-hand 40 percent of TnA found

in N. gonorrhoeae may have originated in the Entero-

bacteriaceae. The non-TnA sequences of the gonococcal

B-lactamase plasmids appear to be deletion derivatives

of Haemophllus spp. plasmids with which they share

an identical origin of transfer (OriT). B-Lactamase plas-

mids of N. gonorrhoeae are not autotransmissible but

may be mobilized between strains by either the

24.5-mDa conjugative plasmid or the 25.2-mDa TetM-

containing conjugative plasmid (Genco and Clark 1988).

A majority of N. gonorrhoeae isolates also contain a

2.6-mDa cryptic plasmid, the function of which is not

understood.

N. gonorrhoeae strains have been isolated in the USA

with plasmid-mediated highJevel resistance to tetra-

cycline (minimum inhibitory concentration (MIC) 16-64

pg/ml) (Knapp et al. 1988). Tetracycline resistance in

these strains is associated with the presence of the

25.2-mDa conjugative TetM cointegrate plasmid. The

tetM gere is a determinant that was described originally

as part of the streptococcal conjugative transposons

Tn916 and Tnl545 (Burdett et al. 1982). How the tetM

gene became associated with the gonococcal conjugal

plasmid is unknown. Tetracycline-resistant N. gonor-

rhoeae isolates can transfer the 25.2-mDa plasmid to N.

meningitidis, commensal Neisseria spp., and Haemo-

philus spp. Studies have also indicated that in the

presence of the 25.2-mDa and B-lactamase plasmids, N.

meningitidis and commensal Neisseria spp. have the

potential to act as donors to further disseminate both

plasmids. This may increase the acquisition and spread

of the B-lactamase plasmids in N. meningitidis, which

could have serious consequences, since penicillins are

often used to treat these infections. To date, plasmids

are found at various frequencies in different strain

collections of N. meningitidis, and their presence is

sometimes correlated with B-lactamase'mediated resis-

tance to penicillin. Sequence analysis has shown that

meningococcal plasmids encoding B-lactamase activity

are virtually identical to those described for the gono-

coccus (Backman et al. 2000).
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Transduction

Transduction is not considered a major genetic
mechanism among Neisseria spp. Bacteriophages active
against nonpathogenic Neisseria spp. have been isolated
(Stone et al 1956; Phelps 1967; Steinberg et al.  1976).
These bacteriophages exhibit a narrow host range as
measured by plaque formation. Lysogenic strains of N.
perflava, N. sicca, and M flavescens have also been
reported. Genome analysis has revealed regions of simi-
larities to Mu-like phages. These phage DNA regions
are clearly mosaic with obvious sequence similarity to
phage Mu interspersed among DNA segments that are
unrelated to Mu (Morgan et al. 2002). Some genes
located within phage DNA regions encode for surface-
exposed proteins capable of eliciting bactericidal anti-
bodies (Masignani et al 2001). These findings support
the possibi l i ty that transduction may be a rare means of
genetic exchange.

ANTIGENIC STRUCTURE

The cell envelope of N. gonorrhoeae and N. meningi-
rldls, like that of other gram-negative bacterial species,
consists of a cytoplasmic membrane separated from the
outer membrane by the periplasmic space. The external
leaflet of the outer membrane is strategically arrayed at
the interface between the host and microbe. such that

molecules associated with this surface (1) implement the
host pathology or (2) represent targets for a host
immune response. This external leaflet is comprised of a

complex mixture of phospholipids, lipooligosaccharides,

and proteins, as shown for the gonococcus in Figure 48.4.

However. the neisserial outer membrane differs from

that of E. coli in at least two important ways. First,
Neisseria spp. appear to lack a functional analog of
Braun lipoprotein, which serves to anchor lhe E. coli
outer-membrane to the relatively rigid middle layer of
peptidoglycan. This may explain the spontaneous release

of outer-membrane fragments or 'blebs' from viable

meningococci (DeVoe and Gilchrist 1973). Since blebs

can display surface-associated antigens in their native

orientation, they may be capable of binding antibodies

to outer-membrane antigens, thereby serving as
ant igen ic  decoys  fo r  the  organ ism.

Pi l i

Pili are hair-like filamentous proteins composed of
repeating peptide subunits (pilin) that extend several
micrometers from the bacterial cell surface. Pili have

been observed on N. gonoruhoeae (Jephcott et al.1971,;

Swanson et al. 1971), N. meningiridrs (DeVoe and
Gilchrist 1974; McGee et al. 1.977), and the nonpatho-
genic Nelsserla spp. (Wistreich and Baker 1971; McGee

et al. 1977). The length of each pilus filament varies;

Per io lasm

Figure 48.4 Electron micrograph of a gonococcal cell producing multiple pili. The corresponding diagram depicts several of the surface-
associated gonococcal antigens described in the text

R M P
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short pili (175-ZIO nm in length) have been observed

only on nonpathogenrc Neisseria spp. (Wistreich and

Baker 1971), whereas long pili (up to 4 300 nm in

length) have been observed on both pathogenic and

nonpathogenic Neisseria spp. (McGee et al. 1977). Pilia-

tion is associated with a characteristic colonial

morphology in N. gonorrhoeae (Jephcott et al. 1971); pili

are observed only on cells from small domed highlighted

colonies (types 1 and 2) and not on cells from large flat

colonies (types 3 and 4) (Kellogg et al. 1963). However,

there does not appear to be a similar association with

N. meningitidis or the nonpathogenic Nelsseria spp.

(Jephcott et al. 1971). Because of the association

of colonial morphology with piliation status of the

gonococcus, much is known about the biochemistry and

pathobiology of this organism pili.

In the gonococcus, and presumably other Neisseria

spp., pili participate in a number of different functions

including DNA transfer, bacterial attachment to host

cells, intrabacterial adhesion, and bacterial movement.

As with many bacterial pathogens, gonococcal pili are

important in pathogenesis. For example, the natural

transformation of gonococci is significantly enhanced by

the expression of pili (Rudel et al. 1992, 1995a, c;

Cannon and Sparling 1984; Fussenegger et al.1997).The

attachment properties of gonococcal pili confer tissue

tropism as well as the ability to overcome the bacterial-

host cell charge repulsion (Long et al. 1998, 2001).

Finally, gonococcal pili mediate twitching motility, a

mode of migration along liquid-solid or air-liquid inter-

faces (Wall and Kaiser 1,999;, Merz et al. 2000; Merz and

So 2000).
Evidence for the involvement of pili in gonococcal

pathogenesis began with the seminal observations by

Kellogg and colleagues in 1963, who reported that clin-

ical material freshly propagated on solid media gave rise

to gonococcal colonies of two morphotypes, termed T1

and T2 (now designated as piliated or P*) (Kellogg et al.

1963). Upon nonspecific passage in vitro, two additional

colonial forms appeared, termed T3 and Ta (now desig-

nated as nonpiliated or P ). Piliated colonial morpho-

types were subsequently found to be substantially more

infectious for male volunteers following intraurethral

challenge than nonpiliated colonial morphotypes

(Kellogg et al.1.963).

Amongst bacteria, several structural classes of pili

exist (e.g. type 1, Gal-Gal, etc.), which have either

unique structural or receptor binding characteristics.

Gonococci express a type 4 pilus defined by the ordered

assembly of a principal repeating polypeptide subunit

termed pilin, a polypeptide of 1,8-22 kDa (ca. 150 resi-

dues) encoded by the pllE locus (Parge et al. 1995). The

pilin protein of type 4 pili is synthesized as a precursor

protein with a unique secretory signal sequence shared

by many type II secretion systems (Sandkvist et al.

1997). During processing, the pilin precursor is modified

by the PilD prepilin peptidase/transmethylase (Lory and

Strom 1997). The result is a mature pilin subunit with a

methylated phenylalanine residue at its N-terminus (N-

met-Phe). This maturation is coupled with transport and

assembly. A protein designated PilQ has been described

as one of many protein products associated with pilus

biogenesis and function (Collins et al.200I; Tonjum and

Koomey 1997). This protein was previously described as

a high-molecular-weight common outer-membrane

antigen and designated as OMP-MC (Tsai et al. 1989).

PilQ is surface-exposed and common to diverse gono-

coccal isolates. It is thought to function by forming a

multimeric channel in the outer membrane through

which the assembled pilus fiber is presented. This

process results in the aggregation of thousands of pilin

molecules in an extended linear structure, which can be

readily viewed in negatively stained transmission elec-

tron micrographs of gonococci propagated on agar

medium (Figure 48.4).

The atomic structure of gonococcal pilin can explain

much of the serologic and biologic data previously

reported in the literature (Parge et al. 1995; Forest et al.

1996). The pilin monomer is organized as an N-terminal

hydrophobic tail of approximately 60 residues that folds

into an unusually long a-helix followed by a C-terminal

globular head region of approximately 90 residues. The

amino terminal helical region packs as a 'stalk'

presenting an antigenically variable C-terminal 'flower'

on the surface of this oligomer. The C-terminal pilin

domain can be phosphorylated and glycosylated, further

increasing the antigenic diversity of this oligomeric struc-

ture. The pilE gene of N. gonorrhoeae and N. meningi-

rills exhibits 'phase variation.' Switching from^the P* to

the P state occurs at rates as high as 10 ' per cell

generation. Reversion to the piliated state also occurs,

although at slower rates, varying from 10-6 to 10 8

reversions per generation (Cannon and Sparling 1984).

The control of phase variation is complex and appears to

involve several mechanisms. Deletions and frameshift

mutations result in the production of truncated pilin

molecules and a stable nonpiliated phenotype.

Gonococcal pili were originally thought to exist as

a homopolymer. However, it is now accepted that a

110-kDa protein (PilC) is associated with the pilus struc-

ture (Rudel et al. t992,1995a, b, c). The gene for this

protein, designated pilC, can exist within a single gono-

coccal strain as two distinct loci (pilCl and pilC2)

(Jonsson et al. 1995; Mellies et al. 1997). It is unclear

whether PilC functions as an adhesin oriented at the pili

terminus, distal to the gonococcal cell surface, or

whether PilC functions in the assembly, retraction

(twitching motility), or genetic competence (transforma-

tion) associated with piliated gonococci (Merz and So

2000: Merz et al. 2000). Reversible phase variation can

result from changes in the signal peptide-coding region

of pilC (Jonsson et al. 1992, 1'994, 1995).

Another mechanism of diversity is antigenic variation.

N. g.onorrhoeae and N. meningitidis contain at least one
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copy of the expressed major pilus subunit gene, pilE,
and multiple copies of pilS, which are transcriptionally
silent, incomplete pilin loci carrying variant sequences
encoding the C-terminal 90 residue 'flower' of mature
pilin (Meyer et al. 1984; Haas and Meyer 1986). These
pllS loci consist of the semi- and hypervariable regions
that give rise to the antigenic diversity of pili. Antigenic
variation results from recombination events between
silent and expressed loci, which result in the formation
of diverse pilins either by a transformation-mediated
recombination with DNA released from lysed gonococci
or by recombination between a silent locus and an
expressed locus on the same chromosome (Seifert et al.
1988). The entire pllS locus, or only a portion of it may
recombine with the pllE locus. As a result of this
process, it has been proposed that the diversity of pilin
varlants approaches that of the B-cell repertoire of
antigen-combining sites.

In contrast to gonococci. meningococci express two
quite distinct classes of pili, which have been termed
class 1 and class 2 pili (Table 48.3) (Heckels 1989). Class
1 pili closely resemble gonococcal pili, whereas class 2
pili are composed of smaller pilin subunits that share
conformational determinants with class 1 and gono-
coccal pili (Heckels 1989). The biochemistry and patho-
physiology of the meningococcal class 2 pili are not well
understood.

Porins

Gonococcal and meningococcal outer membranes
contain integral membrane proteins that form pores and
are correspondingly referred to as porins (Leith and
Morse 1980; Newhall  et al.  1980; Douglas et al.  1981).
Porin function is necessary for survival, allowing nutri-
ents to pass through the outer membrane and waste
products to exit. The genomes of the M gonorrhoeae
and N. meningititlis contain two porin genes, porA and

porB. Unllke meningococci, which express both PorA
and PorB proteins, gonococci contain mutations in the
promoter region and frameshift mutations in the coding
region of porA that effectively silence this locus
(Feavers and Maiden 1998). Hence, N. gonorrhoeae
express a single porin designated PorB. Deletion of
PorB is lethal for N. gonorrhoeae propagated in vitro,
underscoring its critical presence for gonococcal survival
even in the absence of host defenses.

PorB of N. gonoruhoeae forms a trimeric complex in
the outer membrane with the monomeric reduction-
modifiable protein (RMP) (Newhall et al. 1980; Leith
and Morse 1980). By one estimate, PorB comprises
approximately 60 percent by weight of the total reper-
toire of gonococcal outer-membrane proteins (Johnston

and Gotschlich 1974). The apparent molecular mass of
the gonococcal PorB is between 32 and 39 kDa,
depending upon the gonococcal isolate. PorB has a pore
size estimated to be 2.5 nm and has been demonstrated
to be an anion-selective channel essential for the diffu-
sion of solutes with molecular masses of less than 1 kDa
into the periplasmic space and diffusion of small hydro-
philic molecules out of the periplasm (Douglas et al.
1e81).

An examination of geographically distinct isolates of
N. gonorrhoeae reveals that PorB can be separated
into two immunologically distinct classes, referred to as
PIA and PIB (Carbonetti and Sparling 1987; Gots-
chlich et al. 1983, 1987a). The differences in anti-
genicity between PIA and PIB are associated with
substantial variation of these loops. More subtle varra-
tions within these loop sequences account for over
40 distinguishable serovars, defined by reactivity with
PorB-specific monoclonal antibodies (Mee et al. 1993).
PorB expression is stable upon passage in vitro. Unlike
other gonococcal surface antigens, it is not subject
to high-frequency phase or antigenic variation within
a strain. Nevertheless, gonococcal PorB protein

Table 48.3 Outer-membrane proteins produced by Neisseria gonorrhoeae and Neisseria meningitidis

N. gonorrhoeae

P i l i n

Protein |  (Pl,A or PIB)

Pro te in  l l l  (Rmp)

Protein l l  (Opa)

P i t c
Pan I

Oxi A
L ip  (H.8)

36  kDa adhes in

N. meningitidis

C lass  I  p i l in

C l a s s  l l  p i l i n

Class 2 and 3
Class 1
Class  4
Class 5
P i tc
Pan 1

Function

Adherence to epithel ial cel ls and erythrocytes

Function as porins; anion-selective
Function as porins; cation-selective
Bind blocking bactericidal Ab; homology to OmpA
Adherence to epithel ial and phagocytic cel ls
Epithel ial cel l-specif ic pi lus-associated adherence
Anaerobical ly induced l ipoprotein; may function in nitrate
reductase system
Oxygen-induced protein; function unknown
Lipoprotein; function unknown
Lipid-associated azurin
Glyco l ip id -b ind ing  adhes in

- ,  no gonococcal  or  meningococcal  equivalent  has been ident i f ieo
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undergoes antigenic variation in vivo over time, as

shown by the diversity of serovars.

PorB has been implicated in specific responses by host

epithelial and phagocytic cells that are relevant to gono-

coccal pathogenesis (Lorenzen et al 2000). Purified and

detergent solubilized PorB can be incorporated into

natural or synthetic lipid bilayers, conferring the prop-

erty of voltage gating to these bilayers (Young et al.

1983). PorB can translocate from the outer membrane of

viable gonococci to the plasma and mitocondrial

membranes of eukaryotic cells or to artificial lipid

bilayers, where voltage-dependent changes can be

detected (Mauro et al. 1988). The gating properties of

certain porins are modulated by nucleotide tripho-

sphates (Rudel et al. 1996). Purified PorB interferes with

degranulat ion by neutrophi ls (Haines et al.1991),

suggesting that it may play a role in 'managing' the host

inflammatory response to gonococcal infection. The

addition of purified PorB to human monocytes triggers a

Ca2* influx (Muller et al. 1999). The significance of this

property is related to the fact that activation of macro-

phages and granulocytes is initiated by hyperpolarization

of their plasma membranes (Young et al. 1983). Thus,

disruption of this polarization may limit the ability

of host cells to respond to and control gonococcal

infection.

The ability of the gonococcus to transcytose through

the epithelial cell barrier is recognized as an important

property that contributes to infection (Figure 48.5). The

contribution of the gonococcal PorB to transcytosis is

suggested by experiments using isogenic gonococcal

strains carrying different por alleles (van Putten et al'

1998a). Constructs expressing PorB associated with

strains isolated from disseminated gonococcal infections

conferred an increased ability to invade epithelial cells.

Further, this invasive phenotype was influenced by

nucleotide triphosphates or polyphosphate (van Putten

et al. 1998a). The current view is that PorB functions to

promote invasion in combination with other surface-

associated adhesions (Merz and So 2000).

The PorB phenotype contributes to complement-

mediated killing of gonococci by normal human serum.

Nearly all gonococcal strains expressing a PIA PorB are

serum-resistant, apparently because serum proteins that

downregulate complement binding proteins (C4pb and

factor H) are bound to loop 5 sequences found in PIA

porins, but not in PIB porins (Ram et al.2001a, b). PIB

serum-resistant variants also bind C4pb via a conforma-

tional epitope between loops 5 and 7 (Ram et al. 2001b).

Strains sensitive to serum killing fail to bind these

factors but may acquire serum resistance if sialylated

LOS binds factor H (Ram et al. 1999).
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In contrast to gonococci, N. meningiridls simulta-
neously produce two porins. Expression of a given porin
is a stable trait for a given strain. However, differences
that occur between strains are responsible for antigenic
diversity. One porin is the class 1 protein (also known as
PorA), produced by almost all meningococcal isolates,
although there is considerable variation in the amount
produced for any given strain (Poolman et al. 1980).
PorA has been demonstrated to be cation-selective. In
addition, all meningococcal isolates posses a gene that
encodes for either the class 2 or class 3 proteins, which
are homologs of gonococcal PIA and PIB porins
(Table 48.3) (Blake and Gotschlich 1987; Judd 1989).
Like gonococcal PIA and PIB, the meningococcal class 2
and 3 proteins form anion-selective pores (Tommassen
et al. 1990) and are likely to play a similar role in patho-
genesis. Antigenic differences in class 2/3 proteins are
used to serotype strains of N. meningitidls, whereas anti-
genic differences in the class 1 protein are used for
subserotyping (Verheul et al. 1993).

Rmp

Rmp is a highly conserved surface-exposed outer-
membrane protein expressed by all pathogenic Neisseria
spp. Its descriptive name derives from its migration
properties in sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Rmp has an apparent
molecular mass of approximately 31 kDa under nonre-
ducing conditions but migrates more slowly in the
presence of reducing agents (Blake 1985). Historically,
gonococcal Rmp was termed protein III, while the
meningococcal homolog was designated as the class 4
protein (Table 48.3). The gonococcal and meningococcal
genomes contain a single copy of this gene. Gonococcal
and meningococcal mutants that do not produce Rmp
are viable when cultured in vitro (Wetzler et al. 1992),
suggesting that this protein is not essential for cell
growth. Surface-labeling studies, susceptibility to clea-
vage by cathepsin G, and immunoprecipitation with a
monoclonal antibody provide evidence for surface-
exposed domains (Shafer and Morse 1987; Swanson et al.
1982). However, Rmp does not exhibit phase or antigen
variation (Blake 1985).

Examination of the Rmp sequence reveals a sequence
that is partially homologous with the carboxy-terminal
portion of the OmpA proteins of Shigella dysenteriae, E.
coli and Enterobacter aerogenes (Gotschlich et al.
1987b). Some antibodies, termed blocking antibodies,
bind to surface-exposed regions of Rmp and interfere
with the bactericidal activity of antibodies directed to
other surface antigens such as PorB and LOS (Joiner
et al.  1985; Rice et al.  1986; Rice 1989). I t  has been
proposed that 'natural' antibodies to homologous
regions of the enterobacterial OmpA proteins crossreact
with Rmp and function as blocking antibodies (Plummer

et al. 1993). Antibodies to Rmp correlate with an
increase in susceptibility to gonococcal infection. Anti-
body to Rmp can be found in the serum and vaginal
fluid of patients convalescing from gonorrhea, although
in general Rmp is not as immunogenic as other surface-
exposed gonococcal antigens (Lammel et al. 1985).
Immunization of human volunteers with protein I
preparations containing trace amounts of Rmp induce a
similar blocking antibody response.

Opacity-associated protei ns

A group of related surface-exposed proteins, historically
referred to as proteins II for N. gonoruhoeae and class 5
proteins for N. meningitidis (see Table 48.3), are now
refered to as Opas for opacity associated. The term Opa
is derived from the observation that gonococcal colonies,
propagated on clear typing media and viewed through a
stereomicroscope using light reflected from a mirror
below the stage, exhibit an opacity phenotype ranging
from transparent to opaque (Bhat et aI. 1,992; Swanson
1978; Swanson et al. 1992). Colonies appearing trans-
parent generally, but not always, lack Opas. However,
there appears to be no relationship between colony
opacity and expressions of these proteins in N. meningi-
tidis (Hagman and Danielsson 1989); rather, these have
been designated as Opas based on sequence homology
to the gonococcal Opas. A gene that encodes a similar
protein has been identified in N. lactamica and other
nonpathogenic Neisseria spp. (Aho et al. 1987; Wolff
and Stern 1995). The potential repertoire of Opa
proteins is greater in N. gonorrhoeae than in N. meningi-
tidis, with 12 or more genes found in the gonococcal
genome and four or fewer genes found in the mengo-
coccal genome (Meyer and van Putten 1989). No more
than two loci are present in the chromosomal DNA of
N. lactamica and N. flava, and only a single copy exists
in the genomes of N. mucosa, N. subflava and N. sicca
(Wolff and Stern 1995).

Opas comprise a family of surface-exposed outer-
membrane proteins with apparent subunit molecular
weights between 24 and 30 kDa. As a group, they are
basic proteins with isoelectric points above 9.0 (Blake

1985; Blake et al. 1995) and are heat-modifiable (i.e.

when heated at 37"C prior to SDS-PAGE analysis, they
migrate with a higher relative mobility than when
heated at 60"C). Organisms forming opaque colonies
usually express one or more Opas that affect inter-
gonococcal adhesion and give rise to the opacity proper-

ties of these colonies (Swanson 1978, 1980; King and
Swanson 1978; Swanson and Barrera 1983; Swanson et al.
1988). These proteins are not presented as part of an
extended appendage such as a pilus; rather, they are
intimately associated with the outer membrane. Whereas
pili appear to be crucial for the first contact of bacteria
with host cells from rather long range, Opas are thought
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to promote more intimate contact with host cells
resulting in subsequent cell signaling.

The predicted amino acid sequences of Opas contain a
relatively conserved 'semivariable' region near the N-
terminus of the molecule and two hypervariable regions
that differ markedly in amino acid sequence and length
(Dempsey et al. 1991). Both hypervariable regions
appear to contribute to the antigenic and functional
properties of individual Opa family members.

Opu expression is variable. Different colonies
isolated from a single strain may express none, one or
several serologically distinct Opas simultaneously
(Swanson 1978). Each of the Opa genes is complete
with a functional promoter (Stern et al. 1986; Stern and
Meyer 1987). All of the Opa protein genes are tran-
scribed, although not all are translated. Opa expression
is controlled at the level of translation by the presence

of up to 28 identical tandem pentameric repeats
(CTCTT) encoding the signal peptide (Stern et al.
1984; Stern et al. 1986). Intact Opas are produced only
when the number of the repeat units places the
initiator AUG codon in-frame with the mature protein

coding sequence. A change in the number of repeats
results from slipped-strand mispairing of the pentameric

units during DNA replication and is independent of
RecA activity. Fluctuation between different Opa
expression patterns in vitro occurs at rates as high as
one per 1 000 cell divisions (Mayer 1982). When fully
expressed, the Opa content of the outer membrane
nearly equals that of PorB.

Translational regulation accounts for the expression of
serologically distinct Opas within a single strain. This
antigenic diversity is further enhanced through recombi-
nation betweerr opa genes within and among Neisseria
spp. resulting in chimeric structural genes with different
combinations of hypervariable regions (Swanson et al.
1992). Sequence analysis of gonococcal and meningo-
coccal opa genes suggests that horizontal genetic

exchange and recombination between N. gonorrhoeae
and N. meninglrldls DNA occurs in nature (Hobbs et al.
1994), as shown by the presence of at least one identical
opahypervariable locus in isolates of the two specles.

Opa proteins also function as adhesins to facilitate
gonococcal interactions with human epithelial and
phagocytic cells (Blake et al. 1995; Chen et al. 1995;
Belland et al. 1992; Dehio et al. 2000). Expression of
certain Opa proteins favors binding of gonococci to
human polymorphonuclear cells but not to human
epithelial cells (Kupsch et al. 1993). A subset of Opa
proteins can induce oxidative killing by human poly-
morphonuclear cells, whereas a different subset
induces oxidative killing by human peripheral blood

monocytes (Belland et al. 1992). Variability in Opa-
mediated host cell binding and activation is likely a
reflection of variation in host cell receptors and the
intracellular pathways stimulated by specific Opu
binding to these receptors.

Early studies of naturally infected patients suggested

that Opa expression was strongly correlated with the

clinical manifestations of gonorrhea. In women with

endocervicitis, recovery of opaque colonial variants was

maximum at midcycle. In men, opaque colonial variants

were associated with uncomplicated urethritis, phar-

yngitis, and proctitis. By contrast, recovery of the trans-

parent colonial morphology was associated with dissemi-

nated gonococcal infection, pelvic inflammatory disease,

and endocervicitis during menstruation (James and

Swanson 1978). Antibodies to Opa proteins can be

detected in convalescent serum and vaginal fluid of

patients treated for gonorrhea, indicating that these

proteins are expressed and immunogenic in vivo (Zak

et al. 1984). Variable Opa expression was demonstrated

in an analysis of 200 variants of a single strain isolated

during an outbreak of penicillin-resistant gonorrhea

(Schwalbe et al. 1985). Swanson and colleagues demon-

strated a transition to the opaque phenotype in vivo in

males challenged by urethral inoculation with a trans-

parent colonial variant (Swanson et al. t988, 1992).

Meningococci isolated from different anatomical sites

may also differ in the expression of Opa proteins

(Poolman et al. 1980; Tinsley and Heckels 1986).

In more recent studies employing the male urethral

challenge model, volunteers were challenged with trans-

parent gonococci followed by characterization of the

Opa protein expression of gonococci recovered from the

urine. urethra, and semen (Jerse et al.1994). The results

confirmed the strong selection for Opa proteins in vivo,

which are expressed more rapidly, in greater number,

and with more variation than in the inoculum variant

passed in vitro. However, no single Opa protein type

was preferentially expressed during early infection of the

male urethra, and different subjects inoculated with the

same bacterial suspension developed infections with

gonococci that varied dramatically in the Opas

expressed.

By using isogenic gonococci differing only in Opa

expression and well-defined cell lines, two candidate

host receptors have been identified. One receptor

appears to be the heparan sulfate proteoglycans (HSPG)

(Chen et al. 1995; Grant et al. 1999). Certain Opa

proteins that contain highly cationic surface-exposed

loops bind strongly to HSPG, resulting in invasion of

certain epithelial cells such as conjunctival cells. This

binding is markedly reduced by competition with soluble

heparin, heparan sulfate, or HSPGs. In addition, the

serum proteins vitronectin and fibronectin in conjuction

with their integrin receptors (and other cell proteins)

encourage HSPG-mediated binding (Duensing and van

Putten 1997; van Putten et al. 1998b; Freissler et al.

2000). Opa-mediated binding to HSPG receptors results

in stimulation of intracellular signaling pathways invol-

ving acid sphingomyelinases (Makino et al. 199L) and

cytoskeletal rearrangement (Grassme et al. 1996), events

that may facilitate invasion by gonococci.
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A second target for many Opas is the CEACAM
(formerly called CD66) family of host cell receptors.
These host cell surface antigens are represented by
multiple isoforms, each with a different expression
pattern on various epithelial and immune cells. This
differential expression and subsequent Opa recognition
may account for the tissue tropism exhibited by the
isogenic gonococcal Opa variants. As in the case of
binding to HSPG receptors, binding to CEACAM
results in activation of intracellular signaling cascades,
including acid sphingomyelinases (Hauck et al. 2000),
protein-tyrosine kinases (Hauck et al. 1998), and
cytoskeletal rearrangement (Dehio et al. 1998; Meyer
1998, 1999) Recent studies suggest that Opa* gono-
cocci binding to CEACAML (also called CD66a or
BGP) on CD4* T cells and ro CEACAM3 (CD66d or
CGMIa) on B cells and neutrophils may result in
inhibition of host immune responses (Boulton and
Gray-Owen 2002).

Opa expression is strongly correlated with the most
basic aspects of host-parasite interaction. One inter-
pretation of studies of Opa biology is that this family of
proteins and the genetic mechanisms that underlie its
phase and antigenic variation are essential to the
ecology of the organism, if not for virulence per se.
Expression of these antigenic and phase-variable surface
proteins during infection appears to be arbitrary, placing
an apparent premium on antigenic and attachment
diversity. Opa expression may also play a role in active
immune suppression by gonococci, consistent with the
familiar picture of reinfection, even by strains of N.
gr.tnorrhoeae with the same porin serotype (Hobbs et al.
reee).

Surface proteins involved in iron
acquis i t ion

Analysis of the cellular composition of gonococci and
meningococci grown in vitro on rich complex medium
may not accurately reflect the composition of these
organisms in vivo. The natural environment of the
human host is defined by many parameters. Notable
examples include extremes in temperature, pH (Pettit
et al. 1995, 1996, 1996), and growth-essential nutrients
(Mietzner et al. 1998). The latter is of particular signifi-
cance, since natural environments are frequently limited
in one or more essential nutrients due to depletion by
the host and endogenous microbial populations. Hence,
nutrient insufficiency may be the most common environ-
mental extreme to which a pathogen is exposed. Investi-
gations have focused on cellular components expressed
when these organisms are propagated under conditions
that simulate those of a less-than-hospitable host. For
example, using continuous culture, Morse et al. (1983)
were able to modulate the structural and antigenic
composition of gonococcal LOS using glucose as a

rate-limiting nutrient. Other reports suggest that oxygen

tension may influence the synthesis of novel proteins

(Lissenden et aI.2000; Clark et al. 1988). However, most

studies have been focused upon the influence of iron on

the molecular composition of gonococci and meningo-

cocci (Sparling 1998; Mietzner et al. 1998; Schryvers and

Stojiljkovic 1999).

Within the human host there is little free iron. most

being complexed to human transferrin in serum and

human lactoferrin in secretions (Welch 1992). Iron in

the form of heme may be bound to proteins, such as

hemoglobin, haptoglobin, or hemopexin (Mietzner et al.

1998; Schryvers and Stojiljkovic 1999). These host

proteins represent the principal reservoir of growth-

essential iron for pathogenic bacteria. In turn, the ability

of pathogenic microorganisms to scavenge iron from

their host environment and incorporate this element into

proteins is a crucial requirement for the production of

disease (Weinberg 1984). Many pathogenic bacteria

employ soluble low-molecular-weight siderophores that

compete for this iron source (Neilands et al. 1987). The

inability to detect the secretion of a soluble siderophore

by the gonococcus (Mietzner et al. 1998) and by the

meningococcus (Archibald and DeVoe L979) was the

first indication that these organisms might employ a

fundamentally different mechanism for iron acquisition.

Ultimately this was resolved by Archibald and DeVoe
(Archibald and DeVoe 1979), who demonstrated that

iron-saturated transferrin sequestered within a dialysis

bag and immersed in ironlimiting media was able to

support the growth of a siderophore-producing strain of

E coli, but not N. meningitidls, suggesting that direct

contact with transferrin was required for meningococcal

growth but not for that of E. coli. Almost three decades

after these original experiments were performed, it is

well accepted that a human transferrin receptor-binding

complex is present on the surface of pathogenic Nels-

seria (Clarke et al. 2001). The specificity of this receptor

for human transferrin has been postulated to be a factor

in restricting these organisms to the human host (Schry-

vers and Stojiljkovic 1999).

All strains of N. gonorrhoeae and N. meningitidis

isolated from infected patients are able to utilize iron

from human transferrin (McKenna et al. 1988).

However, only subsets of gonococcal strains are able to

utilize iron from human lactoferrin and hemoglobin
(Mickelsen et al. 1982). Key to this process is the expres-

sion of specific receptors that bind human transferrin,

human lactoferrin, or hemoglobin at the bacterial

surface. One further source of iron is an outer-

membrane receptor formerly referred to as FrpB

(Beucher and Sparling 1995) but now designated FetA

for ferric enterobactin transport (Carson et al. 1999).

This receptor recognizes phenolate siderophores

produced by other microorganisms. A common property

of pathogenic Neisseria is the exploitation of endo-
genous host iron sources such as transferrin, lactoferrin,
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hemoglobin, or phenolate siderophores, without
expending metabolic energy to make a scavenging (e.g.
siderophore) compound.

The neisserial lactoferrin, hemoglobin, and entero-
bactin receptors all demonstrate some capacity for phase
variation (Schryvers and Stojiljkovic 1999), allowing
organisms expressing these surface proteins to poten-
tially escape immune responses directed at these
proteins, making these poor targets for vaccine develop-
ment. There may be a selective advantage to expression
of the gonococcal hemoglobin receptor during infection
of women in the early phases of their menstrual cycles
(Anderson et al. 2001). In contrast, the transferrin
receptor is expressed by all gonococci, does not demon-
strate phase variation, and is required for human infec-
tion (Cornelissen et al. 1998). Expression of a functional
transferrin receptor is critical to growth of gonococci in
vivo, as an engineered mutation inactivating the trans-
ferrin receptor in a strain of N. gonorrhoeae that natt-
rally lacks the lactoferrin receptor rendered the bacteria
unable to cause experimental urethral infection in
humans (Cornelissen et al. 1998). Interestingly, expres-
sion of the transferrin receptor is not required for estab-
lishing an infection in a murine vaginal model (Jerse
et al.2002).

The transferrin receptor of N. gonorrhoeae and N.
meningitidis is comprised of a heterodimer transcribed
from a bicistronic operon whose promoter is regulated
by the iron-dependent transcriptional repressor 'Fur'

(for ferric uptake repressor) (Ronpirin et al. 2001). The
first gene in this operon encodes a lipoprotein (TbpB)
that is tethered to the neisserial cell surface and imparts
binding and recognition properties to the transferrin
receptor oligomeric complex (Anderson et al. 1994;
Boulton et al. 1999). The second gene in this operon
(TbpA) is an integral outer-membrane protein that is
thought to function as a gated porin (Masri and Corne-
lissen 2002). Sequence analysis of TbpA reveals
homology with the TonB-dependent outer-membrane
siderophore receptors FepA, FecA, IutA, FhuA, and
FhuE (Clarke et al. 2001). By SDS-PAGE, the mole-
cular masses of the gonococcal TbpA and TbpB are esti-
mated to be approximately 100 and 85 kDa, respectively
(Schryvers and Lee 1989). Similar homologues of TbpA
and TbpB exist in N. meningitidls, Structural and anti-
genic diversity has been reported for TbpA (Cornelissen
et al. 2000), although the variability appears to be
greater for the more surface-accessible TbpB (Rokbi
et aI.2000; Legrain et al.  1998).

The stoichiometry of TbpA to TbpB in the transferrin
receptor complex does not appear to be fixed and may
vary as a function of the degree of iron starvation of
gonococci (Masri and Cornelissen 2002).IJnder extreme
conditions, there may be as many as 20 copies of TbpB
to one copy of TbpA. The gonococcal transferrin
receptor preferentially binds iron-saturated human
transferrin over apo-transferrin (Retzer et al. 1998).

TbpA or TbpB can bind human transferrin independent

of the other. However, both are required for the effi-

cient transport of the growth-essential iron (Anderson

et aI.1.994; Cornelissen et al. 1993).

To accomplish its function, the neisserial transferrin

receptor must be surface-exposed. It has been proposed

that human transferrin bound to the gonococcal cell

surface may also act as a bridging ligand to facilitate

attachment and invasion of organisms (Heine et al.

1996). More recent studies of human epithelial cell

cultures infected with N. gonorrhoeae indicate that the

former have reduced levels of transferrin receptor

messenger RNA and cycling of human transferrin recep-

tors, suggesting that infection alters epithelial cell trans-

ferrin-iron homeostasis at multiple levels (Bonnah et al.

2000).

Other surface and secreted protein
antigens

Pathogenic Neisseria spp. display a uniform stress

response irrespective of the nature of the environment.

A number of stress (or heat-shock) proteins have been

identified. The most abundant neisserial stress protein is

genetically conserved among the Neisseria spp. and has

considerable homology to the Hsp60 heat-shock protein

family (Pannekoek et al. 1992). Analysis of patient sera

indicates that this antigen is expressed and immunogenic

ln vlvo.

Another environmental factor influencing the expres-

sion of gonococcal genes is oxygen. The growth of

N. gonoruhoeae can be accomplished in the absence of

oxygen with nitrite as a terminal electron acceptor.

Under these growth conditions, gonococci express

several additional proteins and repress the expression

of others (Keevil et al. 1986; Clark et al. 1987). The

major anaerobically induced protein is a surface-

exposed 54-kDa lipoprotein that is designated Panl

(Hoehn and Clark 1992). Coisolation of gonococci and

obligate anaerobic microorganisms from the site of

infection, and the presence of antibodies against the

anaerobically induced proteins in the sera of patients

with neisserial disease (Clark et al. 1988), suggest that

anaerobic growth of Neisseria spp. may occur in vivo.

N. meningitidls also has the gene for the Panl protein.

However, it is expressed at significantly lower levels

when cultivated under the same conditions as the

N. gonorrhoeae.

Recent studies suggest that ribosomal protein L12 is

exposed on the surface of N. gonorrhoeae and is

involved in invasion of cells in the female genital tract

that express the lutropin receptor (Spence and Clark

2000). This surprising observation further emphasizes

the complexity and redundancy of mechanisms for

attachment and invasion of host cells in these remark-

ably versatile pathogens. Genome scanning of N. menin-
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gitidis has identified a region with homology to the Mu
phage of E. coli. Three of these phage-encoded genes

have been reported to be surface-exposed (Masignani

et al.  2001).

NadA, a novel surface antigen of N. meningitidis,
has been described in 52 of 53 strains of hypervirulent
lineages and is absent in other Nerserla spp. This
protein, which has a predicted molecular structure

strikingly similar to other bacterial adhesins such as
YadA from Yersinia, may be important for meningo-

coccal-host cell interactions (Comanducci et al. 2002).

In addition. a number of other outer-membrane
proteins have been described in both N. gonorrhoeae

and N. meningitidis. These include the H.8 antigen (a

lipoprotein of unknown function) (Cannon 1989), Laz
(a lipid-associated azurin) (Woods et al. 1989), and a

36-kDa glycolipid-binding adhesin (Paruchuri et al.
1ee0).

The neisserial IgAl protease is actively secreted by

viable N. gonorrhoeae and N. meningitidis during in
vitro and in vivo growth. IgAl protease attacks the
hinge region of IgA1, thus creating Fab and Fc frag-
ments (Plaut et al. 1975). These fragments are immuno-

Iogically inactive for all Fc-mediated antibody functions

and for functions that require a divalent immunoglo-

bulin molecule. The IgAl hinge region is rich in proline,

serine, and threonine residues. This region is deleted
from the hinge region of the IgA2 subclass, thus

accounting for the resistance of IgA2 antibodies to
digestion by this protease. Analysis of the substrate
specificity within the IgAl hinge region has led to the

identification of two types of gonococcal 19,4L proteases.

Type 1 recognizes a proline-serine sequence, whereas

type 2 recognizes a proline-threonine sequence.
Although all gonococcal strains produce an IgAl
protease, individual strains produce either the type 1 or

the type 2variant, but never both. The type 1 and type 2
gonococcal IgAl protease structural genes have been
cloned and when expressed in E. coli are secreted into
the growth media (Koomey et al. 1982). Thus, in both E.

coli and N. gonorrhoeae, the protease must traverse the

cytoplasmic membrane, the periplasmic space, and

the outer membrane. The enzyme is synthesized as a
169-kDa precursor. The first 27 amino acids, which

comprise a typical leader sequence, are cleaved as the
enzyme is translocated across the cytoplasmic
membrane. A C-terminal B-domain of approximately
45 kDa mediates the translocation of the protease across
the outer membrane. During this process, the B-domain,
which remains embedded in the outer membrane. is

cleaved from the secreted 121-kDa proenzyme. Finally,
a C-terminal ry-domain of approximately 12 kDa is
autoproteolytically cleaved from the mature enzyme,
leaving the secreted IgA-1 protease with a final mole-

cular mass of approximately of 106 000-kDa (Pohlner

et al. 1995). It has been proposed that IgAl protease

may play a role in the pathogenesis of N. gonorrhoeae

and M meningitidis by cleaving the lysosomal glycopro-
tein LAMPI. This in turn allows for the transcytosis of
gonococci or meningococci through the epithelial cell
layer (Lin et al. 1996).

Polysaccharides

Several Neisseria spp. synthesize polysaccharide capsules

and exopolysaccharides (Table 48.4). Among the patho-

genic Neisserla species, N. gonorrhoeae lacks a conven-

tional polysaccharide capsule, whereas capsule produc-

tion by the meningococcus is closely associated with

virulence. Morphological evidence suggests that gono-

cocci may express a nonconventional capsule composed

of polyphosphate (Hendley et al. 1977; James and

Swanson 1977; Reimann et al. 1988). Whether this

proposed polyphosphate surface structure contributes to

gonococcal infection in vivo has yet to be unambigu-

ously demonstrated.

N. meningitidls expresses a polysaccharide capsule.

Antigenic differences in the capsular polysaccharides

provide the basis for serogrouping N. meningitidis.

Presently A, B, C, H, I, K, L, W-135, X, Y, Z, and 29E

are recognized serogroups among meningococci (Frasch

1989) (Table 48.4). Structural characterization of menin-

gococcal capsular polysaccharides indicates that they are

either homopolymers (serogroups A, B, C, and X), or

heteropolymers comprised of a monosaccharide-glycerol

(serogroups H and Z), disaccharide (serogroups I, K, W-

135, Y, and 29E), or trisaccharide (serogroup L)

repeating units. The capsular polysaccharides are linked

to a hydrophobic moiety, 1,2-diacylglycerol, which is

thought to help anchor one end of the polysaccharide

chain in the meningococcal outer membrane (Gotschlich

et al. 1981). Both the biochemistry and the genetics of

group B capsular polysaccharide synthesis have been

elucidated (Masson and Holbein 1983; Frosch et al.

1989). Genome analysis indicates that the genes

encoding enzymes for the synthesis of the meningo-

coccal capsule are segregated on pathogenicity islands.

They are organized as an operon that encodes the

biosynthetic machinery and a separate operon that

encodes transport machinery (Tzeng er aI.2001,2002).

The capsule of N. meningitidis finctions as a virulence

factor because of its antiphagocytic activity. In general,

meningococcal capsular polysaccharides are immuno-

genic in humans. Under certain growth conditions, some

nonpathogenic Neisseria spp. synthesize extracellular

polysaccharides that may also be considered capsular

polysaccharide. For example, N. perflava possesses the

enzymes that form a glycogenJike polysaccharide

(Okada and Hehre 1974). Other Neisseria spp. (e.g. N.

polysacchareae, N. denitrificans, N. canis, N. cinerea, and

N. subflava) produce a similar polysaccharide during

growth on a medium containing 1-5 percent sucrose
(MacKenzie et al.  1977.1978a. b. c).
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Table 48.4 Chemical composition of capsular polysaccharides and exopolysaccharides of Neisseria spp u

Species

N. meningitidis

Serogroup A' (homopolymer)

Serogroup B (homopolymer)

Serogroup W-135 (disaccharide repeating unit)

Serogroup X (homopolymer)

structural repeating unif

ManNac-(1-P96)-
3

I
OAc

NeuNAc-(zaa)-

6-o-Gal(t 9+)-NeuNAc(2 96)

GlcNAc(1-P-4)-

Serogroup Cd (homopolymer) NeuNAc-(z9s)-
7 8

OAc OAc

SerogroupH(monosacchar ide-g lycero l repeat ingun i t )  -4 )o-o-Ga l - (1 -2) -Gro- (3 -P-

Serogroup | (disaccharide repeating unit) -  4)o-L-GulNAcA(1 -3)B-o-ManNAcA(1+

40Ac

Serogroup K (disaccharide repeating unit) 
-  3)- F-DManNAcA-(1 

-4)- F-o-ManNAcA-(1 *

4-OAc

Serogroup L  ( t r i sacchar ide  repeat ing  un i t )  -3 ) -F-o-GlcNAc- (1  +3)B-o-GlcNAc- (1-3)c r -

o -GlcNAc- (1-P-

Serogroup Y (BO)' (disaccharide repeating unit) 6-o-Glc(t 9+;-Neurunc(z9o)

I
OAc

Serogroup Z (monosaccharide-glycerol repeating unit) o-GalNAc(t91)-Gro-(: ' -p!t+)

Serogroup 29E (disaccharide repeating unit) o-GalNnc(tAZ)-KDO(293)-
4 5

OAc

N. ,uctamrca Antigenical ly similar to capsular polysaccharide of N.
men i ng itid is serogroup B

N. polysaccharea Glycogen-l ike structure containing mainly 1,4-l inked
u-o-g I ucopyra nosyl resid ues; ca. 60/o 4,6-di-O-su bstituted
d-D-gr ucopyranosyl branch pointsr

N. sicca Polymer of GalNAc
N. subflava biovar perflava Similar to N. polysacchareal

a) From Morse and Knaop 1991
b) Gal, galactose; Glc, glucose; ManNAc, N-acetylmannosamine (2-acetamido-2-deoxy-o-mannose; NeuNAc. N-acetylneuraminic acid (sialic acid); OAc,
O-acetylated; Gro, glycerol; P, phosphate; GulNAc, iv-acetylgalactosamine (2-acetamido-2-deoxy-D-galactose)
c) Group A is substituted with O-acetyl at C3 on about 70 percent of the l\.4anNAc-P residues
d) Group C is substituted on C7 or C8 with 1 mol of O-acetyl per mole of sialic acid One-quarter of the sialyl residues are not acetylated Some
di-O-acetylated (C7 and C8) may exist
e) The Y polysaccaride contains 1 3 mo of O-acetyl per NeuNAc residue The most probable site for acetylation isa3,C4, or C7 r3C nuclear magnetic
resonance studies have shown that the serogroup BO polysaccharide is identical to serogroup Y, although BO contains 1 8 mol of O-acetyl per mole of
NeuNAc
f) Produced in medium containinq 1 to 5 percent sucrose
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LOS

Lipopolysaccharide (LPS) is the major glycolipid

component of the outer membrane of gram-negative

bacteria. High-molecular-weight LPS from enteric
bacteria such as E. coli is comprised of a lipid A moiety.
a core oligosaccharide, and a repeating O-antigen poly-
saccharide. Gonococcal and meningococcal LPS homo-
logs are smaller glycolipid molecules that lack the
repeating O-antigen polysaccharides (Mintz et al. 1984),
and are consequently referred to as LOS. They are
similar in size to the LPS from rough mutants of Salmo-
nella, except that they exhibit considerable antigenic
diversity. The oligosaccharide component of meningo-
coccal and gonococcal LOS consists of relatively short,
multiantennary glycans (Kim et al. 1994; Phillips et al.
1990) consisting of two regions: (1) a basal oligo-
saccharide linked to keto-deoxyoctulonate (KDO) and
(2) a middle linear segment containing a varying number
of residues that determine the length of the LOS. The
nonreducing terminal sugar is similar in monosaccharide
content and anomeric linkages to human cell-surface
glycosphingolipids (Mandrell and Apicella 1993;
Mandrell et al. 1993). Similar LOSs have been identifled
in other bacteria (e.g. H. influenzae, Haemophilus
ducreyi, and Bordetella pertussis) that colonize or infect
the mucosal surfaces of the respiratory and genital

tracts.

Most gonococcal strains produce from one to six LOS
species, which are antigenically and structurally distinct.
This structural heterogeneity can be experimentally
demonstrated as differences in migration when analyzed
by SDS-PAGE (Griffiss et al. 1987a, b, 1988). Like the
LOS of H. influenzae, the structural heterogeneity of the
LOS oligosaccharide is modulated by expression of
different glycosyltransferases as a result of high-
frequency genetic events such as slipped-strand DNA
synthesis (Danaher et al. 1995). The development of a
typing system based on LOS is not practical because the
antigenic variability of gonococcal LOS within a single
strain is so marked. In contrast, meningococci exhibit a
much more stable LOS upon which a serological typing
system has been developed that separates strains into 12
lmmunotypes.

Variations in neisserial surface oligosaccharide compo-
sition can lead to further modification by host factors.
For example, Smith et al. (1992) noted that gonococci

acquired resistance to killing activity associated with
normal human serum after brief exposure to human
blood or secretions and ascribed this to the sialylation of
a 4.2-kDa LOS species. Sialylation of LOS requires a
gonococcal sialyltransferase and the host-derived
substrate CMP-NANA, which is found in saturating
concentrations in all human tissues. Sialylation of LOS is
more pronounced during growth with lactate as
compared with growth with glucose (Smith er al. 1992).
This may be facilitated by lactate generation from granu-

locytes that form the exudates in gonorrhea (Frangipane

and Rest 1993) and may explain why organisms

harvested directly from a urethral exudate are highly

sialylated (Parsons et al.1992).

Antibodies specific for gonococcal LOS can be

detected in sera and vaginal fluids of infected patients

(Lammel et al. 1985). In addition, LOS contains a prin-

cipal antigenic determinant recognized by 'natural'

bactericidal antibody of the IgM class that, in combina-

tion with complement, mediates the killing of serum-

sensitive strains. LOS also serves as the target antigen

for much of the bactericidal antibody present in normal

or convalescent sera (Rice and Kasper 1977). Gono-

coccci expressing full-length LOS (containing the lacto-

N-neotetraose moiety) are serum-sensitive, whereas

sialylation of LOS renders them serum-resistant.

Decreased uptake and killing of sialylated gonococci by

PMNs has been reported (Rest et al. 1994). The modula-

tion of LOS may have a significant role in invasion of

cells (van Putten et al. 1995). Sialylated gonococci are

less invasive for a variety of host cells when compared

with nonsialylated gonococci (van Putten 1993).

However, other factors also influence this property. For

example, the invasiveness of some gonococcal strains

depends upon expression of a terminal glucose (Minor

et al. 2000) or other terminal sugars (e.9. lactosamine)

on the LOS (Harvey et al. 2001a, b).

LOS promotes injury to the mucosa and may be

responsible for the loss of ciliary activity and the

sloughing of ciliated epithelial cells (Greg et al. 1981) by

inducing the proinflammatory cytokine, tumor necrosis

factor alpha (TNF-a) (McGee et al. 1999). It has been

proposed that this is an important contributor to gono-

coccal salpingitis and may mediate postsalpingitis inferti-

lity and ectopic pregnancy (McGee et al. 1999). LOS

possesses potent endotoxic activity and is believed to be

the toxin responsible for adrenal cortical necrosis seen rn

severe meningococcal disease.

The structural and antigenic similarity noted above

between the terminal oligosaccharides of LOS and

human cell-surface glycosphingolipids has been exam-

ined (Mandrell and Apicella 1.993; Harvey et al. 2001b).

One terminal LOS trisaccharide was found to resemble

a precursor of human blood group antigens and another

appears to be related to the globoseries glycolipids,

which constitutes the E. coli P-pilus receptor on human

uroepithelial surfaces. The 'molecular mimicry' of neis-

serial LOS with host cells may confer several advantages

for infection: (1) LOS may resemble 'self' antigens of

the host, reducing their immunogenicity; (2) human cell-

surface lectin-like proteins, which normally recognize

specific glycosphingolipids, could bind LOS and thus

mediate epithelial cell adherence and invasion by gono-

cocci; and (3) host-derived glycosyltransferases, which

normally modify the oligosaccharide moieties of glyco-

sphingolipids, might also modify gonococcal LOS,

creating neoantigens on the gonococcal surface.
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CLINICAL DISEASE

Epidemiology

Of the pathogenic members of the Neisseriaceae, the
gonococcus is responsible for infections with the highest

morbidity, whereas the meningococcus causes infections

with the greatest mortality. N. gonoruhoeae, the causa-

tive agent of the sexually transmitted disease (STD)

(also referred to as sexually acquired infection (SAI)),

gonorrhea, was responsible for approximately 360 000
cases of gonococcal infection in the USA in 2000 (about

132 cases per 100 000 population) and an estimated 62
million cases worldwide (Agacfidan and Kohl 1999).
This statistic is even more staggering when one considers
that like all acute STDs, gonorrhea is a disease of young
people; 65 percent of new infections involve individuals
under 25 years of age (Figure 48.6). The majority of
these infections are confined to the genital mucosa of
males and females. However. anv site lined bv columnar
cells may be infected.

In males, urethral infection may be asymptomatic or
present as a painful, but ultimately self-limited, urethral
inflammation. Acute gonococcal urethritis is character-
ized by an exuberant granulocytic inflammatory
discharge. Gonococcal orchitis and epidymitis are infre-
quent complications of urethral infection. Pharyngeal
disease may be more common than previously appre-
ciated, and anal intercourse may lead to gonococcal
proctitis. Organisms that are increasingly resistant to
conventional antibiotics have been isolated from rectal
cultures (McFarland et al. 1983). In women, gonococci

may cause asymptomatic or symptomatic endocervical

infections or upper-genital-tract disease. Gonococcal

infections of women are closely associated with inferti-

lity and, as a result, females disproportionately suffer the

consequences of infection. For both men and women,

but more commonly in women, local gonococcal infec-

tion can progress to bacteremia with attendant septic

arthritis. In fact, gonococcal arthritis is the most

common etiology of arthritis in young people. Finally,

gonococcal infection facilitates transmission of HIV-1. In

HlV-infected individuals, gonococcal urethritis greatly

increases shedding of HIV in mucosal secretions and

semen (Kaul et al. 2002). In HlV-negative individuals,

gonococcal infection recruits cells and cytokines capable

of enhancing acquisition of HIV and facilitates breaks in

mucosal integrity, leading to increased virus infectivity
(Cohen 1997).

In contrast, meningococcal infections exist in a largely

asymptomatic carrier state within healthy individuals.

Meningococci may enter the bloodstream of susceptible

individuals, causing a bacteremia. If organisms cross the

blood-brain barrier and reach the meninges, meningitis

is likely to ensue. The incidence of meningococcal

meningitis is approximately 0.5-5 cases per 100 000

population, and these rates vary geographically. For

example, there are regions defined by latitude referred

to as'meningococcal belts'that extend throughout areas

of Africa where rates of meningococcal disease are

extremely high. Unlike gonorrhea, meningococcal

disease does not discriminate by age or gender - it is

among the leading causes of meningitis in infants, adults,

and the elderly, where approximately 10 percent of

cases are fatal; and among survivors, approximately 10

percent suffer permanent hearing loss or other serious

sequelae.

Rate (per 100 000 populat ion)

Age (years)

10-14

1 5 - 1 9

20-24

25-29

30-34

35-39

4044

45-54

55-64

65+

Total

5 1 . 8

s7.8

112.7

5 t . z

9.4

2.0

0.9

128.5

Figure 48.6 Age- and gender-specific rates of gonococcal infection in the |JSA, 2000 Figure courtesy of the Centers for Disease
Control and Prevention, Atlanta, Georgia
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Pathology

Pathogenic Neisseria spp. do not produce a specific
product or 'toxin' that in and of itself accounts for the
symptoms of gonorrhea or meningitis. Rather, it is the
ability of these organisms to multiply on, and invade,
mucosal surfaces while avoiding host defense mechan-
isms. Ultimately, it is their ability to incite a vigorous
host immune response that causes disease pathology.
The capacity to multiply in vivo is a function of their
ability to access growth-essential nutrients from the host,
including efficiently scavenging growth-essential iron
from human transferrin, lactoferrin, or hemoglobin using
protein systems described above. These organisms evade
host defenses by avoiding antigenic detection through
the production of a capsule or antigenic variation of
surface proteins. They also evade host defenses by
invading and transcytosing through columnar epithelial
cells (e.g. endocervix, urethra, rectum, oropharynx, naso-
pharynx, and conjunctiva). Host factors can also contri-
bute the pathogenesis of infections caused by Neisseria,
e.g. individuals with complement deficiencies are predis-
posed to infection by pathogenic Neisseria spp.

Diagnosis

The laboratory diagnosis of gonorrhea is made presump-
tively and then confirmed. This process involves identi-
fying characteristics that distinguish N. gonorrhoeae
from other Neisseria spp. that may be present in the
specimen (Table 48.1). Nonpathogenic Neisseria spp. are
normal inhabitants of the orpharynx and nasopharynx
and are occasionally isolated from sites that are infected
by N. gonorrhoeae. The presence of multiple pairs of
gram-negative diplococci within a neutrophil is highly
characteristic of gonorrhea when the specimen is
obtained from a genital site. The Gram stain of a
urethral exudate is about 95 percent sensitive in sympto-

matic men but only 50-70 percent sensitive in asympto-

matic men. In women, the specificity of the Gram stain

is complicated by the presence of other bacteria in the

female genital tract flora that may have a similar

morphology. The sensitivity and specificity of the Gram

stain for diagnosing rectal infections is lower than for

cervical infection.

N. gonorrhoeae carr be cultured on selective media.

However, attention to detail is necessary for optimal

isolation. In men, the best specimens are a urethral

exudate or a urethral scraping. In women, cervical

swabs are preferred over urethral or vaginal specimens.

Swabs may be transported to the laboratory in a

suitable transport medium, although, ideally, specimens

should be inoculated on to appropriate media and

incubated immediately after collection. Urethral,

cervical, and pharyngeal specimens are inoculated on

to selective media, such as Thayer-Martin or Martin-

Lewis. These are complex media that contain anti-

microbial (vancomycin, colistin) and antifungal

(nystatin) agents to inhibit the growth of normal flora.

Specimens collected from normally sterile sites such as

blood, synovial fluid, and conjunctiva may be rnocu-

lated on to a nonselective medium, such as chocolate

agar. Direct detection methods for N. gonorrhoeae,

such as amplified and nonamplified DNA-based assays,

are also available. These assays have an advantage

where culture is impractical because specimen viability

is not required.

N. gonorrhoeae is distinguished from other Neisseria

spp. by acid production from carbohydrates. The gono-

coccus is only capable of producing acid from glucose
(Table 48.1). Gonococcal strains can be characterized

according to their nutritional requirements (auxo-

typing) (Table 48.5). A panel of monoclonal antibodies

specific for epitopes on the outer membrane protein

I has also been used to subtype strains. Strains exhi-

biting specific reaction patterns are termed serovars. A

combined serovar-auxotype classification provides

Tabf e 48.5 Phenotypic classiftcation systems of Neisseria gonorrhoeae and Neisseria meningitidis

Organism

N. gonorrhoeae

N. meningitidisb

System

Serovars

Auxotypes

Serogroups

Serotypes

Subserotypes

lmmunotypes

Basis

Protein I

Nut r i t iona l
requrrement

Capsu lar
polysaccharide

Class 2/3 proteins

Class 1 protein

LOS

No. of groups or types

24 PIA,  31 PIB

35'

1 2

20
1 0
1 2

Names

PIA, PIA-24

P t B - 1 ,  . .  P t B - 3 1

A R G , P R O , e t c .

A ,  B ,  C ,  X , Y , Z , 2 9 E

W-135, H, I ,  K, L.
1 , 2 a , 2 b , 2 c ,  2 1 d
P1 . ' t ,  P1  .2 ,  P1 .6d

t1-Ll2

a) Auxotypes determ ned by growth response patterns on a standard set of defined media (Catlin 1978)
b) A strain can express more than one serosubtype or immunotype-specific epitope, e g L3,7,9
c) See Table 48 4 for structure of the capsula polysaccharides
d) Not a l l  the numbers between 1 and 21 and between Pl  1 and Pl  16 are used
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resolution among gonococcal isolates and is useful in

epidemiological investigations (Sparling et al. 1990).

In cases of suspected meningococcal disease. speci-

mens of blood, cerebrospinal fluid, and nasopharyngeal

secretions are typically collected and examined for the
presence of N. meningitidis. Cerebrospinal fluid should

be concentrated by centrifugation and a portion rnocu-

lated on to chocolate or blood agar. Nasopharyngeal

specimens require plating on a selective medium such as

Thayer-Martin media, while blood cultures are typically
plated on rich nonselective media, such as chocolate or

blood agar. Growth of these organisms requires incuba-

tion in an aerobic atmosphere containing 5 percent CO2.

The presence of oxidase-positive, gram-negative diplo-

cocci provides a presumptive identification of N. menin-
gitidis. For confirmation, production of acid from
glucose and maltose, but not sucrose, lactose, or fruc-

tose, may be used (Table 48.1). Gram-stained smears of

cerebrospinal fluid may also be diagnostic.

The presence of a polysaccharide capsule is the major

distinguishing structural feature separating N. meningi-

tidis (and many nonpathogenic Neisseria spp.) apart

from N. gonorrhoeae. This capsule is believed to play a

role in the resistance to PMN-mediated phagocytosis. It

also provides the basis for grouping of these organisms.
To date, 12 different meningococcal serogroups are

identified based on the chemical composition of the
polysaccharide (Table 48.5). The serological group is

determined by a slide agglutination test, using poly-

valent and monovalent antisera. In addition to sero-
typing by capsular polysaccharide, N. meningirldls strains

can be divided into certain serotypes and subserotypes

based on antigenic determinants of certain outer-
membrane proteins and LOS (Table 48.5). A typing

scheme based on isoenzyme electrophoresis has also

been used to study the epidemiology and geographical

distribution of N. meningitidis strarns (Crowe et al.

1987).

Treatment; antibiotic susceptibil i ty and
resistance

Pathogenic Neisseria spp. are generally susceptible to

treatment with antibiotics. The key is delivering the

correct antibiotic in a timely fashion. This is particulary

true for meningitis caused by N. meningitidis, where the

time from symptomology to death can be less than a

day. Penicillin is still the drug of choice to treat meningo-

coccal meningitis and meningococcaemia. Penicillin

does not readily penetrate the blood-brain barrier.

However, when the meninges are acutely inflamed it can
traverse this barrier. Recently, penicillin-resistant N.

meningitidis strains have been described (Brett et al.
1992), indicating that continued use of this drug may be

in jeopardy. 'fhe penA gene from penicillin-resistant N.

meningitidis is very diverse and 30 mosaic genes have

been found in only 70 different isolates. In contrast, only

three different mosaic penA genes have been identified

in N. gonorrhoeae. It appears that the opportunity for

acquiring DNA from commensal Neisseria spp. is

greater for N. meningitidis, which normally inhabits the

nasopharynx. Tetracycline resistance in N. meningitidis

due to the acquisition of the 25.2-mDa TetM plasmid

has also been described (Roberts and Knapp 1988).

Sulfonamide resistance in N. meningitidis is due to chro-

mosomally mediated determinants (Fermer et al. 1995).

Recent evidence indicates that the origin of the sulfona-

mide resistance determinants genes may have been from

other Nelsserla spp.

Gonococcal infection is complicated by the high inci-

dence of coinfection with other STDs such as chla-

mydia, the high mobidity of the disease, and the rapid

evolution of resistance to conventional and new-genera-

tion antibiotics as described below. Due to the develop-

ment of resistance involving multiple mechanisms. peni-

cillin is no longer the antimicrobial of choice for the

primary treatment of gonorrhea. Resistance to B-lactam
antibiotics results from the destruction of the antibiotics

by BJactamases or the presence of mutated penicillin-

binding proteins (PBP) with decreased binding affinity

for penicillin (Dowson et al. 1989). Resistance to peni-

cillin in non-BJactamase producing N. gonorrhoeae rs

chromosomally mediated and due to the production of

low-affinity forms of PBPs combined with reductions

in the permeability of the cell envelope to penicillin.

Alterations in PBPs have also occurred in N. meningi-

ridls, resulting in some strains with decreased suscept-

ibility to penicillin. In both N. gonorrhoeae and

N. meningitidls, chromosomal resistance to penicillin

results from low-affinity mosaic forms of PBP-2, a

bifunctional enzyme with transpeptidase and transglyco-

sylase activities. These have arisen by the replacement

of parts of the PBP-2 gene @enA) with the corre-

sponding regions of genes from closely related

commensal species, such as N. flavescens and N. cinerea
(Dowson et al. 1989).

The increase in the prevalence of B-lactamase-produ-
cing strains of N. gonorrhoeae in the 1970s and 1980s

has resulted in a shift to other antibiotics for the treat-

ment of gonorrhea, including tetracycline, sulfona-

mides, macrolides, third-generation cephalosporins, and

fluoroquinolones. Concomitantly, chromosomal- and

plasmid-mediated resistance of N. gonorrhoeae and N.

meningitidis to agents such as tetracycline, sulfona-

mides, and erythromycin has arisen (Table 48.6). The

widespread distribution of the 25.2-mDa conjugative

TetM plasmid in strains of N. gonorrhoeae has

rendered tetracycline as an ineffective alternative for

penicillin. In addition, strains with multiple chromo-

somal resistance to penicillin, tetracycline, erythro-

mycin, and cefoxitin have been identified in the USA

and many other parts of the world (Ng et al. 2002;

Marquez et aI. 2002; Anonymous 2002; Rouquette-

Loughlin et al. 2003; Chaudhry et al. 2002; Trees et al.
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Tabfe 48.6 Antibiotrc resistance in Neisseriau

N. gonorrhoeae N. meningitidis Commensal Neisseria

Penc i l l i n

Tetracycl i ne
Su l fonamides
Tr imethopr im

Spect inomyc in
Streptomycin

Quino lones
(ci prof loxaci n)
Erythromycin

Ri fampic in

Pen, 5u, Smb

Plasmid Chromosomal

+

Plasmid Chromosomal

+

Plasmid Chromosomal

+

i

-)

)
+

+

+

++

+
+

a) +, Antibiotic resistance gene has been reported on either a plasmid or the chromosomej -, antibiotic resistance has not been reported; ?, not known
b) Mu t ip le ant ib ot ic  resistance to penrci l l in ,  sul fonamides,  and streptomycin is  encoded on a s ingle p lasmid

2000). Indeed, even fluoroquinolones can no longer be
reliably used to treat gonorrhea in patients from Asia
(McGee and Grewal 2002; Knapp et al. 1997) and this
trend is increasing in the USA (Figure 48.7). Plasmid
and chromosomally mediated antibiotic resistance has
also been described in a number of commensal Neis-
seria spp. (Qvarnstrom and Swedberg 2002). Of
interest is the reported plasmid-mediated multiple drug
resistance to sulphonamides, streptomycin and peni-
cillin (Table 48.6), which could potentially spread to N.
meningitidis.

Prevention

Like most infectious diseases, hygienic considerations
are useful in the control of neisserial infections.
However, the asymptomatic nature of meningococcal
infection makes it difficult to control its spread, particu-
larly in crowded environments such as military barracks
and college dormitories.

The severity of meningococcal disease warrants a
vaccinologic approach for the prevention of this life-
threatening disease. However, the limited morbidity of
the disease does not dictate mass vaccination. Vaccine

formulations based on N. meningitidls serogroups A, C,
W-135, and Y capsular polysaccharides are available for
use in humans and elicit bactericidal antibodies directed

against the capsule. These vaccines have been proven to
be effective and are administered to high-risk groups,

such as military personnel confined to close quarters.

The group B capsular polysaccharide is poorly immuno-
genic because of its similarity to sialic acid moieties

found in human tissues. and no effective vaccine has

been developed.

As with other STDs, effective control of gonorrhea

can be achieved with barrier protection, education, diag-
nosis, and contact tracing. In principle, the high

morbidity of gonococcal infection would ideally be

controlled through a vaccinologic approach. In practice,

the concept of mass vaccination for the prevention of an

Percent
3 0

1990 s1 92 93 94 95 96 97 98 99 2000 01

Figure 48.7 lncrease in the proportton of intermediately resistant and resistant gonococcal isolates to ciprofloxacin from 1990 to 2001
This demonstrates the raptd emergence of resistances of gonococci to this widely used antibiotic Figure courtesy of the Centers for
Disease Control and Prevention, Atlanta, Georqia

! Resistance

2.i l  |  Intermediate resistance
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STD is one that is undergoing social evolution and is

probably not acceptable by today's standards. A strong

argument has been made for vaccination of high-risk

populations for the prevention of gonorrhea. However,

the antigenic variation exhibited by the gonococcus

makes the development of a vaccine very challenging, if

not impossible. Currently, no vaccine exists for the
prevention of gonococcal infection.

SUMMARY

The Neisseria are a group of closely related species that

range from commensal organisms that exist on healthy

mucosal surfaces in mammals to those that cause signifi-

cant human disease. In many respects, such as rron

acquisition and polysaccharide production, the biology

of these organisms exhibit remarkable similarity to the

biology of eukaryotic cells as we know it. Other aspects,

such as antigenic variation and horizontal gene

exchange, provide mechanisms whereby these organisms

can survive in a hostile environment by evading host

defenses and the inhibitory activity of some anti-

microbials. Regardless, their evolution has placed them

into a discrete family within the microbial kingdom.
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TAXONOMIC REVIEW: FAMILY
MORAXELLACEAE

The taxonomic status of this family has a long history of

debate and change. Certainly the newer molecular tech-

niques have greatly facilitated the current definitions.

Following is a brief historical perspective for the genera

discussed in this chapter. Supportive data and arguments

can be made for each position, as definitive taxonomrc

::X""T."JJ 
for each the senera has not reached

Acinetobacter

Beijerinck in 1911 is credited with isolating a microbe

representative of the genera from the soil and naming it

Micrococcus calcoaceticus (Baumann et al. 1968b). The
genera expanded and underwent numerous defining
changes. Important to note is that most of the changes

were based on the individual isolate's saccharolytic

ability. Oddly, this characteristic is perhaps the most

clinically relevant as the genus undergoes definition. The

saccharolytic strains resembling Beijerinck's initial

isolate were successively called Herellea vaginicola,
'B5W,' Bacterium anitratum, and Achromobacter

anitratus. Likewise, the asaccharolytic strains were
penned Mima polymorpha, Moraxella lwoffii, and

Achromobacter lwoffii (Henriksen 1973). Brisou and
Pr6vot proposed the generic designation of Acineto-

bacter in 1954. Their'genus' was a heterogenous group

Moraxella os/oensts
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inclusive of nonmotile, gram-negative, oxidase-positive,

and oxidase-negative saprophytes distinguishable from

other bacteria by their lack of pigmentation (Ingram and

Shewan 1960). Studies of Baumann et al. (1968b) moved

the oxidase-positive strains to the genus Moraxella. In

1971. the Subcommittee on the Taxonomy of Moraxella

and Allied Bacteria suggested that the genus Acineto'

bacter sholld include only the oxidase-negative strains
(Lessel 197L). A transformation test was described (Juni

1972;Weyant et al. 1996) and is still used for the genus-

level identiflcation. This research technique involves the

conversion of auxotrophs to prototrophy. Since the

organisms classed within Acinetobacter were similar, a

monotypic genus was proposed, Acinetobacter calcoace-

ticus, comprising two varieties, var. anitratus (formerly

Herellea vaginicola) and var. lwoffii (formerly Mima

polymorpha) (Juni 1984).

DNA homology studies have recognized at least 25

genomospecies (Bouvet and Grimont 1986; Bouvet and

Jeanjean 1989; Gerner-Smidt and Tjernberg 1993:

Ibrahim et al. 1997; Nemec et al. 200L; Nishimura et al.

1988; Tjernberg and Ursing 1989), of which to date ten

are named (Bouvet and Grimont 1986; Nemec et al.

2001; Nishimura et aI. 1988). Of note, genomic species 1,

2,3, and 13 are quite difficult to distinguish in the clin-

ical laboratory using the standard biochemicals and

instrumentation; therefore, these species are referred to

as the Acinetobacter calcoaceticus-baumannii complex.

Of the unnamed species, very little is known about the

clinical significance (Table 49.1).
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Tabfe 49.1 Frequently isolated saccharolytic and asaccharolytic Acinetobacter speoes

Named species

A- calcoaceticus
A. baumannii

A. haemolyticus

A. johnsonii

A. lwoffi

A. radioresistens

Associated genomic
speciesa

1
2

3

1 3

4

7

I
1 2

Associations with
nosocomial outbreakso

++

Laboratory observations

Saccarolyt ic, typical ly
nonhemolyt ic; dif f icult  to
separate in cl inical laboratory;
considered as A. calcoaceticus-
baumanii comolex'

Typical ly hemolyt ic

Asaccharolyt ic; typical ly
nonhemolvt ic

a) Data f rom Bouvet and Gr imont (1 986),  Bouvet and Jeanlean (1 989),  and Tlernberg and Ursing (1 989)
b) Bouvet and Gr imont ( '1987)
c )  Ge rne r -Sm id t  e t  a l  ( 1991 )

During this period the genus was considered a
member of the family Neisseriaceae. However, recent
molecular methods, rRNA-DNA hybridization assays
and 165 rRNA typing, have moved Acinetobacter, along
with Moraxella, Psychrobacter, and related organisms, to
the family Moraxellaceae (van Landschoot et al. 1986;
Rossau et al.  1989; Rossau et al 1991).

Moraxella

The genus Moraxella has also undergone several taxo-
nomic revisions within the past 20 years. Initially, Bovre
(1979, 1984) argued that the genus consisted of two
subgenera, Moraxella and Branhamella, within the
family Neisseriaceae. Subsequent DNA-rRNA hybridi-
zation studies and 165 rRNA analysis suggested that
Moraxella, Branhamella, and the 'false Nelsseria' (Neis-
seria caviae, Neisseria ovis, and Neisseria cuniculi) all
belong in the same family, but not within the family
Neisseriaceae (Rossau et al.  1986; Dewhirst et al.  1989).
Rossau et al.  (1991) proposed the creation of a new
taxonomic family to include the subgenera Moraxella
and the genera Acinetobacter and Psychrobacter.
Opposing, Catlin (1991) suggested that only the Morax-
ella and Branhamella be placed within a new family
called Branhamaceae. Data from Veron et al. (1993)
and Enright et al. (1994) support the exclusion of
Moraxella and Branhamella from the family Neisser-
iaceae Not unexpectedly, the taxonomic status of the
inclusive species continues to evolve. This has been
reviewed by Pettersson et al.  (1998).

Respecting historical conventions, Branhamella will be
discussed separately from Moraxella.

ACINETOBACTER

of rapid growth (exponential phase), the organisms typi-
cally appear bacillary to coccobacillary 1-1.5 by I.5-2.5

microns in size. Notably they become more coccoid or
diplococcal as the cultures age (stationary phase). The

colonies are l-2 mm in diameter (smaller than typical
Enterobacteriaceae) and are typically domed, smooth to

slightly mucoid, and opaque. Pigmentation is usually
grayish-white, although some strains may appear pale

yellow. Hemolytic activity on blood agar is variable,

although a diffusible brown pigment has been observed
(Pagel and Seyfried 1976) when glucose has been added

to the medium (Siau et al. 1998). Acinetobacters are
nonlactose fermenters but may produce a slight pinkish

hue that could be mistaken for lactose fermentation.

The acinetobacters are nonmotile, but occasionally an

odd twitching motility can be demonstrated (Lautrop

1961; Lautrop 1974; Barker and Maxted 1975). Older
cultures frequently capsulate, occasionally causing
problems with destaining the crystal violet. For the most
part, the species are not fastidious and capably grow on
the standard nutritional medium used within the labora-

tory. Occasionally, strains may be encountered that are
fastidious, failing to grow in nutrient broth, and forming

smaller colonies on blood agar (Weyant et al. 1996).

Utilization of carbohydrates varies considerably among

the species. Nitrates are not reduced to nitrites. The

ability to hydrolyze gelatin and urease is variable. They

are strictly aerobic and are capable of growing at a wide
range of temperatures. However, it is observed that
most clinical strains grow optimally at 37'C, while the

environmental isolates prefer lower temperatures. For

clinical isolates, growth on MacConkey is variable and
presenting as either colorless or light pink colonies
(Table 49.2).

Identification of the acinetobacters is often proble-

matic for all but the reference laboratories. Unfortu-
nately, the databases of most of the commercially avail-
able identification systems are variable in their ability to
identify all isolates. Gerner-Smidt et al. (1991) and
Kdmpfer et al. (1993) have proposed various phenotypic

Microbiology

Members of the genus Acinetobacter are gram-negative,
catalase-positive, and oxidase-negative. During periods
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Table 49.2 Characteristics ol the Moraxellaceae and similar qenera

Actinetobacter Moraxella

Ce l l  morpho logy

Oxidase

Catalase

Glucose (acid)

Dnase

N03 reduction
Butyrate esterase

B,  CB,  DC B

? f

+
c

+

M. catarrhalis

DC

Neisseria

DC/B

f

. a

+

b

Kingella

CB

I

T

J

f

B, baci l lus; DC. diplococcus; CB, coccobaci l lus
a) Neisseria elongata is variable for catalase
b) tV mucosa reduces NO3
c) M canis is Dnase positive

schemes for identification. Review of these schema

shows that they are not practical for the typical clinical

laboratory owing to their requirement for a large

number of biochemicals.

Epidemiology

The acinetobacters are saprophytic and ubiquitous. They

can be found throughout the natural and hospital envir-

onment on a wide range of dry and moist inanimate

surfaces (Getchell-White et al. 1989; Towner et al.

1991). Recent studies have documented that hospital

environments, such as intensive care units (ICU), can

harbor carbapenem-resistant A. baumannil. Only after

closing the affected ICU and thorough cleaning of the

environment and equipment with hyochlorite and term-

inal disinfection were the resistant strains eliminated

(Aygun et al. 2002). Additionally, a study by Brooks

et al. (2002) documented that pan-resistant acineto-

bacters could be recovered from the surfaces of dispen-

sers of hand soap containing 2.0 percent chlorhexidine.

Perhaps most importantly, they are considered as part

of the commensal flora of man and other animals. where

they occasionally present as opportunistic pathogens. As

commensals, they have been isolated from axillae, groin.

digit webs, and other external fossa of about 25 percent

of the population (Taplin et al. 1963; Somerville and

Noble 1970).

Notably, several studies have demonstrated sustained

carriage on the hands of healthcare workers (Adams and

Marrie 1982; Larson et al. 1986). ln his study, Larson

(1981) determined that acinetobacters were the most

common gram-negative organisms carried on the skin of

hospital personnel. Members of the genus have been

isolated from practically every type of patient specimen.

This ubiquity often presents problems for the clinician.

Therefore, careful evaluation of the role of an isolate to

an infectious process is required.

Interestingly, it appears that the genomic distribution

of the various acinetobacters differs greatly throughout

the diverse hospital environments. A. baumannil is the

species isolated most frequently. Assimilation tests have

identified 19 biotypes (Bouvet and Grimont 1987).

Traub and Leonhard (1994) have described 32 serovars.

The other named genomospecies, A. lwoffii, A. haemoly-

ticus, and A. johnsonii follow in frequency (Table 49.1).

As with many other genera, many different typing

systems have been devised to segregate the various

members of this genus. Refer to Bouvet (1991) for a

review of early attempts at typing schema. Conventional

methods have presented problems that have precluded

their adaptation. These methods have included biotyping

(Bouvet et al. 1990), phage-typing (Vieu et al. 1979),

serotyping (Traub and Leonhard 1'994), and bacteriocin

typing (Andrews 1986).

Currently, several molecular methodologies have been

developed and used within the clinical setting for the

investigbtion of nosocomial outbreaks, although it is

important to note that no particular system has been

accepted as the 'gold standard.'These techniques have

included plasmid profile analysis (Gerner-Smidt and

Tjernberg 1993; Seifert et al. 1994a, b), restriction endo-

nuclease digestion and pulsed-field gel electrophoresis of

total chromosomal DNA (Gouby et al. 1992; Struelens

et al. 1993; Liu and Wu 1997; Grundmann et al. 1997),

random amplified polymorphic DNA profiles (Grdser

et al. 1993; Struelens et al. 1993), ribotyping (Gerner-

Smidt 1992; Bernards et al. 1997), cell-envelope and

outer-membrane protein profiles (Dijkshoorn et al.

1987a, 1987b), and multilocus enzyme electrophoretic

typing (Thurm and Ritter L993).

Interestingly, strain specilicity has been demonstrated

for various acinetobacters against numerous bacter-

iophages (Ackermann er al. 1994). Typically, most of

these bacteriophages are lytic and are range-restricted to

the original strain of Acinetobacter from which they

were isolated.

Virulence and pathogenic factors

Usually acinetobacters are not pathogenic, but they do

have components that are capable of enhancing their

virulence in debilitated individuals. Perhaps the most

important and similar to other gram-negative organisms,
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is the presence of endotoxin. Endotoxin is a lipopoly-
saccharide (LPS) moiety of the outer membrane and in
which the toxic lipid component, lipid A, is embedded.
It has been demonstrated that the LPS is responsible for
toxicity in mice and pyrogenicity in rabbits. Endotoxin is
considered partially responsible for the febrile response
during septic episodes. For acinetobacter pneumonla,
Obana (1986) demonstrated an enhanced virulence in
the presence of mixed infections with other bacteria
species in the mouse model. Obana's study could not
identify conclusively the definitive nature of this
enhancement.

The research by Borneleit and Kleber (1991) on the
matrix of the cell wall and outer membrane demon-
strates special properties capable of influencing the
permeability properties of the cells. Fimbriae have been
documented that are potentially capable of facilitating
adhesion to human epithelial cells. A polysaccharide
capsule has been described that perhaps limits phagocy-
tosis (Anstey et al. 1992). This capsule certainly aids the
bacterium to survive under dry conditions (Wendt et al.
1997). These properties in conjunction with protein S
layers and slime (Obana et al. 1985; Borneleit and
Kleber 1991) also potentially enhance the virulence of
the organism.

Interestingly, it has been noted that certain strains
have been shown to produce siderophores (e.g. aero-
bactin) and iron-repressible outer-membrane receptor
proteins (Smith et al. 1990; Echenique et al. 1992; Actis
et al. 1993). These abilities are also potentially impor-
tant virulence determinants. For further information
about Acinetobacter, see Juni (1978), Towner et al.
(1991), and Bergogne-Berezin et al. (1996).

clln!1at 1!snlllcanSe
Generally acinetobacters are not fastidious and are
capable of surviving in various environmental niches.
Most importantly, they are adept at acquiring resistance
to multiple antibiotics. Fortunately, most isolates are
simply colonizers in healthy individuals (Bergogne-
Berezin and Towner 1996; Cisneros et al. 1996).
However, determining the clinical significance of a parti-
cular isolate can be problematic for the clinician, parti-
cularly for intensive care patients and others with exten-
sive surgical or antibiotic intervention. The opportunistic
potential of this genus for causing hospital-acquired
infections is well documented. Studies by Corbella et al.
(1996) have shown that the digestive tracts of patients
within ICUs often serve as reservoirs for multiresistant
A. baumannii strains involved in hospital outbreaks.

The respiratory tract is the prominent site for
hospital-acquired infections, with endotrachael tubes
frequently implicated. Additionally, isolates found from
the urinary tract, wounds, and catheter sites may even-
tually lead to septicemia (Bergogne-Berezin and Towner

1996; Bernards et al. 1997; Cisneros et al. 1996; Seifert

et al. 1995). Less frequently, members of the genus have

been associated with arthritis, endocarditis, meningitis,

osteomyelitis, peritonitis related to continuous ambula-

tory peritoneal dialysis, and ventilator-related pneumo-

nias (Bergogne-Berezin and Towner 1,996; Jtmenez-
Mejias et al. 1997). As surmised, risk factors for

acquiring acinetobacter infections can be attributed to

antibiotic exposure, surgery, instrumentation, ventila-

tion, and ICU admission (Bergogne-Berezin and Towner

1996; Cisneros et al. 1996; Wisplinghoff et al. 2000).

Management, therapeutic options, and
suscepti bi I ity testing

Guidelines providing minimum inhibitory concentration
(MIC) and disk diffusion interpretative criteria for
suggested groups of antibiotics have been provided by
the National Committee for Clinical Laboratory Stan-
dards (NCCLS). Regardless, the clinical management of

opportunistic and coinfections with the acinetobacters is
perhaps one of the biggest challenges facing clinicians
today, particularly in medical/surgical, rehabilitation,

and intensive care units. Resistance among clinical
isolates has developed rapidly. This is perhaps the most
striking feature of the genus. Clinical isolates are predic-

tably resistant to penicillin, ampicillin, first-generation

cephalosporins, and chloramphenicol. Activity is vari-
able against carbenicillin, tetracyclines, aminoglycosides,
second- and third-generation cephalosporins, quino-

lones, trimethoprim-sulfamethoxazole, and carbapenems
(Bergogne-B6r6zrn and Towner L996; Cisneros et al.
1996; Seifert et al. 1993; Visalli et al. 1997). Recent
reports have documented the successful use of intrave-
nous colistin as a safe alternative to the carbapenems
(Garnacho-Montero et al. 2003). Several investigators
have demonstrated a potential role for sulbactam in
patient management (Corbella et al., 1998; Levin2O02).

Due to the unpredictable multiresistant patterns of
nosocomial strains, consideration must be given to the
prevalent susceptibility profiles within the institution
(Jones 2001). Strains of A. calcoaceticus-baumanii
complex typically are more antimicrobial-resistant than
A lwoffii, probably due to their higher prevalence

within the hospital environment and possibly their
ability to acquire antibiotic resistance. Given the overall
unpredictable nature of resistance, susceptibility testing
is warranted for clinically significant isolates. Addition-

ally, studies have demonstrated the value of cohorting

and aseptic techniques as important factors in the

containment of resistant strains (Podnos et al. 2001).

Genetic resistance

Transformation is probably not a significant event
among the Acinetobaclers (Juni 1978). The process was
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first demonstrated by Juni and Janik (1969) with .4.

calcoaceticus strain BD4 and its microencapsulated

trpE27 mutant derivative BD413. Juni (7972) demon-

strated that the transformation of strain BD413 trpE27

to the wild-type phenotype could be used as the basis of
the genetic test for identifying members of the genus

The ease with which strain BD413 can be transformed

has been used with a wide range of advanced molecular
procedures, allowing the detailed fine-structure genetic

investigations of the chromosomal organization and
metabolic regulation of this strain (Ornston and Neidle

1ee1).
Strain speciflcity appears to exist with regards to

transduction. Using P78, a temperate phage, Herman
and Juni (1974) demonstrated a low-frequency general-

ized transduction with its specific host, while failing to
lysogenize 389 other strains of Acinetobacter. This
process has not been studied extensively.

Towner and Vivian (1976) and Hinchliffe and Vivian
(1980) demonstrated that conjugation could occur with a
broad host-range of plasmids tsing Acinetobacter strain
EBF 65/65. Although very little is known of the mobili-

zation events, the system has been important for the

mapping of mutations on the circular chromosomal

linkage group in strain EBF 65/65 (Towner 1978; Vivian
1ee1).

Plasmids and transposons are perhaps the most inter-
esting to researchers and clinicians and probably serve
an important role in the biology of Acinetobacter spp.
(Towner 1991). It has been observed that more than 80
percent of Acinetobacler isolates appear to carty
multiple indigenous plasmids of variable molecular size
(Gerner-Smidt 1989; Seifert et al. 1994a). Unfortunately,
studies involving plasmids and transposons have been
riddled with problems most likely due to difficulties in

lysing organism's cell wall. Transposons, as opposed to
plasmids, may be more important to the development of

antibiotic resistance in clinical isolates (Towner 1991).
This observation may be due to the lack of a suitable
test system for studying plasmid-mediated transfer.

MORAXELLA

Microbiology

Species belonging to genus Moraxella are gram-negative,

although they may appear to resist decoloration. Those

species originally classed within the genus are usually
coccobacillary, while Moraxella cataruhalis, which were

originally placed in the genus 'Branhamella,' tend to
appear as diplococci. Occasionally they may form short

chains. Cellular pleomorphism is typical as the culture
ages or with growth at increased temperature. All
moraxellas are strict aerobes, oxidase-positive, and cata-
lase-positive. On blood agar, moraxellas form circular,
smooth, domed colonies after 24 h of incubation. They

have a translucent gray color. They are nonmotile,

although Piechaud observed a sluggish motility on

nutrient agar in a special oil chamber (Jones and Jeph-

cott 1990). All species have flmbriae and, with the

exception of M. bovis, are encapsulated. They are asac-

charolytic and negative for DNase, urease, indole, and

hydrogen sulfide. Citrate utilization, nitrate reduction,

and gelatin liquefaction are variable. Their optimal

growth temperature is 33-35'C. Several of the species

are weakly hemolytic on blood agar. Growth is variable

on MacConkey agar. Given their relative inertness,

speciation often presents problems in the clinical labora-

tory. The commercially available identification systems

generally have limited ability to speciate this genus accu-

rately. A reference laboratory may be useful if this is

required (Table 49.2).

As mentioned previously, studies suggest that those

species historically associated with the gents'Branha-

mella' should be moved to the genls Moraxella.

However, for convenience, the discussion of Moraxella
(Branhamella) catarrhalis will follow that of Moraxella.

M ORAXELLA N O N LIQU EFACI E NS

M. nonliquefaciens is the most commonly isolated

species of the genus. Kaffka f,rst described this species

in 1955, noting that it was unable to liquefy gelatin. This

species is most commonly isolated from the upper

respiratory tract. Graham et al. (1990) reviewed 933

isolates of moraxella submitted to the Centers for

Disease Control and Prevention and found that M.

nonliquefaciens was the most common isolate from nose,

throat, mouth, or eye.

The species is quite variable (Bovre 1967; Bovre and

Henriksen 1967). Typically colonies are smooth and

translucent to semiopaque. On blood agar, colonial

growth may reach 1 mm in diameter after 48 h. Pitting

and spreading have been observed. Using data from

nutritional studies, DNA content, and genetic transfor-

mation, species typical for M osloensls and [Moraxella]
phenylpyruvica were removed. Of particular note the

status of [M.] phenylpyruvica is questionable. Studies by

Rossau et al. (1991) and Enright et al. (\994) suggest

that this group of organisms is most closely related to

Psy chrobacter immobilis.

MORAXELLA LACUNATA

Members of this species are part of the typical flora

found on the mucous membranes of humans and

animals. Morax and Axenfeld (Jones and Jephcott 1990)

first described this group in a case of conjunctivitis.

Smears of secretions often show the organism associated

with polymorphonuclear leukocytes as well as desqua-

mated epithelial cells.

They are more fastidious than other members of the

genus. Colonial growth on blood or chocolate agar can
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be poor. Colonies usually pit the agar and form dark
halos in the media surrounding the colonies. The litera-
ture describes M. liquefaciens as a variant M. lacunata.
This variant is capable of liquefying gelatin rapidly and
growing at room temperature. Clinically, it has been
implicated in serious invasive disease. These differences,
being minimal, Henriksen and Bovre (1968a) reject
separate species classification.

MORAXELLA OSLOENSIS

Being less fastidious, M. osloensis was split from M.
nonliquefaciens by Bovre and Henriksen (1967). The
species is a common resident of the human genital tract
and other mucous membranes. To the inexperienced, it
can be confused with N. gonorrhoeae. Unlike the gono-
coccus, it does grow well on blood agar. Questions
remain regarding the taxonomic status of this species
(Rossau et al.  1991; Vandamme et al.  1993). Case
studies have associated M. osloensis with septic arthritis,
osteomyeli t is and septicemia.

MINOR SPECIES

There are several minor species of questionable human
clinical significance but worthy of mention. M. atlantae is
fastidious, forming <0.5-mm colonies on blood agar only
after 48 h of incubation. The colonies may pit blood
agar (Bovre et al. 7916). M. lincolnii was described by
Vandamme et al. (1993). The species is not particularly
fastidious. On blood agar it forms smooth, whitish,
nonhemolytic, convex colonies (1-3 mm) within 48 h.
Optimal growth is at 28-33'C, but it can also grow at
36-37"C. Both species are part of the normal flora of the
human respiratory tract. Little is known about their
pathogenic potential.

ANIMAL.ASSOCIATED SPECIES

M. caviae was first isolated from the throat of guinea
pigs (Pelczar et al. 1.949). Pelczar (1953) named it Nels-
seria caviae. Colonies are caramel to dusty brown. It is
asaccharolytic but is capable of reducing nitrate and
nitrite. It is DNase-positive and will hydrolyze tributyrin.

M. bovis was first isolated by Jones and Little (1923)
and described as being the causative agent of infectious
bovine keratoconjunctivitis. The organism grows poorly
on nutrient agar and broth (Watt 1951). It fails to reduce
nitrate but it does liquefy gelatin.

Lindqvist (1960) isolated, M ovis from sheep with
keratoconjunctivitis. Colonies tend to be nonpigmented,
glossy, and translucent. It is asaccharolytic and capable
of reducing nitrate to nitrite and hydrolyzing tributyrin.
It is DNase-negative.

Jannes et al. (1993) described M. canis, an isolate
from dogs that had been confused previously with M
catarrhalis. M. canis produces large colonies of which

some strains may be mucoid similar to some of the

Enterobacteriaceae. Interestingly, microscopically the

cells resemble M. catarrhalls (Jannes et al. 1993). Addi-

tionally, like M. catarrhalis, it is asaccharolytic, reducing

nitrate and producing a DNase, and is capable of hydro-

lyzing tributyrin. Unlike other species, it produces

gamma-glutamyl aminopeptidase and a brown pigment

on Mueller-Hinton agar.

Other named species commonly found in animals

include M caprae (goats), M. cuniculi (rabbits), and M.

equi (horses).

Clinical  s igni f icance

Apart from M. catarrhalis, the moraxellas have little
pathogenic potential. When they are implicated as
pathogens, their clinical presentations are similar among

all the species. There are case reports suggesting their

occasional implication in arthritis, conjunctivitis, endo-

carditis, keratitis, meningitis, septicemia, and oto-

laryngologic infections (Graham et al. 1990; Johnson

et al.  1995; Shah et aI.2000).

Therapeutic options and susceptibil i ty
testing

Susceptibility testing is seldom warranted, as most

moraxellas are susceptible to the BJactams, tetra-

cyclines, quinolones, and aminoglycosides (Fass and

Barnishan 1980; Rosenthal et al. 1978; Spangler et al.

1996), as well as the conventional topical ocular anti-
microbials. p-Lactamases are not significant in moraxella

species other than M. catarrhalis (Rosenthal et al. 1978).

M O RAXELLA (BRAN HAM ELA)
CATARRHALIS

Microbiology

M. catarrhalis are gram-negative diplococci. They tend
to resist decolorization. Cellular division occurs along

two planes at right angles, hence the occasional forma-

tion of tetrads. Their similarity to the Neisseria species

on Gram stains is striking and necessitates their identifi-

cation. However, studies by Doern and Morse (1980)

suggested that isolates from sources (e.g. middle-ear

fluid or sinus aspirate) unlikely to yield neisseria are
pathognomonic for M. catarrhalis.

They are strict aerobes and, like other Moraxella, they

are oxidase- and catalase-positive. They are asacchar-

olytic and negative for indole and hydrogen sulfide.
They reduce nitrate and nitrite. Importantly, they
produce DNase and butyric acid esterase, enabling their

differentiation from Neisseria species. The organism is

not fastidious. It produces 1-3-mm whitish-gray colonies
on blood and chocolate asars within 24 h of incubation.
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Although their optimum growth temperature is 35-37'C,
they are capable of growing well at 28-30'C. The colo-
nies usually remain intact when manipulated with a
bacteriological loop, hence the similarity to a hockey
puck on a flat surface. Some strains of M. catarrhalis are
capable of growing on Thayer-Martin agar and other
colistin-containing agars (Blackwell et al. L978; Doern
et al. 1981; Durussel and Siegrist 1988). A selective
medium containing acetazolamide and antibiotics has
been described (Vaneechoutte et al. 1988) (Table 49.2).

The species has had an interesting taxonomic and clin-
ical history. Initially, Seifert, who described a case of
purulent tracheobronchitis and penned the putative

agent as Micrococcus catarrhalis, defined the specres as a
Micrococcus in 1882. In the following years, the species
was subsequently transferred to the Neisseria and then
to the Branhamella, before being placed within the
Moraxella. Ghon and Pfeiffer (1902) recognized the
species as a pathogen. Shortly thereafter, investigators in
both Europe and the USA (Benzancon 1905; Jordan
1908; Hiss and Zinsser 1910) conflrmed its pathogenic
potential. In 1921, Gordon attempted to define a rela-
tionship between the organism and the common cold.
Failing to find any association, he submitted that M
catarrhalis should be considered as a commensal. Inter-
estingly, Berger (1963) and later Knapp et al. (1984)

reahzed that part of the problem in deflning the patho-
genic nature of M. catarrhalis was the organism's
frequent misidentification with the respiratory
commensal Neisseria cinerea. Detailed reviews of this
species have been published (Catlin 1990; Verghese and
Berk 1991; Enright and McKenzie 1997; Verduin et al.
2002).

Epidemiology and cl in ical  s igni f icance

M. catarrhalis is seldom recovered from the oropharynx
of healthy adults (approximately 5 percent): however,
higher carriage rates in children and the elderly (approx-

imating 50 and 25 percent, respectively) have been
demonstrated (Knapp and Hook 1988; Vaneechoutte
et al. 1990; Ejlertsen et al. 1994). In infants, it appears
that seasonal nasopharyngeal colonization, peaking in
winter, is common. Infections are thought to represent
an extension of a colonized area. Studies by Murphy
(1996) using various molecular techniques discuss the
dynamics of this process. It has been shown to be a
frequent cause of lower respiratory tract infections (e.g.
pneumonia and tracheobronchitis) in adults and sinusitis
and otitis media in children.

Giebink (1989) estimated that approximately 10-15
percent of all cases of otitis media were caused by M.
catarrhalis. Similar rates have been attributed for cases
of sinusitis (Jousimies-Somer et al. 1989). Significantly, it
appears that patients with underlying chronic pulmonary

disease are most affected (Klinsman et al. 1995). Doern

(1986) suggested that it is the third-ranking pathogen in

this particular patient population following Streptococcus

pneumoniae and Haemophilus influenzae. It is suggested

that respiratory infections due to M. catarrhali,t occur

primarily in the winter months (DiGiovanni et al. 1987;

Mbaki et al. 1987; Davies and Maesen 7988). M. catar-

rhalis has also been reported to cause keratitis, suppura-

tive arthritis, bacteremia, meningitis, endocarditis, and

urogenital infections. Additionally, it has been estab-

lished as a nosocomial respiratory pathogen (Patterson

et al. ,  1988; Richards et al.  1993).

Virulence and pathogenic factors

Numerous cell components have been studied that are

putative virulence factors. Hellio et al. (1988) demon-

strated the presence of a polysaccharide capsule. LPS

have been studied in detail (Fomsgaard et al. 1.99t;

Masoud et al. 1994). This cell-wall component was

shown to have marked similarities to that of N. gonor-

rhoeae in that the LPS has no long repeating units and

that no blebs or vesicles are released from the outer

membrane (Murphy 1989, 1990; Murphy and Bartos

1989; Murphy and Loeb 1989).

There also appears to be a homogeneity among the

strains for both LPS and the outer-membrane proteins

(OMP). Antigenic characlerizalion has determined that

the antigenic nature of the OMPs is somewhat

conserved among the various strains. This has been an

active area for research into potential vaccines (Bartos

and Murphy 1988; Murphy and Loeb 1989).

It appears that properties pertaining to serum resis-

tance, fimbriation, and hemagglutination vary among

strains. Wistreich and Baker (I97t), using several ATCC

strains, reported lhat M. cataruhalis lacked fimbriae and

failed to agglutinate human erythrocytes. Murphy (1989)

disputed the absence of flmbriae with his studies using

clinical isolates, and Soto-Hernandez et al. (1989)

observed their ability to agglutinate human erythrocytes.

Jordan et al. (1990) found that 43 percent of disease-

producing isolates were serum-resistant, while only 13

percent of colonizing strains were serum-resistant.

Investigators have found that the bacteria contain pili.

As with other bacteria, the pili are presumed to facil-

itate the adherence of the bacterium to the epithelial

cells of the host (Ahmad et al. 1996).

Therapeutic options and susceptibil i ty
testing

Before 1970, all strains of M. cataruhali,s were suscep-

tible to penicillin and were BJactamase negative (Barber

and Waterworth 1962; Catlin and Cunningham 1964;

Baumann et al. 1968a; Ahmad et al. 1987). ln t977, the

presence of a BJactamase was flrst reported in M. catar-

rhalis in Sweden. followed in France and England
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(Malmvall et al. 1977; Percival et al. 7977; Philippon
et al. 1986). In the subsequent years, the ability to
produce B-lactamase developed very rapidly and simul-
taneously around the world. In 1990, Wallace et al. after
reviewing strains stored at the Centers for Disease
Control Prevention reported an approximate increase in
the ability to produce B-lactamase from 40 to 75 percent

during the latter 1970s. During the LIBRA Surveillance
initiative. in the 1249 isolates that were collected from
290 participating laboratories B-lactamase production

was demonstrated in 94.2 percent of these strains. Three
types of p-lactamase have been deflned, BRO-1, BRO-2,
and BRO-3. These were shown to be inducible and cell-
membrane-associated. Approximately 90 percent of the

B-lactamase-producing strains M catarrhalis possess the
BRO-1 enzyme (Wallace et al. 1989, 1990; McGregor
et al. 1998). This organism is susceptible to B-lactamase-
stable penicillins, cephalosporins, cephamycins, tetra-
cyclines, trimethoprim-sulfamethoxazole, fluoroquin-
olones, aminoglycosides, and macrolides. It should be
considered uniformly resistant to penicillin, ampicillin,
methicillin, vancomycin, and clindamycin. Approved
standards and antimicrobial susceptibility are unavail-
able; therefore, treatment for M. catarrhalls infections is
usually empiric.

A significant area of recent research involves the
production of a viable multivalent vaccine for the
prevention of otitis media. Logical target components
would include not only M. catarrhalis but also S. pneu-
moniae and the nontypable strains of H. influenzae. This
progress has been reviewed by McMichael (2000) and
Snow (2002).
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consists of three species and Veillonella currently

contains seven species although eight serogroups have

been described (Mays et al.  1982).

Recently, a new member of the family has been

proposed by Carlier et al. (2002) who described Anaero-

globus germinatus gen. nov., sp. nov. This gram-negative

coccus was isolated from a post-operative fluid collec-

tion, and analysis by both phylogenetic and phenotypic

methods led the authors to suggest that this organism

represented a novel lineage within the family Veillo-

nellaceae. Table 50.1 summarizes a few simple tests that

can differentiate between the three recognized genera

comprising the Veillonellaceae.

HABITAT

Veillonella spp. are essentially residents of the oral

cavities of man and other mammals, especially rodents.

They may reside in several niches within the oral cavity

including the buccal mucosa, subgingival plaque, and in

particular, the dorsum of the tongue, to which Gibbons

and van Houte (1975) found they adhered particularly

well. Sutter (1984) found they were the most numerous

anaerobic bacterium present in a study of adult human

saliva. They are also present on the oral mucosal

surfaces and in the saliva of 2-month-old edentulous

infants, and at 1 year of age 100 percent of infants

harbored Veillonella spp. (Kononen et al. (1999). As

veillonellae are frequently swallowed, they may be
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CLASSIFICATION

The Veil lonel laceae are a family of gram-negative obl i-
gate anaerobic cocci that are divided into three recog-
nized genera: Acidaminococcus, Megasphaera, and Veil-
lonella. All three genera are nonmotile, nonsporing and
do not produce oxidase. These genera can be differ-
entiated by their molTn guanine and cytosine (G+C) of
56.6, 53.1 54.1. and 10.3 44.4 percent, respectively
Analysis of their end-products of metabolism can also
discriminate between these genera, with Veillonella
species producing acetic and propionic acids, Acid-
aminococctrs producing acetic and butyric acids, and
Megasphaera producing acetic, propionic. isobutyric,
butyric. isovaleric, valeric. and caproic acids. Acid-
aminococcus is dist inct in i ts abi l i ty to ferment amino
acids as i ts major energy source and is asaccharolyt ic, as
mainf y are Veillonella spp., while Megasphaera can
ferment a few simple carbohydrates.

The genus Veillonellu was first described by Veillon

and Zuber (1898) under the epithet Staphylococcus
parvulus. I t  was subsequently renamed by Prevot (1933),

in honor of the senior author of the original descript ion
Peptostreptococcus elsdenil was described by Gutierrez
et al in 1959. but Rogosa (1971) subsequently suggested
that it should be reclassified as a new genus Mega-
spheara Rogosa had also previously described the genus
Acidaminococcus rn 1969. Acidaminococcus consists of
only one species, A fermentans, while Megaspheara
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Table 50.1 Simple differential characteristics of Acidaminococcul Megasphaera, and Veillonella

Characteristic

Cell  morphology (diameter in microns)

Fermentation of carbohydrates
UV red f luorescent colonies

Nitrate reduction

Acidaminococcus

0.6-1 .0

Megaspheara

2.4-2.6
+

Veillonella

0.3-0.5
- (w)

+

+

UV, ultraviolet

present in the upper respiratory tract and form part of

the intestinal microflora. They may also be found in low

numbers in urogenital sites. In man, three species have

been described, namely V. parvula, V. dispar, and V.

atypica. Other mammals harbor different species that

are sometimes species-specific in their host-parasite

relationship. For example, V. criceti are found only in

hamsters (Cricetus spp.), y. caviae only in guinea pigs

(Cavia spp.), and V. ratti only in rats (Raffas spp.).

However, other species such as V. rodentium may be

found in the oral cavities of either rats, rabbits, or

hamsters.

Acidaminococcus fermentans is found in the intestinal

tracts of a variety of mammals including man. Mega-

sphaera contains three species: M. elsdenii, M. cerevisiae,

and a recently proposed new species, M. mrcro-

nuciformis. M. elsdenii is a commensal of pigs' cecae and

may be found in the rumen of cattle and sheep. It has

been found in relatively large numbers in over 10

percent of human feces sampled by Werner (1973) and

Sugihara et al. (7974). M. cerevisiae was flrst described

in 1985 by Engelmann and Weiss as an isolate from

spoiled beer. Two isolates of M. micronuciformis sp.

nov. were described by Marchandin et al. (2003) from

human clinical material. These isolates both had 99.8
percent 165 rDNA sequence homology with a Mega-

sphaera sp. (oral clone 8U057) but had only 94.5 and

93.8 percent sequence homology with M. elsdenii, and

M. cerevisiae, respectively. They also differed enough in

terms of biochemical reactions and metabolic end-

products to suggest they belonged to a novel specles.

ROLE IN NORMAL FLORA

There is much interest in the role of nitrate and nitrite

in the human diet, in which evidence is emerging that

Veillonella spp. play an integral role. A recent review by

Archer (2002) reported that 93 percent of ingested

nitrite originates from saliva. He explained that nitrate,

which we ingest predominantly from green-leafed vege-

tables in our diet, is absorbed from the gut into blood

plasma. It then concentrates in the salivary glands from

where it is secreted into the oral cavity and converted to

nitrite by the action of nitrate-reducing bacteria. As

Veillonella spp. are found in very high numbers in saliva

(Sutter 1984) and on the surface of the tongue, and are

strong reducers of nitrate (Atsumi and Ueha 1977,

1978), it is believed they play a key role in this process.

Nitrite is then either swallowed where it is reduced by

gastric acidity to nitric oxide (NO) which has known

antibacterial properties, or acidified in situ to NO by

acid-producing oral bacteria. The effect of amoxicillin

on salivary nitrate concentration was investigated by

Dougall et al. (1995) who noted a significant drop in

salivary nitrite compared to controls indicating removal

of nitrate-reducing bacteria by the antibiotic. They

suggested that removal of nitrate reducers and hence a

reduction in NO may explain the overgrowth of oral

Candida spp. sometimes seen in these patients. Allaker

et al. (2001) demonstrated a nitrite-related in vitro effect

on the growth and survival of bacteria implicated in

periodontal disease, namely: Fusobacterium nucleatum,

Porphyromonas gingivalis, and Eikinella corrodens.

Nitrite is also excreted in sweat on the surface of the

skin and Weller et al. (2001) performed experiments on

acidified nitrite from sweat that showed enhanced anti-

microbial activity on bacterial skin pathogens such as

Staphylococcus aureus and Streptococcus pyogenes, ar'd

fungi such as Trichophyton mentagroplzyles. If subse-

quent studies prove that nitrite acts in synergy with

gastric acidity as a barrier to gastrointestinal pathogens,

and plays a role in the defense of our teeth and skin, it

would highlight the potential importance of. Veillonella

spp. in playing a key role in human innate immunity.

Little is known about the specific roles of Acidamino'

coccus and Megasphaera in the human gut ecosystem.

ROLE OF VEILLONELLACEAE AS
OPPORTUNIST PATHOGENS

Infrequently, Veillonella spp. may be isolated from

various sites of human infection but are often in mixed

culture. Brook (1996) reviewed infections in children

dl;;e to Veillonella and reported an overall incidence of 4

percent. They were isolated most frequently in mixed

culture from abscesses, cases of aspiration pneumonia,

burns, bites, and sinus infections. In 5 percent of cases

however, they were in pure culture. Tan et al. (2001)

also reported Veillonella spp. in mixed culture in chil-

dren's neck infections. Rare examples of Veillonella

infections in pure culture are occasionally found in the

literature, such as a prosthetic joint infection due to V.

dispar (Marchandin et al. 2001), endocarditis due to V.

dispar (Lorghrey and Chew 1990), and osteomyelitis



1314 Veil lonel la and other anaerobic gram-negative cocci

due to a Veillonella sp. (Barnhart et al. 1983). Meningitis
due to Veillonella spp. is also extremely rare and the
most recent case was described by Bhatti and Frank
(2000) in which V. parvula was recovered in pure culture
from the cerebrospinal fluid (CSF) of a 47-year-old
woman secondary to chronic sinusitis.

Veillonella spp. may be found in association with the
formation of dental caries although they are not
believed to be causative. They form co-aggregates with
cariogenic streptococci, and are believed to ameliorate
the effect of lactic acid which is known to be cariogenic,
by converting it to less harmful acids such as acetic and
propionic acid.

Acidaminococcus and Megasphaera are very rarely
associated with human infection. Isolated case histories
of infections with these organisms can be found in the
literature, such as Brancaccio and Legendre's descrip-
tion of a case of endocarditis due to M. elsdenii (1979),
and Sugihara et al.'s (1974) description of Acid-
aminococcus isolated as part of a mixed flora from a
closed abdominal abscess and a putrid lung abscess.

VIRULENCE FACTORS

In common with the gram-positive anaerobic cocci,
there has been relatively little study of the virulence
mechanisms of the Veillonellae and even less on Acid-
aminococcus and, Megasphaera. The cell walls of Veillo-
nella spp. are known to contain a highly endotoxic lipo-
polysaccharide (LPS). This LPS has an unusually high
lipid content of 60 percent, but in agglutinin titration
experiments on rabbits was found not to be highly anti-
genic (Delwiche et al. 1985). However, Heath et al.
(1987) reported that LPS and lipoteichoic acid from
Veillonella induced human monocytes to release collage-
nase thus inducing cytokine production. In a monkey
model, Warfvinge et al. (1985) showed that Veillonella
LPS could induce migration of polymorphonuclear
leukocytes, and Nagashima (1990) reported a similar
affect on monocytes in vitro.

CU LTURAL CHARACTERISTICS

All Veillonellaceae are obligately anaerobic, and in
common with most other anaerobic genera are suscep-
tible to the anti-anaerobic agent metronidazole. The
optimum growth temperature is 30-37"C. As chemo-
organotrophs, they require complex and nutritious media
for growth in vitro and some species of Veillonella have
specific growth requirements for the amino acids
cadaverine and/or putrescine.

Veillonella spp.

Colonies of all Veillonella species are morphologically
similar. They are small, 0.5-1.0 mm in diameter, round,
entire with a raised center, and are transparent or

opaque with a gray-greenish appearance on blood-
containing media. Chow et al. (1975) demonstrated that
whlle Acidaminococcus and Megaspheara colonies did
not fluoresce under illumination with long wave
(365 nm) ultraviolet light, colonies of Veillonella species
produced a brick-red fluorescence. Brazier and Riley
(1988) later demonstrated that this pigment was a
porphyrin whose fluorescence was best seen on brain-
heart infusion blood agar examined directly on removal
from the anaerobic atmosphere. This property was
shared by seven different Veillonella species, but one in
particular, V. criceti, produced a strong fluorescence on
all the media tested.

On Gram staining, cells of Veillonella are very small
(<0.5 microns) cocci in clumps, pairs or short chains.
Differentiation between Veillonella species and a closely
related anaerobe, Dialister pneumosintes, is difficult on
microscopical features alone, but the latter do not reduce
nitrate and differ in their metabolic end-products.

Certain strains produce catalase, and V. alcalescens
was a synonym used for catalase producing variants of
V. parvula.

Aci d a m i n ococcu s fe rme nta n s

After 48-h incubation, surface colonies of A. fermentans
are very small, 0.1-0.2 mm in diameter, round, smooth,
entire, and gray to translucent in color. In broth
cultures, turbidity is uniform but may be restricted to
the deeper layers away from the interface with the air.

Megaspheara elsdenii

Colonies after 4 days incubation are 0.5-2.0 mm in
diameter, circular, with a glistening or rough surface.
They may be butyrous in consistency or adhere to the
medium. In agar-deep cultures the colonies are larger
(4 mm) disk-shaped and honey-yellow in color.

Laboratory mai ntenance

Short-term storage of Veillonella spp. and other Veillo-
nellaceae can be achieved by inoculation into good
quality cooked meat medium and incubation at 37"C
until visible growth appears, followed by storage of the
medium at ambient temperature away from strong
sunlight. For long-term storage, cryopreservation is
preferable and freeze-drying is the best method.
However, for laboratories not equipped with freeze-
drying apparatus the use of commercially available cryo-
beads in vials stored at -80'C are perfectly adequate.

LABORATORY I DENTI FICATION

The identification of Veillonella to species level can be a
problem for clinical or veterinary diagnostic micro-
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biology laboratories. Presumptive identification to genus

level can be made by Gram stain, (small gram-negative

cocci <0.5 pm), absence of growth in air or 5 percent

carbon dioxide in air, and a simple disk test for reduc-

tion of nitrate to nitrite. Differentiation to species level
is best performed by a reference laboratory, involving

detection of acetic and propionic acid metabolites by
gas-liquid chromatography to confirm the genus, and

further phenotypic or genotypic tests to speciate the
isolate. Although veillonellae are generally nonfermen-

tative, some strains of V. criceti may weakly ferment

fructose enough to give a positive result (acid end-
product) in sugar fermentation tests. Although some
species produce catalase, Veillonella spp. are generally

phenotypically unreactive and commercial kits designed

for the identification of anaerobes may not yield an

identification to species level, and may not even include
those veillonellae of animal origin in their databases.
However, with supplementation of a few simple tests

and the use of a specialist anaerobe identification
manual, reasonable results can be obtained for the iden-

tification of the common human isolates of V. atypica,
V. dispar, and V. parvula. Due to their rarity, it is unli-

kely any isolates of Megaspheara or Acidaminococcus

would be recognized by commercially available identi-

fication kits and should be referred to a reference

laboratory for confirmation.

Genomic methods such as restriction fragment length
polymorphism (RFLP) analysis of PCR-amplified 165

ribosomal DNA (16SrDNA PCR RFLP) have been

shown to differentiate between all the described species.

Sato et al. (I997a) used universal 165 primers and PCR

amplification on ATCC type strains of V. atypica, V.
caviae, V. criceti, V. dispar, V. parvula, V. ratti, and V.
rodentium. in combination with MnlI and Sau3AI
restriction endonucleases to produce species-speciflc

RFLP proflles. A second paper by the same group used

the restriction enzyme MnlI alone and this proved efflca-

cious in differentiating between the human oral isolates,

V. parvula, V. dispar, and V. atypica (Sato et al. 7997b).

This method has been evaluated and adopted for the
identification of Veillonella spp. in the National Public

Health Service Anaerobe Reference Laboratorv for

England and Wales (NPHS-ARL).

ANTIBIOTIC SUSCEPTI BILITI ES

There are few specific data in the literature on the anti-

biotic susceptibilities of the Veillonellacea. Reig et al.
(1997) reported high levels of resistance to penicillin

amongst 40 clinical isolates of Veillonella spp. from

Spain. Eighty-five percent had a minimum inhibitory

concentration (MIC) above the NCCLS recommended

breakpoint of 2 mgll. They could not detect BJactamase
production however, and concluded that altered
penicillin-binding proteins were responsible for its poor

activity. The first description of a B-lactamase produced

by an anaerobic coccus was that of Galan et al. (2000)

who investigated a penicillin-resistant strain of ,4.

fermentans isolated from a perianal abscess. By nucleo-

tide sequence analysis they identified a new class A B-
lactamase called ACL-1. This enzyme had less than 50

percent amino acid homology with any other previously

described class A p-lactamases from gram-negative

organisms, and the authors suggested it may have been

obtained from a gram-positive organism by horizontal

gene transfer.

The NPHS-ARL has a database of the antibiotic

susceptibilities by disk testing of all the isolates referred

for identification including Veillonella spp. Of 49 isolates

currently in its database, there were 31 (63 percent)

resistant to penicillin, slightly lower than the level

reported from Spain. There were 12149 (24 percent)

resistant to amoxiclavulanic acid and surprisingly 2149 e
percent) resistant to metronidazole, but no resistance to

clindamycin or chloramphenicol. On the basis of this

and several published susceptibility studies, chlor-

amphenicol, clindamycin, and metronidazole appear the

most active agents against Veillonella spp. (Rolfe and

Finegold 1981,1982; Sutter and Finegold 1976).
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INTRODUCTION

The family Enterobacteriaceae is one of the most impor-

tant bacterial families. It includes the plague bacillus
Yersinia pestis and the typhoid bacillus Salmonella sero-

type Typhi (Salmonella typhi) which are two of the most
important bacterial pathogens in human history. It also

includes two genera of intrinsic enteric pathogens

Shigella and Salmonel/a; essentially all strains in these

two genera can cause diarrhea or intestinal infections
(Centers for Disease Control and Prevention (Anon-

ymous) 2003). Two other genera, Escherichia (Gamage

et al. 2003; Misselwitz et al. 2003; Naimi et al. 2003;

Riley et al. 1983; Vallance et al.2002) and Yersinia, also

include enteric pathogens; however, only a few of the
many serotypes (strains) have the virulence factors that

enable them to infect the intestinal tract or allow them
to colonize it and produce enterotoxins. Many other

species have an association with diarrhea (Murata et al.

2001), but their causal role is uncertain. Several other

species of Enterobacteriaceae frequently cause extra-
intestinal human infections (Diekema et al. 1999;

Edmond et al. 1999; O'Hara et al. 2000a) and some have
an association with chronic diseases such as arthritis (Yu

and Kuipers 2003). Many other species occasionally

cause infections or occur in human clinical specimens,

and often it is difflcult to determine their clinical sisnifi-
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cance. Other genera and species do not cause disease or

occur in human clinical specimens, but can be confused

with those species that do. The family also includes plant

and animal pathogens and a number of species that have

been favorite subiects for studies on genetics,

physiology, metabolism, antibiotic resistance, ecology,

epidemiology, pathogenicity, virulence, and vaccines.

In this tenth edition of Topley and Wilson, the mate-

rial on Enterobacteriaceae is divided in a manner similar

to the ninth edition. One difference is that the chapter

Escherichia and Shigella has been divided; each genus

now has its own chapter. A second difference is that

Plesiomonas is now classified in the family (see section

entitled Inclusion of the genus Plesiomonas); in previous

editions, this oxidase-positive species was included in

chapters with two oxidase-positive relatives, Vibrio and

Aeromonas.

The introductory chapter on Enterobacteriaceae has

changed only slightly over the last several editions of

this book; however, our revision is a major one. We

have updated some of the material covered in the ninth

edition, but felt that it was equally important to add new

sections and recent references. Because of space limita-

tions and because they are fully discussed in the

following six chapters (Chapter 52, Escherichia; Chaptet

53, Shigella; Chapter 54, Salmonella; Chapter 55,

Proteus, Morganella, and Providencia; Chapter 56,
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Yersinia; and Chapter 57, Citrobacter, Klebsiella,
Enterobacter, Serratia, and other Enterobacteriaceae),
many topics in the present chapter are only briefly
mentioned. The statement 'see . . . in the chapter(s) that
follows for more details and references' is implied in
every instance. Many other chapters in the tenth edition
have useful information on the Enterobacteriaceae.
Those chapters of particular interest are the ones that
cover: history; cell structure and function; taxonomy and
nomenclature; diversity; genetics; bacteriophages; anti-
biotics; water; milk and foods; normal flora; pathogeni-
city and virulence; typhoid and paratyphoid; bacillary
dysentery; E. coli diarrhea; acute enteritis; food-borne
illnesses; food poisoning; plague and other Yersinia
infections; infections of the urinary tract; and hospital-
acquired infections.

For a historical approach to the family and for invalu-
able basic information on isolation, identification, and
serotyping, the classic books by Edwards and Ewing
(1972), Ewing (1986), and Kauffmann (1969) are essen-
tial reading. The more recent book The Enterobacteria
by Janda and Abbott (1998) covers the whole family,
and is also highly recommended. Other books and ency-
clopedias (Lederberg 2000) cover many specific topics
such as basic biology, nomenclature, and classification
(Boone et al. 2001; Brenner et al. 2005), laboratory
media and methods (Atlas and Parks 1997; Balows et al.
1988; Murray et al. 2003), infectious diseases (Farthing
and Keusch 1988; Mandell et al. 2000), and hospital
(nosocomial) infections (Mayhall 2000). Also, try
searching www.booksinprint.com (not free, but available
in many libraries).

Several reviews and chapters also cover the entire
family and are recommended (Balows et al. 1.992;'
Brenner 1992a, b, 1984; Brenner and Farmer 2005;
Farmer et al. 1985; Farmer 2003; Krieg 1984). Many arti-
cles, books, chapters, reviews, and internet sites cover
the individual genera and species in the family, and are
discussed in the following six chapters (Chapters 52-57).

Ph en otyplg _def ! n it!on

Most genera and species in the family Enterobacter-
iaceae share the following properties: they are small
gram-negative rods; do not have unusual cell structures
or produce spores; are motile by peritrichous flagella;
grow on ordinary laboratory media formulated with
peptones or meat extracts; grow both aerobically and
anaerobically; grow without the addition of sodium
chloride or other supplements; grow well on MacConkey
agar; are active biochemically; ferment o-glucose and
other sugars, often with gas production; are catalase
positive and oxidase negative; reduce nitrate to nitrite;
contain the enterobacterial common antigen (eca); and
have a 39-59 percent guanine-plus-cytosine (G + C)
content of DNA (Balows et aL 1992; Brenner et al.
2005), with most of the genera in the range 49-59 mol/".

Table 51.1 expands on this definition, and gives quanti-

tative data and the exceptions. It also lists the species

most frequently isolated from human and animal

diseases and those that occur in clinical specimens.
Table 51.2 (p. 1330) compares Enterobacteriaceae with
three genera that are close relatives.

Host-adapted species that are uncultivable, difficult to

culture, or slow growing have evolved in some genera
(Table 51.3, p. 1330). A number of new or unusual

species that have not yet been isolated from human clin-

ical specimens have been reported (Table 51.3).

Molecular and genetic definit ion,
relatives, population structure, and
evolution

When techniques such as DNA-DNA hybridization and
165 r-RNA sequencing (Fox et al. 1992; Stackebrandt

and Goebel 1994) that measure evolutionary distance

are used, genera and species in the family are more

closely related to Escherichia coli, the type species of

the type genus of the family, than they are to organisms

in other families. The phylogenetic position of the family
Enterobacteriaceae is in the gamma subclass of Proteo-

bacteria, a subclass also known as the 'purple bacteria'
(Figures 51.1 and 51.2, pp.1331 and pp. 1332).

The figures show that the closest relatives of Entero-

bacteriaceae are the families Alteromonadaceae. Vibrio-

naceae. Aeromonadaceae. and Pasteurellaceae.
The use of DNA-DNA hybridization (Brenner and

Farmer 2005; Brenner 1984; Farmer et al. L985) has
greatly expanded the number of species in the family

and has led to a basic understanding of the phylogenic

relationship of the genera and species (Boyd et aL.7996;

Brunder and Karch 2000; Ochman and Groisman 1995;

Oelschlaeger et al. 2002; Oyston et aL.2003; Szakal et al.
2003; Vallance et al. 2002;Yrlic et al. 1997). 165 rRNA

sequencing data have been very helpful in defining
phylogenetic relationships at the level of genus and
family. Multilocus enzyme electrophoresis (MEE) has
been used to define population structure and evolu-
tionary relationships in Escherichia coli-Shigella
(Dobrindt et al. 2003; Neidhardt 1996), Salmonella
(Neidhardt 1,996), Yersinia, and in several other genera,

species, and serotypes. Several evolutionary pathways

are now understood: the evolution of Shigella from

Escherichia coli: the evolution of Escherichia coli Ol57
from Escherichia coli O55:H7 (Whittam et al. 1993) and
the evolution of Yersinia pestis from Yersinia pseudotu-

berculosis which happened relatively recently.

History

An excellent way to follow the history of the family
Enterobacteriaceae is to start with the first edition of
Topley & Wilson and follow the evolution of genus and

species names and individual topics through its ten
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Tabfe 51.2 Properties of Enterobacterraceae, Plesiomonas (the family's only oxidase-positive genus), and three oxidase-positive genera
that are relatives

Test or property Enterobacteriaceae Plesiomonas Aeromonas Photobacterium Vibrio

Genetic relat ionship lo Escherichia Higher Higher Lower Lower Lower
coli

Enterobacterial common antiqen + T
(eca)

Oxidase reaction
Per i t r i chous  f lage l la  when grown +

in  l iqu id  med ia
Sheathed po la r  f lage l lum
Guanine + cytosine content of 38-60

DNA (mol percent)

Associated with diarrhea and +
extra-intest inal infect ions in
numanS

Na* is required for growth or
st imulates growth

Sensit ive to the vibriostat ic
compound O129

Lipase production V
D-Mannitol fermentation

+

+

38-51

+

f

) l 57-63 40-44

+, most genera, species and strains are positive; , most genera, species and strains are negative; V, genera or species are variable

Tabfe 51.3 New, unusual, fasttdious, or unculturable genera and species fhat have been classified in the family Enterobacteriaceae,
and which do not normally occuP in human clinical specimens The unculturable and extremely fastidious organisms have been classi-
fied in the family Enterobacteriaceae based mainly on 165 ribosomd RNA sequencing data

Classifications in the family Enterobacteriaceae

Human pathogen:

Calymmatobacterium granulomatis (Klebsiella granulomatis) - causes donovanosis (granuloma inguinale)

Associated with plants, but occasional ly with human cl inical infect ions:
Genus Pantoea, seven specieso, two subspecies

Pathogenic for, or associated with plants:
Genus Erennerla, six species; causes a variety of diseases of deciduous trees and walnut trees
Genus Erwinia, nine to 28 species, several named subspecies; major plant pathogen, also exists as a saprophyte and

epiphyte

Genus Pectobacterium, four to six species, several named subspecies; causes soft rot and a variety of other plant diseases
including bl ights, cankers, die back, leaf spot, and wil ts

Phlomobacter fragariae - unculturable species that occurs in the sieve tubes of phloem t issue of plants

Associated with extreme environments:
Alterococcus agarolyticus - habitat is costal hot springs

Pathogenic for, or associated with insects:
Genus Arsenophonus - two species, A. nasoniae, which is culturable and was original ly described as causing 'son-ki l ler '

trait  in a parasit ic wasp, and A. t iatominarurn which has not been culturec
Buchnera aphidicola - Cannot be cult ivated outside the aphid host; essential for the survival of the aphid
Genus Photorhabdus - three species, three subspecies. Two species are found only in nematodes and the insects that are

infected by the nematode. One species P. asymbiotica causes human wound infections
Wigglesworthia glossinidia - Obligate intracel lular endosymbiont of tsetse f l ies (Aksoy 1995)
Genus Xenorhabdus - f ive species; found only in nematodes and the insects that the nematodes infect

Other organisms:
Ara n i col a proteo I yti cus

a) The table includes some organisms whose eventual classif cation may as 're atives' of Enterobacteriaceae For rnore information about these orqanisms,
refer to the internet site of.J P Euz6by (www bacterio cict fr) b) There have been clinrcal isolates for some of the species
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Cam bacter jejuni

Helicobacter pylori

Desu lfovi b rio d esu lf u ri ca ns

Myxococcus xanthus

Desulfomonile tiedjei

Rickettsia rickettsii

Agrobacteriu m tu mefaciens

B rady rh i zob i u m j a pon i cu m

Ectot h i orh od osp i ra h a I op h i I a

Chromatium vinosum

Escherichia coli

Vibrio cholerae

Pseudomonas aerug i nosa

F ra n ci sel I a tu I a re nsi s

tVersseria go n or r boea e

Burkholderia cepacia

R u b riv ivax ge I ati n osus

Figure 51.1 The Proteobacteria This illustrates the c/osest
evolutionary relatives, based or 1 65 .-RNA sequencing data, of
Enterobacteriaceae represented by Escherichia coli (the type
species of the type genus of the family)

editions (1929, 1936, 1946, 1955, 1964, 1975,1983, 1990,
1998, and the current one). This is an invaluable way to
rapidly gain a historical perspective for an unfamiliar
subject. The family name Enterobacteriaceae was first
proposed by Rahn in 1937, but many of its species are
much older. Serratia marcescens was flrst described and
named by Bizio in 1823. Because it produces a distinct
red pigment, Serratia marcescens can be traced in
written history to long before the bacteriological era.
Gaughran (1969) argues that the first recorded account
of Serratia dates back to 332sc. This organism typically
grows on grains such as polenta (corn), and produces its
characteristic red pigment. This led the superstitious to
believe that a supernatural force caused 'bright red
blood' to spontaneously appear; 'a miracle!'. The mrcro-
biological explanation for the 'bleeding polenta' miracle
came over 2 000 years later with the description of the
red pigment prodigiosin that is produced by S. marces-
cens (and a few other bacteria) as it grows on bacter-
iological media and substrates such as polenta and other
grains. Other species were described in the late 1880s
and 90s; Yersinia pseudotuberculosis in 1883, Salmonella
typhi in 7884, Salmonella cholerae-suls in 1885, and
Yersinia pestis it 1894. These organisms were originally

given different names, and their nomenclature and

classifications have changed considerably through the

ten edit ions of this book.

A few bacterial diseases have unique clinical symp-

toms or epidemiology and can be identifled with

certainty in the historical record. Two classical examples

are plague (Yersinia pestis) and cholera. Typhoid fever

(Salmonella typhi) was also defined as a distinct enteric

disease before the bacteriological era (when bacteria

were flrst cultivated on artificial media and seriously

studied in the late 1800s). This was accomplished in the

1850s by William Budd who carried out classical investi-

gations on the epidemiology and pathology of typhoid.

This was 30 years before the isolation of the typhoid

bacillus.

The Enterobacteriaceae were instrumental in our

understanding of the way that living organisms work

at the cellular and genetic level (Watson et al. 1987,

2004). Most of this pioneering work was carried out

using strains K12 and B of Escherichia coli, and seven

virulent 'T coliphages' (bacteriophages) and the

temperate bacteriophage l, of this species. Conjugation

or 'bacterial sexuality' was discovered in 1946 by

Lederberg and Tatum rn E. coli Kl2, and transduction

was discovered rn 1952 by Zinder and Lederberg in

Salmonella typhimurium using phage P22. A partial

list of molecular and genetic breakthroughs that were

done in, or utilized species of Enterobacterraceae

includes:

o discovery of the bacteriophage

o lactose metabolism and the lactose operon

o deciphering the genetic code

r definition of genes in terms of biochemical function

o biosynthetic pathways for DNA, RNA, and proteins

a the histidine operon of Salmonella typhimurium

a entry of molecules into cells

o comparative analysis of the genes and metabolism of

Escherichia coli and Salmonella typhimurium (see

www.EcoSal.org)

a structure, biosynthesis, and genetic regulation of cell

membranes, walls, capsules, flagella, and other appen-

dages

o plasmids that carry virulence factors and genes for

catabolic pathways such as lactose fermentation

o the resistance transfer factor (RTF) and plasmid-

mediated antibiotic resistance

o the synthesis of insulin, other hormones, and many

other useful products in bacteria rather than by

mammalian cells

NOMENCLATU RE AND CLASSIFICATION

As time passed and scientific evidence accumulated,

older medical terms such as 'agues' and 'fevers' were

replaced with more precise and operationally defined

] '

t,
CT
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Ectot h i orhodosp i ra h a I o ph i I a
/Vitrosococcus ocea n us

Th i oba c i I I us fe rrooxi d a ns
Chromatium vinosum
Riftia pachyptila symbiont

F ra n c i se I la tu la re nsis
Th iomicrospi ra thyasirae

Ca lyptoge n a mag n if i ca sym bi ont
Xanthomonas campestris

Coxiella burnetii
Leg i o nel I a p neu mo ph i I a

Methylomonas methan ica
Pseudomonas putida
Pse u d o mo nas a eru g i n osa

Teredi ni bacter turnerae
Aci n etobacte r ca I coacet i cu s

Moraxella catarrhalis
Shewanel la putrefaciens

V i b r i o pa ra h ae m olyticu s
Vibrio fischeri

Vibrio cholerea
Photoba cteri u m ph osp h oreu m

Aeromonas salmonicida
H aem oph i I us pa ra i nf I ue nza e

Haemoph i lus i nfluenzae
Yersinia pestis

Yersinia enterocol itica
Proteus vulgaris

Xenorhabdus nematophilus

Serratia marcescens
Erwinia herbicola
Escherichia coli

Buchnera aphidicola
Sa I m o nel I a typh i m u ri u m
Salmonella typhi

Figure51.2The"1 subdivisionof theProteobacteria Thisillustratestheevolutionaryrelatitionshipsof l0speciesof Enterobacteriaceae
and their closest relatives, and is based or 165 r-RNA sequencing data

terms such as typhoid, typhus, influenza, and rhlnourus
infection. A similar progression occurred with the
nomenclature and classification of Enterobacteriaceae.
Many critics complain that this has been a torturous
process, but we would argue that this is merely progress

that takes place in all scientific and medical fields as
knowledge accumulates (Farmer et al. 1985). Unfortu-
nately, there are some specialists in bacterial taxonomy
who give instability rather than stability to nomenclature
and classification.

The nomenclature and classification of the genera,

species, subspecies, biogroups, and serotypes of Entero-
bacteriaceae are constantly being reevaluated, and the
literature contains many differing opinions (Brenner and
Farmer 2005; Farmer 2003; Euzeby 1999; Ezaki et al.
2000a, b; Farmer et al. 1985; Krieg 1984). Genera and
species were once defined by biochemical and antigenic
analysis. More recently, newer techniques such as
nucleic acid hybridization, nucleic acid sequencing, and
comparisons of enzymes, proteins, and other cellular
structures (see the related chapters in this volume), have
made it possible to determine the evolutionary relation-
ships of organisms in the family (Brenner and Farmer

2005; Carter et al. 1999; Farmer et al. 1985; Janda and

Abbott 1998) (Figure 51.3, p. 1333). The use of a single

technique, DNA-DNA hybridization, has led to the

discovery of many new genera and species and has

resulted in the proposed reclassification of some of the

older ones (Brenner and Farmer 2005; Farmer 2003)

(Figure 5I.a, p. B3a).

This chapter will, at least, mention the different

names and classifications that the reader is likely to

encounter in the scientific literature and in material

accompanying commercial products. The nomenclature

and classification given in Tables 51.L and 51.3 (p. 1319

and 1330), is a compromise based on all available

evidence, and includes most of the genera, species,

subspecies, biogroups, and unnamed enteric groups

included in the family (Brenner and Farmer 2005;

Farmer 2003; Farmer et al. 1985). If two names are

widely used for the same organism, both are mentioned

in this chapter with one in parentheses. Most of the
'nonclinical' organisms in the family are also included

because there is a possibility that they will be isolated

from a human clinical specimen some day (Brenner and

Farmer 2005; Farmer et al. 1985).
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Alterococcus agarolyticus AF07527"1 CCRC 19135 (T)

Shigella dysenteriae X96966 ATCC 13313 (T)

Escherichia cofi X80725 ATCC 1 1775 (T)

Salmonella enterica subso enterlca X80681 ATCC

Ca lym matoba cteri u m g ra n u I om atrs AF0 1 02 53

Klebsiel la pneumoniaeX87276 DSM 30104 (T)

Enterobacter cloacae AJ251469 ATCC 13047 (T)

Lecle rc i a a d eca rboxvl ata AJ27 6393
Pantoea agglomerans 48004691 ATCC 27155 (T)

Citrobacter freundii AJ233408 ATCC 8090 (T)

Kluyvera ascorbata AF176560 CDC 0648474 (T)

Tatumella ptyseos AJ233437 DSM 5000 (T)

Erwinia amylovora 296088 LMG 2024 (T)

Cedecea davrsae AF493976 DSM 4558 (T)

Raoultella planticola X93215 DSM 3069 (T)

Serratia marcescens AJ233431 DSM 30121 (T)

Buttiauxella agrestis AJ233400 ATCC 33320 (T)

Rahnella aquatilis AJ233426 DSM 4594 (T)

Ewingella americana X88848 NCPPB 3905
Yersinia pestisX75274 ATCC 19428 (T)

Hafnia alvei M59155 ATCC 13337 (T)

Obesumbacterium proteus AJ233422 DSM 2777 (T)

Samsonia erythrinae AF273037 CFBP 5236 (T)

Pectobacterium carotovorum subsp carotovo rum 296089 LMG 2404 (T)

Pragia fontium AJ233424 DSM 5563 (T)

Leminorella grimontii A)233421 DSM 5078 (T)

Budvicia aquatica AJ233407 ATCC 35567 (T)

Arsenophonus nasoniae M90801 ATCC 49151 (T)
'Candidatus Phlomobacter fraqariae" U91515

Providencia alcalifaciens AJ301684 ATCC 9886 (T)

Proteus vulgaris AJ233425 DSM 301 1 8
Morganella morganii AJ301581 ATCC 25830 (T)

Photorhabdus luminescensXS224S DSM 3368 (T)

Xenorhabdus nematophilus D78009 ATCC 19061 (T)

Plesiomonas shigelloides M59159 ATCC 14029 (T)

Edwardsiella tarda 48050827 ATCC 15947 (T)

Brenneria sa/icrs U8021 0 ATCC 1 57 1 2 (T)

Soda I is qlossin id ius M99060
B uch nera aph id icola M63246

0.05

Fig u re 51 .3 The evolutionary relationships of the genera and species of Enterobacteriaceae based on 1 65 r-RNA sequencing data
(From Farmer 2005, used with permission)

The bacteriological era started in the mid decades of the

1800s with the pioneering studies of Pasteur on the

microbial origin of fermentation and those of Koch on
the bacterial agent that causes anthrax. However, it was

not until the 1880s and 1890s that many of the important

bacterial pathogens were described. Bacteriological

methods were extremely crude when the flrst bacterial

1 331 1 (T)

species were described. It was almost impossible to

compare descriptions of bacteria that were written by

different authors and determine if they were describing

the same, or a different species. This led to great

confusion in the early literature.

Many of the early species now classifled in Entero-

bacteriaceae were originally described as belonging to

the genera Bacillus and Bacteriun. Examples include

Escherichia coli (first named Bacterium coli commune in

7$$J), Shigella dysenteriae (Bacillus dysenteriae in 1898),

Salmonella cloleraesuis (Bacillus clolerae-suis [sic] in

1894), Salmonella typhi (Bacillus typhi in 1886), Yersinia

Historical perspective for
understanding the evolving
nomenclature and classification of the
fami ly
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N

E tarda

S rubidaea
S liquefaciens
5 marcescens
New species

H alvei

Erwinia

Biogroups of
Enterobacter agg lomera ns

E. sakazakii
E cloacae
New species
E aerogenes

Klebsiella species

Shigella species

E coli

C freundii
C. diversus
Salmonella
Arizona

Y. ruckeri
Y. intermedia
Y. frederiksenii
Y. kristensenii
Y enterocolitica
Y pseudotuberculosis
Y pestis

M morganii

Biogroups ol P alcalifaciens

P stuartii

P rettgeri
P vulgaris
P mirabilis

Figure 51.4 The evolutionary relationships of Enterobacteriaceae based on DNA-DNA hybridization (from Brenner 1984; used with
permission) The ordinate is the percentage relatedness by DNA-DNA hybridization This figure is a simplified attempt to depict
relatedness of each species of enterobacteria to all other species /t assumes a common ancestor from which all of the organisms have
diverged The horizontal branch depicts relatedness of an organism to all organisms that have not branched For example, E trada rs
about 20 percent related to all organisms except those that are below its branch point (Aeromonat Proteut Providencia, and
Pasteurella Similarly, the two Citrobacter specles C freundii and C diversus are about 45 percent related to the specles above them,
and diverged at a point in time such they are now 50 percent related
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pestis (Bacterium pestis in 1896), Yersinia pseudotubercu-
losis (Bacillus pseudotuberkulosis [sic] in 1889), and the
plant pathogen Erwinia tracheiphila (Bacillus trachei-
philus fsic) in 1895). Some genus names were used
briefly and then disappeared, such as Hyalococcus pneu-
moniae (1886, now Klebsiella pneumoniae). Other

genera such as the genus Micrococcus were redefined

and now exclude Enterobacteriaceae; in 1892 Micro-
coccus amylovorus (now Erwinia amylovora) was
described. A few of the early species were classifled in
genera that have stood the test of time such as Serratia

marcescens (1823) and Proteus mirabilis (1885).



Nomenclatureand classif icat ion 1335

The genus Bacillus was eventually redefined to
include only gram-positive bacteria that produce endo-
spores. Thus many of the species of Enterobacterlaceae
had to be reclassified in the genus Bacterium. This genus

name was applied to a broad group of gram-negative,

nonsporing rods occurring in the intestinal tract of
humans and animals, on plants and in the soil, and
Ieading a saprophytic, commensal, or pathogenic exis-
tence. These organisms have been studied for many
years by groups of workers with widely differing objec-
tives. The medical and veterinary bacteriologists concen-
trated their attention on those organisms that caused
illness in humans and animals. The plant pathologists

were most interested in those that possessed enzymes
capable of digesting vegetable tissues. Industrial bacter-
iologists studied in detail a few strains that carried out
useful fermentations or interfered with manufacturing
processes. Sanitary bacteriologists were concerned with
distinguishing the organisms found in the intestine from
those living saprophytically outside the human or animal
body. This diversity of approach led to much confusion,
and the same organism was often studied independently,
and under different names, by several groups of workers
who used methods that were not comparable. The
species of Enterobacteriaceae were classified in the
genus name Bacterium through several editions of
Topley & Wilson.

A classification of the Enterobacteriaceae that resem-
bles the one used today emerged largely under the
stimulus of the Enterobacteriaceae Subcommittee of
the International Committee on Systematic Bacteriology
(see references under'Enterobacteriaceae Subcom-
mittee'). Attempts were made to coordinate the experi-
ences of workers in the different fields. and there is now
general agreement on the definition of the family Enter-
obacteriaceae and the main lines on which it should be
subdivided.

As long ago as the early 1890s, it was pointed out
by Theobald Smith that certain important groups of
organisms pathogenic to humans and animals differed
from most of the nonpathogenic forms in failing to
ferment lactose, and the genera Salmonella and

Shigella were defined for these non-lactose fermenters.
The lactose fermenters were, for the most part,

thought to be normal inhabitants of the intestinal tract
of humans and the higher animals, or to exist on
plants or in the soil. However, it is now known that
some genera contain members that ferment lactose
rapidly, others that do so late and irregularly, and yet

others that are lactose non-fermenting. Furthermore, it
is now known that Escherichia coli, usually a rapid
lactose fermenter, is an important cause of acute
enteritis in persons of all age groups, and in animals.
For many years the term 'coliform bacteria' has been
used for those members of the Enterobacteriaceae that
generally, though by no means invariably, ferment
lactose.

Current classification of the family

The number of genera and species in the family has

increased dramatically during the last four decades. A

useful way to follow this increase is to compare this

chapter with previous editions of Topley and Wilson or

to a bacteriology reference book such as Bergey's

Manual of Determinative (Systematic) Bacteriology. For

example, there were !2 genera and 36 species in 1974

when the eighth edition of Bergey's Manual of Determi-

native Bacteriology was published (Buchanan and

Gibbons 1974). By 1984, when the first edition of

Bergey's Manual of Systematic Bacteriology was

published, the family contained 20 genera and 76 species

(Krieg 1984). The total rose to 30 genera and 107

species by the ninth edition of Bergey's Manual of

Determinative Bacteriology in t994. The family presently

contains over 40 genera and 150 named species and

subspecies, along with a growing number of named

biogroups,'enteric groups', DNA-DNA hybridization

groups (genomospecies) and unnamed organisms

(Brenner and Farmer 2005; Farmer 2003). Most of these

organisms are discussed in the following six chapters

(Chapters 52-57).

How do proposed changes in
classification become established?

Contrary to popular opinion, there is no designated

international body that considers every proposed change

in classification and then issues an 'official classification'

that becomes established as a matter of law. However,

for many years the Subcommittee on Enterobacteriaceae

of the International Committee on Systematic Bacter-

iology has been charged with the task of monitoring and

discussing the nomenclature and classification of Entero-

bacteriaceae. This subcommittee can make recommen-

dations on matters of classiflcation but has rarely done

so in the last few years. Even if this subcommittee

studies a specific 'proposed reclassification,' it can only

make a recommendation, which can then be accepted or

rejected by the scientific community. Changes in classifi-

cation are decided by usage not by a judicial decision or

action (see the pertinent chapter in this volume for

further discussion). Sometimes several classifications are

widely used, and all can be 'correct.' Six names that

represent the same organism are: the typhoid bacillus,

S almo nell a ty p hi, S almo n e ll a ser otyp e'l y phi, S alm o ne ll a

serovar Typhi, Salmonella choleraesuis subspecies

choleraesuis serovar Typhi, and Salmonella enterica

subspecies enterica serovar Typhi. Classiflcations are

nomenclaturally correct if they conform to all the rules

in the Bacteriological Code (International Code of

Nomenclature of Bacteria). However, classifications can

be useful or not useful; practical or impractical; based on

sound data or erroneous data; can be frequently used in
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the literature, or rarely used; and can give stability or
instability to the literature.

Proposed changes in classification

Recently, several'alternative classifications' have been
proposed in the literature. Some of these appear to be
good ones because they are totally in agreement with all
scientific data. These have been incorporated in
Table 51.1 (p. 1319). However, others have been based
on data from a single laboratory and have not been fully
discussed or widely accepted by the scientific commu-
nity. Table 51.1 (p. 1319) gives the nomenclature and
classification used by the reference laboratories at the
Foodborne and Diarrheal Diseases Branch, at the
Centers for Disease Control and Prevention. It will, no
doubt. differ from other nomenclatures and classifica-
trons.

INCLUSION OF THE GENUS PLESIOMONAS

In the last edition, the genus Plesiomonas was classified
in the family Vibrionaceae along with Vibrio and, Aero-
monas, and the oxidase-positive genera were covered in
separate chapters. Because Plesiomonas is closer to
Enterobacteriaceae than Vibrionaceae based on 165
rRNA sequencing, and because it contains the entero-
bacterial common antigen, it has been included in the
family Enterobacteriaceae (Table 51.1, p. 1319) in this
edition. However, Plesiomonas is oxidase positive, a
characteristic not shared with other species of Entero-
bacteriaceae. and it should be understood that Plesio-
monas is a distant relative of Escherichia coli
(Figure 51.3), the type species of the type genus of
Enterobacteriaceae. Thus. the classification of Plesio-
monas rn the family Enterobacteriaceae might best be
viewed as tentative.

RECLASSIFICATION OF XENORHABDUS
LUMINESCENS DNA HYBRIDIZATION GROUP 5
AS PH OTORHAB DU S ASYM B I OTICA

In Table 51.1 (p. 1319), the organism originally classifled
(Boemare et al. 1993; Farmer et al. 1989) as Xenor-
habdus luminescens DNA hybridization group 5 is now
classified as Photorhabdus asymbiotica (Fischer-Le Saux
et al. 1999). It has caused rare cases of bacteremia and
wound infection in the United States (Farmer et al.
1989) and Australia (Peel et al. 1999).

KLUYVERA COCHLEAE IS A SYNONYM OF
ENTEROBACTER INTERM EDIU M

Phenotypic and 165 rRNA sequencing data indicate that
Kluyvera cochleae is essentially identical to Enterobacter
intermedium. All evidence indicates that Kluyvera
cochleae is a junior subjective synonym, thus Enter-
obacter intermedium is the name used in Table 51.1
(p. 131e).

Other proposed changes in
nomenclature and classification;
problems and controversies

Several other proposals are controversial, more recent, or

require further evaluation by the scientific community.

PROPOSED CLASSIFICATION OF THREE
KLEBSIELLA SPECIES IN RAOULTELLA

In 2001, Drancourt et al. proposed that Klebsiella planti-

cola, K. ornithinolytica, and K. terrigena be reclassified

in a new genus Raoultella as R. planticola, R. ornithino-

lytica, and R. terrigena. These three species are extre-

mely similar to Klebsiella pneumoniae in their pheno-

typic properties, making differentiation very difflcult

(Farmer et al. 1985). This alternative classiflcation needs

further evaluation.

PROPOSED RECLASSIFICATION OF
CALY M M ATO BACT E RI U M G RA N U LO M AT'5 AS
KLEBSIELLA GRAN U LOMATIS

Calymmatobacterium granulomatis is an organism that

has received little attention in industrialized countries.

In the seventh edition of the Manual of Clinical Micro-

biology, Calymmatobacterium was mentioned only twice

(pp. 25 and 50). It was listed as an aerobic bacterium

that can be found in the genital area, and under the

topic 'specimen management' it was mentioned under

the diseases granuloma inguinale or ulcerative donova-

nosis, with the notes 'mostly a tropical disease' and
'culture is nonproductive.' Calymmatobacterium granu-

lomatis has been described as a highly pleomorphic

gram-negative rod that does not grow on laboratory

media. Diagnosis of granuloma inguinale has been tradi-

tionally carried out by showing the presence of
'Donovan bodies' in Giemsa-stained smears of mono-

nuclear cells or in histiocvtes from the oatient's senital

ulcers.

It had been assumed for almost a century lhat Calym-

matobacterium granulomatis has no relationship to the
'easy to culture' organisms of the family Enterobacter-

iaceae. Carter et al. (1999) recently proposed that

Calymmatobacterium granulomatis be reclassified in the
genus Klebsiella as K. granulomatis. This proposal was

based both on nucleotide sequence relatedness, and on

disease similarity. Granuloma inguinale is a disease

similar in some ways to rhinoscleroma, also a tropical

disease (nose infection) caused by K. rhinoscleromatis.

This alternative classification was used in the eighth

edition of the Manual of Clinical Microbiology, but

while it is being evaluated and discussed, we would urge

that both scientific names be used, with writer's prefer-

ence listed first:'Calymmatobacterium granulomatis

(Klebsiella granulomatis)' or'Klebsiella granulomatis

(Calymmatobacterium granulomatis).'
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,UNCULTURABLE ENTEROBACTERIACEAE' AS
POSSIBLE CAUSES OF HUMAN DISEASES OF
UNKNOWN ETIOLOGY

That Calymmatobacterium granulomatis is probably an
unculturable species of Klebsiella is a stunning f,nding.
This suggests that other diseases of unknown etiology
may be caused by unculturable Enterobacteriaceae. It is
possible that strains of Enterobacteriaceae have evolved
in a host-parasite relationship in such a way that they
become unculturable or difficult to culture. Examples
of this host adaptation have already been demonstrated
in insects. The unculturable Enterobacteriaceae species
Buchnera aphidicola and the slow growing species
Arsenophonus nasoniae are well documented examples
from insect pathology. Unculturable bacteria including
Enterobacteriaceae should be Iooked for in diseases of
unknown etiology including Crohn's diseases, ulcerative
colitis, tropical sprue, 'Brainerd diarrhea' (see: www.
cdc. gov/ncidod/dpd/parasitesidiarrhea/brainerd_diarrhea.

htm), ankylosing spondylitis, and many others.

NOMENCLATURE, CLASSI FICATION, AND
REPORTING OF THE GENUS SALMONELLA

After much study and discussion, there is now good
agreement on several topics in the controversy over the
nomenclature and classification of the genus Salmonella
(Ezaki et al. 2000a, b; Farmer et al. 1984: Reeves et al.
1989). However, there are still several problem areas
where different names and classifications are being used.
These include the names Salmonella choleraesuis versus
Salmonella enterica (Euzeby 1999); the use of the terms
'serotype' (Brenner et al. 2000) versus 'serovar' (Popoff
2001.; a simple solution is to abbreviate both terms as
'ser.', which nicely avoids this problem); the best way to
write the names of the serotypes (serovars); the use of
names versus antigenic formulas for some of the sero-
types; and the argument whether some well-known sero-
type names should be eliminated and combined with
other serotypes (F.W. Brenner et al. 2000; Popoff 2001).
These issues are discussed in Chapter 54, Salmonella; for
a different opinion see the recent analysis by Farmer
(2003).

THE' E NTERO BACTE R AG G LO M ERANS
COMPLEX' _ PANTOEA

This is a confusing subject (Kwon et al. 1997), and writers
continue to make errors in the definition and circumscrip-
tion (boundaries) of Pantoea agglomerans. In 1972,
Ewing and Fife redefined the name Enterobacter agglom-
erans to include a wide variety of organisms previously
known under many different names. These investigators
also defined 11 different biogroups to recognize the
phenotypic diversity of the many strains included in
Enterobacter agglomerans. This name has become a
useful one for clinical microbiologists, and it has been
used extensively in the literature. Systematic analysis by
Brenner and coworkers using DNA-DNA hybridization

indicated that Enterobacter agglomerans is very hetero-

geneous, with at least 14 DNA hybridization groups
(Brenner I992a). For this reason, the names 'Enter-

obacter agglomerans complex' (Farmer 2003) or 'Enter-

obacter agglomerans group' (Farmer et al. 1985) have

been used to better indicate the heterogeneity of this
'species' (Table 51.1, p. 1319). However, it has been very

difficult to find simple tests to differentiate and identify

all of the DNA hybridization groups (Farmer et al. 1985).

For this reason. workers have been reluctant to subdivide

the Enterobacter agglomerans complex until a definitive

classification could be proposed (Farmer et al. 1985).

Gavini et al. (1989) took the first step in a more logical

classification for this complex group, by proposing that

the group of six strains that Brenner et al. (1984) had

defined as 'DNA hybridization group 13 of Enterobacter

agglomerans'be classified in a new gents, Pantoea. In the

same paper they also defined a new species in the genus,

Pantoea dispersa (Gavini et al. 1989) that corresponded

lo Enterobacter agglomerans DNA hybridization group 3

of Brenner (Brenner et al. 1984).

However. their new classification has caused serious

problems. Some authors have broadened the original

definition of Gavini et al. for Pantoea agglomerans to

include most or all of the dozens of organisms included in

the 'Enterobacter agglomerans complex.' Since DNA-

DNA hybridization is not routinely carried out, and since

simple tests are not available to identify strains defini-

tively to the level of DNA hybridization group, it seems

prudent to retain the vernacular name 'Enterobacter

agglomerans complex' as a convenient name for clinical

microbiologists for routine identification. This term is

defined biochemically in Table 51.1 (p. 1319), and it

should be emphasized that it is used merely for conve-

nience and because the name Enterobacter agglomerans

is well understood and widely used in the literature.

Eventually, this term will be replaced with a better classi-

fication. When definitive testing in a reference laboratory

(usually including DNA hybridization) is carried out,

more precise names can be used in reporting. Examples

could include: Pantoea agglomerans (DNA hybridization

group 13), Pantoea dispersa (DNA hybridization group

3), Enterobacter agglomerans DNA hybridization group

L, etc. Table 51.1 gives the phenotypic definition of the

vernacular name Enterobacter agglomerdr4s complex. We

hope this term will prove useful for reporting isolates in

most microbiology laboratories, since few if any can carry

out DNA-DNA hybridization. We would strongly argue

against using a classification in which Pantoea agglom-

erans wottld be synonymous with the 'Enterobacter

agglomerans complex'; this would only restate an old

problem in terms of a new name.

THE NAMES ENTEROBACTER TAYLORAE AND
ENTE RO BACTER CAN CE ROG E N U S

Enterobacter taylorae and Enterobacter cancerogenus

may be two names for the same organism (Grimont and
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Ageron 1989). However, they have different type strains;
therefore, they are not 'objective synonyms' under the

rules of the Bacteriological Code. Until the identity of
these two organisms is confirmed by other laboratories,

both names wil l  be used (Table 51.1, p. 1319).

THE NAMES C'TROBACTER D'YERSUS AND
C. KOSERI

The names Citrobacter diversus and C. koseri have both
been used in the literature for some time. but the name

C. diversus has been used much more frequently. Many
workers recognized the phenotypic similarity of these
two organisms and thought that they might be the same.
They have different type strains, so considering them as

the same will always be a subjective matter. They can be
considered 'subjective synonyms,' but not 'objective

synonyms' (which must have the same type strain). The
name Citrobacter diversus became the correct name for
this organism on 1 January 1980, when the Approved

Lists of Bacterial Names was issued, because under the
Iaws of priority it was the older name. However, in 1993
the Judicial Commission of the International Committee
on Systematic Bacteriology issued an Opinion (Judicial

Commission of the International Committee on
Systematic Bacteriology 1993) that the name Citrobacter
koseri should be conserved over the name Citrobacter
diversus, even though the name Citrobacter diversus was

the older name, was on the Approved Lists of Bacterial
Names, was the correct name under the rules of the
Bacteriological Code, and was the name used most
frequently in the literature. This 'opinion' seems to
contradict the logic of issuing the Approved Lists of
Bacterial Names and starting the priority of names on 1

January, 1980. This topic needs much more discussion by
the scientific community and is beyond the scope of this
chapter. Both names are l isted in Table 51.1, p. 1319.

How many species of
Enterobacteriaceae are there?

The current count is now well over a hundred, but the
actual number could be in the thousands. We conclude
that well-documented processes of evolution are at
work. Others would argue for the alternative explana-
tion, 'divine creation.'The strengths and weaknesses of
this explanation are beyond the scope of this chapter.
We would only observe that if a supernatural being is
involved in establishing the population structure of the
family Enterobacteriaceae, she is definitely a 'splitter'

rather than a 'lumper.'

This is becoming apparent as methods such as DNA-
DNA hybridization and 165 rRNA sequencing are being
used to study strains isolated from human clinical speci-
mens, plants, animals, and the environment. Grimont
et al. (1981) found five Cedecea species in a small collec-
tion of clinical strains that had been reported 'unidenti-

fied,' but were phenotypically similar. Similarly, Miiller

et al. (1996), found six new species of Buttiauxella and

two new species of Kluyvera (actually one, see Kluyvera

cochleae above) in a large collection of strains isolated

from snails. Additional DNA-DNA hybridization

subgroups, which are probably new species (sometimes

called 'genomospecies'), have been found in systematic

studies of Enterobacter cloacae (Brenner 1992a, b),

Proteus vulgaris (O'Hara et al. 2000b), Rahnella aquatilis

(Brenner et al. 1998), Citrobacter (Brenner et al. 1993)

Yersinia (Brenner 1992a; Brenner et al. 1999b), and

many of the enteric groups (Farmer et al. 1985). This
'complexity of nature' causes a tremendous problem for

the routine identification and reporting of isolates from

human clinical specimens. As a compromise solution,

Farmer (2003) argued for using the term 'complex' as a

more precise and descriptive term for those 'species'

that are actually composed of several DNA-DNA hybri-

dization groups. For example, the 'Enterobacter cloacae

complex' is defined as a vernacular name and is

composed of five (or more) DNA hybridization groups

that are phenotypically very similar and also very closely

related to the type strain of Enterobacter cloacae. This is

in contrast to the precise scientific name Enterobacter

cloacae which should be strictly limited to those strains

related at the species level to the type strain. Several

other species 'complexes' in the family have been

defined and discussed (Farmer 2003).

Most of the Enterobacteriaceae that medical

personnel and clinical microbiologists encounter every

day belong to just a few of the many species described

(Ewing 1986). However, the expanding number of

Enterobacteriaceae species is becoming a serious

problem for reference laboratories and for commercial

identification systems. Identification methods are

becoming inadequate for complete and accurate identifi-

cation. When a commercial identiflcation system gives

an unusual organism for a final identification, there are

several possibilities to consider. The first is that the iden-

tification is correct, just unusual. Another possibility is

that the identification is incorrect because another

aerobic or anaerobic organism is present as a contami-

nant, and the biochemical profile is the result of the

metabolic activities of the mixture. Another possibility is

that a handling or coding error was made somewhere

along the way. Before a final report of an unusual

organism is issued, it is advisable to carry out several

checks. This could include repeating the biochemical

tests in the same commercial system after confirming the

absence of a contaminating aerobic or anaerobic

organism; testing the isolate in another commercial iden-

tification system; and comparing the strain's antibiogram

with known patterns reported for this organism. If these

steps do not resolve the problem, a reference laboratory

can be contacted for advice. and often. the culture will

be accepted for further study. Different commercial

systems often give different identifications for the

same strain. The 'gold standard' for identification is
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DNA-DNA hybridization; 165 rRNA sequencing is a
Iess accurate, but more readily available alternative.
However, a reference laboratory's identification based
on phenotypic characteristics will be the final step for
most strains.

Keeping up with new genera and
specres

Two internet sites are very useful for following the
nomenclature and classification of the family and for
learning of new species that are being proposed. The
National Library of Medicine 'PubMed' site contains an
alphabetical list of the genera that is particularly useful.
The internet site of J.P. Euz6by (www.bacterio.cict.fr)
gives nomenclature, classifications, original literature
citations, and detailed information for all of the genera
and species in the family Enterobacteriaceae and its
relatives. Unfortunately, it does not have an alphabetical
list of the genera and species currently classifled in the
family.

It can not be overemphasized that most of the newly
described organisms in Tables 51.1 and 51.3 (p. 1319 and
1330) are only very rarely found in clinical specimens
(Farmer et al. 1985). Most clinically significant isolates
belong to 20-25 species that have been well known for
many years (Ewing 1986).

Another controversy - nomenclature
for Shiga toxins/verotoxins produced
by E coli and Shigella

In a similar vein to the problems described for Salmo-
nella, several different names are being used in the
literature for the cytotoxins produced by E. coli and
Shigella. This topic is critical because of the importance
of E. coli 0157 and other strains that produce these
toxins (see Chapter 52, Escherichla). Several different
commercial assays for these toxins are being marketed;
thus it is essential to read the package insert carefully to
determine exactly which toxin(s) the kit is detecting, and
to word laboratory reports accordingly.

For almost 100 years, it has been known that Shigella
dysenteriae serogroup 01 produces a potent cytotoxin
known as Shiga toxin. More recently, it has been shown
that certain strains of E. coli that cause intestinal infec-
tions produced a similar toxin (Alexandre and Prado
2003) that was first detected because it was cytotoxic for
Vero cells in tissue culture. A number of recent studies
have defined these proteins from Shigella dysenteriae Ol
and E. coli, and there is agreement that they comprise a
family of toxins. They are being referred to in the litera-
ture as Shiga toxin (ST), Shiga-like toxins (SLT), and
verotoxins (VT); and at least five different toxins are
involved (Calderwood et al. 

'1,996). 
The E coli (EC)

strains that produce these toxins are often referred to as

'STEC' and'VTEC.' Recently, Calderwood et al. (1996)

summarized the data available and proposed a new

nomenclature for the toxins and for their corresponding

genes. They recommended that strains of E. coli that

produce these toxins be called 'Shiga toxin-producing' ,E

coli, which would replace the previous term, 'Shigalike

toxin producing.' They also recommended that the new

toxin name be crossreferenced with the corresponding

verotoxin name. With this nomenclature, a laboratory

report for a stool culture might be worded, 'positive for

E coli Ol57:H7, which produces Shiga toxins Stxl

(VT1) and Stx2 (VT2).' Hopefully, the differences

between those using the two different nomenclatures

will be resolved, resulting in a single nomenclature.

CELL STRUCTURE AND CELLULAR
ANTIGENS

Cell morphology

Unlike many other bacteria, the Enterobacteriaceae are

essentially devoid of cell organization or internal struc-

ture when stained and examined under the light micro-

scope. Most are small rods about 21 pm in length by

0.6 pm in width, with parallel sides and rounded ends.

They stain evenly (no granules are seen; however, a few

stains, such as the plague bacillus, stain as as 'bipolar')

and are gram-negative, non-acid-fast, and do not form

endospores.

However, there are exceptions to this normal cell

morphology. Some strains are almost coccal in form;

others are long, sometimes filamentous rods. There is a

tendency for the coccobacillary, or the elongated form,

to predominate in any single strain, but some cultures

show a wide diversity in this respect.

Some important structures and antigens found in

strains of Enterobacteriaceae include the cytoplasm, cell

membrane, cell wall, enterobacterial common antigen,

flagella, capsules, and fimbriae. Many important enteric

pathogens synthesize attachment and colonization

factors which are important in virulence.

Major cel lu lar  ant igens and ant igenic
notation

The most important cellular structures for practical anti-

genic analysis are the cell wall (O antigens), flagella (H

antigens), and capsules (K antigens). A fourth antigen F

(for fimbriae) is occasionally used. Complete antigenic

analysis is usually carried out in very specialized refer-

ence laboratories and utilizes sera produced in rabbits or

monoclonal antibodies. For most Enterobacteriaceae,

the antigenic formula is written after the genus and

species names, and some general guidelines and exam-

ples follow:
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o Antigens are given a number in the order in which

they are discovered beginning with number 1. Exam-
ples: 01, 02, 03;HI,H2, H3; and K1, K2, K3, etc.

o The major antigens (O, H, and K) are separated by

colons.
a In many species there is a schema only for the O

antigen. Typical reports would be Shigella dysenteriae

09 and Providencia alcalifaciens 026.
o Subfactors of an antigen (defined for a few antigens)

are separated by commas. A few O antigens have

been given subfactor designations that are indicated

by lower case letters. Example: the two different

subfactors of E. col i  0111 - 011la,b and 0111a,c. In
some species the O antigens are indicated by a series

of factors and subfactors. Examples tn Yersinia enter-
ocol i t  ica include: 01, 01,2,3, O2a,2b, 05, 05,27 .

Slight differences in the antigenic composition can be
very important. Strains of Y. enterocolitica 05,27 typi-
cally cause diarrhea and intestinal infection and contain
virulence factors, but strains of Y. enterocolitica 05
typically do not cause diarrhea and lack virulence

factors.

o In the gents Klebsiel/a the schema for K antigens is

usually the only one used. A typical report would be
Klebsiella pneumoniae K3.

o In other species there is a schema for O and H anti-
gens. Typical reports would be Escherichia coli Ol57'.

H7 and Serratia marcescens Ol4:H12.
o A few reference laboratories have antisera for all

four antigen types. A report from the International
Escherichia Center misht read Escherichia coli
06:K2:H1:F7.

o A major exception to these guidelines is the genus

Salmonella in which actual names are given to
'species,' i.e. serotypes, instead of formulas. The
name Salmonella serotype Enteritidis is used to
report strains with O antigen factors 9, and 12 and H
(phase 1) antigen factors g and m (see Chapter 54,

Salmonella).

Each of these cellular structures and antigens is
discussed in the sections and chapters that follow. Also
see the section on 'Typing methods.'

Cell envelope, cell wall, and O antigen

Most strains of Enterobacteriaceae are 'smooth' and

synthesize a cell envelope and wall (Figure 51.1 in
Chapter 52, Escherichia) that are typical of other gram-
negative bacteria (see the following six chapters, 52-57).
The main structural components of the cell envelope are
a thin inner layer of mucopeptide and a thicker outer
layer. This outer layer is composed of a polymolecular

complex of lipopolysaccharide with protein and lipid and
probably also a lipoprotein element linked to the muco-
peptide (Freer and Salton 1971).

The lipopolysaccharide (LPS) complex is a character-

istic and integral component of the outer membrane of

all gram-negative bacteria. It is now recognized that LPS

consists of two parts with contrasting properties:

1 the hydrophilic polysaccharide component consisting

of the O-specific polysaccharide together with the

core oligosaccharide, and

2 the hydrophobic lipid A component that is respon-

sible for the numerous pathophysiological effects of
'endotoxin' in humans and animals.

In the Enterobacteriaceae the link between the poly-

saccharide and lipid A components is provided by 2-

keto-3-deoxyoctonic acid (KDO). Because of the acid

liability of the ketosidic bond, lipid A can be obtained as

a precipitate by mild acid treatment of LPS.

Lipid A is a complex phosphoglycolipid and its

complete structure was established only in the compara-

tively recent past (Rietschel 1984). A general structure

found in a number of taxonomically distinct families is

characterized by a central biphosphorylated B(1,6)-
linked n-glucosamine disaccharide which is substituted

by up to 4 mol of ester- and amide-bound (R)-3-acylox-

yacyl or (R)-3-hydroxyacyl residues. Lipid A from

different bacteria may vary in the chain length of its 3-

hydroxy fatty acids, the substitution pattern of its 3-

hydroxyl group, and that of its backbone phosphoryl

groups. In E. coli, Proteus, ar'd Salmonella, the disac-

charide backbone carries 4 (R)-3-hydroxytetradecanoyl

groups in positions 2, 3,2' and 3' and two phosphoryl

residues in positions I and 4'. The 3-hydroxyl groups of

up to three of these hydroxy fatty acids (positions 2, 2',

and 3') are acylated by nonhydroxylated acyl residues

whereas nonacylated, nitrogen-containing residues such

as 4-amino-4-deoxyJ-arabinopyranose and phosphor-

ylethanolamine may be bound to phosphoryl groups.

The hydroxyl group in position 4 of the glucosamine

disaccharide is free and that in position 6' serves as the

attachment site for KDO and hence for the oolv-

saccharide components of LPS.

All LPSs of gram-negative bacteria, whether from

smooth strains or rough mutants and from pathogenic

and nonpathogenic strains, are potent endotoxins, and

the endotoxic principle is lipid A. The effects of endo-

toxin on the animal body are numerous; when adminis-

tered parenterally to a suitable animal it gives rise to

fever, leukopenia followed by leukocytosis, hyper-

glycemia with a subsequent fall in the blood sugar far

below the normal level. and lethal shock after a latent

period; it provokes the localized and the generalized

Shwartzman reaction and causes hemorrhagic necrosis in

tumors and at the site of an intradermal injection of

adrenaline; it gives rise to nonspecific resistance to the

intraperitoneal injection of a variety of gram-negative

bacteria and to damage by irradiation; and it has a

powerful adjuvant effect on the antibody response to

unrelated protein antigens but not to polysaccharide
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antigens. No other biological material gives rise to such
a wide variety of reactions, though some other bacterial
products, for example, staphylococcal enterotoxin and
the pyrogenic exotoxin of Streptococcus pyogenes, cause
a number of similar effects. The mode of action of endo-
toxin is not fully understood. There is reason to believe
that its action may be responsible for many of the conse-
quences of established infections with gram-negative

rods. For a review of the pathophysiology of endotoxin
see Hinshaw (1985); for a review of its chemistry see
Rietschel (1984).

Synthetic analogs of lipid A have been prepared and
tested in a number of test systems, including lethal toxi-
city, B lymphocyte mitogenicity, macrophage activation,
induction of crossed tolerance, and expression of lipid-A
antigenicity, these synthetic part-structures were of
activity comparable to that of free bacterial lipid A.
However, in two test systems, pyrogenicity and local
Shwartzman reaction, the synthetic analogs exhibited
weak or no endotoxic activity. It is likely that distinct
determinants are necessary for the expression of
different biological activities of lipid A; the studies with
synthetic analogs suggest that the presence of (R)-3-

acyloxyacyl groups may be necessary for the full expres-
sion of pyrogenicity and the local Shwartzman reaction
(Rietschel et al. 1985).

O ANTIGEN

Many Enterobacteriaceae can be subdivided by means
of serological or molecular tests into a number of O-
antigenic groups. Most O antigens are characterized by a
single antigen, but others are a combination of antigenic
'factors,' which may appear in different combinations in
other members of the family. There is also extensive
sharing of O antigens between otherwise quite unrelated
organisms. Nearly all the Shigella serotypes are anti-
genically related to one or more O groups of E. coli; the
relation is sometimes unilateral, sometimes reciprocal,
and sometimes one of complete identity. For example,
the O antigen of S. dysenteriae 3 is identical to that of E
coli 0124. Such a relation between Salmonella and E.
coll serotypes is less common. There is also considerable
sharing between the O antigens of E. coli and Provi-
dencia; and relationships, including some of identity,
occur between Y. enterocolitica and certain serotvoes of
E. coli and Salmonella (Thomas et al. 1983).

Chemical characlerizations and structural analyses
have demonstrated that all Salmonella strains have a
core oligosaccharide with the same structure (Liideritz

et al.'1,971). A further five closely related structures have
been found in E. coli (Jansson et al. 1981). By contrast,
a great number of O-specific polysaccharides exist and
differ in their composition or structure or in both. They
are all made up of repeating oligosaccharide units so
that each can be defined according to the structure of
one of its repeating oligosaccharides and its joining

linkage. Over 100 enterobacterial O antigens have been

defined in this way and the details are summarized in

the review of Jann and Jann (1984). For example, O-

specific polysaccharides with a repeating sequence of

mannose-rhamnose-galactose are found in Salmonella of

groups A, B, D, and E of the Kauffmann-White scheme

(see Chapter 54, Salmonella). The chemical characleriza-

tion of the epitopes ('immunodominant sugars') within

these polysaccharides has also been described. Such

polysaccharides also represent the receptors for bacter-

iophages that are responsible for antigenic conversions

that depend on the effect of bacteriophage-induced

endoglycosidases or a deacetylase. For example, groups

E1 and E2 of Salmonella are interrelated by conversion

with bacteriophage e15. The O-specific polysaccharides

of some E. coli strains (but not Klebsiella or Salmonella)

contain acidic components such as hexuronic acids, N-

acetylneuraminic acid or phosphate. Thus, LPS with

neutral and with acidic O-specific polysaccharides exist

and can be distinguished by immunoelectrophoresis

(Orskov et al. 1977). The LPS prepared from any

bacterial strain is always heterogeneous with respect to

chain length of the O-specific polysaccharide and this

can be demonstrated by sodium dodecylsulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) of the

complete LPS (Jann er al. 7975). This phenomenon is

generally interpreted as indicating the presence of indi-

vidual LPS molecules with O-specific polysaccharide

chains differing in size by multiple increments of oligo-

saccharide repeating units.

ROUGH VARIANTS

Rough variants of Enterobacteriaceae form LPS, but it

does not contain any of the repeating O-specific oligo-

saccharides of the corresponding smooth form (Liideritz

et al. 1960). Rough variants are of two major classes or

serogroups: RII (chemotype Ra), which contains all the

core sugars, and RI (chemotype Rb), which together

with a further series of mutants (chemotypes Rc to Re)

have various defects in core structure (Ltderitz et al.

1966). A class of 'semi-rough' mutants (Naide et al.

1965), intermediate in characters between smooth and

RII organisms, has core sugars but may form only part

of the O-specific polysaccharide. The so-called T forms

of Salmonella strains (see Chapter 54, Salmonella) have

serological characters resembling those of rough mutants

and have a normal core structure, but form O-speciflc

polysaccharide composed of ribose and additional galac-

tose in place of the sugars of the corresponding smooth

form (Wheat et al. 1967\.

There is uncertainty about the part played by the O

antigen in the virulence of the Enterobacteriaceae. If

virulence is defined as the ability to multiply in the

tissues of experimental animals after intravenous or

intraperitoneal injection, and to cause a fatal infection,

there is little doubt that most smooth enterobacteria are



1342 The Enterobacteriaceae: general characterist ics

more virulent than their rough variants. Semi-rough
variants are usually of intermediate virulence. In studies
with a strain of E. coli O18a,c:K1:H7 that had caused
meningitis in an infant, Smith and Huggins (1980)

showed that mutants lacking either the O18a,c or the KL
antigens were much less virulent for mice (by intraper-
itoneal injection) and chickens (by a variety of routes).
Miikelii et al. (1973) have shown that even quite subtle
changes in the O antigens of otherwise isogenic Salmo-
nella serolype Typhimurium derivatives can affect their
virulence for mice when injected intraperitoneally. Heat-
killed vaccines made from smooth organisms, or LPS
extracted from them, give protection against injections
of the homologous organisms, and also sometimes
against related organisms sharing the same O antigen;
for example, vaccines of smooth Salmonella serotype
Paratyphi B (a serological group B serotype) will protect
against infection with serotype Typhimurium (also a
serological group B serotype) (Schi.itze 1930). Vaccines
made from rough variants, or 'rough' polysaccharide,

usually do not have this effect. On the other hand,
protection by living vaccines, whether of smooth or
rough strains, is often superior to that obtained with
killed vaccines of smooth strains, and may be effective
against organisms with unrelated O antigens. Very little
is known about the significance of the polysaccharide
portion of the O antigen in infections in the natural host.
For further information about the virulence of enter-
obacteria and the part played in it by O antigens, see
Chapter 6, Molecular basis of bacterial adaptation to a
pathogenic lifestyle, Roantree (1967) and Hinshaw
(1985) .

FlaSe_lla, motility, and H antigens

Most Enterobacteriaceae synthesize flagella and are
motile. The main exceptions are the genera Klebsiella,
Leminorella, Moellerella, and Shigella. Y. pestis is
nonmotile, in contrast to the other species in the genus
which are motile at lower temperatures, but nonmotile
at 37"C. Most strains of E. coli are motile. In the genus

Salmonella, the only constantly nonmotile serotypes are
Gallinarum and Pullorum. In the other genera, nonmo-
tile mutants occasionally occur. Flagella are always peri-
trichous except in Tatumella, whose flagella tend to be
polar, subpolar, or lateral.

Leifson (1960), who made measurements on stained
fllms, found the normal flagellar wavelengths to vary
between 2.13 and. 3.02 um. He also described several
variations in the shape of the flagella, of which the
'curly 'was the most frequent. 'Curly' f lagel la have about
half the normal wavelength, and function inefficiently.
They occur as genetically stable mutants, and can also
be induced phenotypically, in Proteus but not in other
members of the Enterobacteriaceae, by growth at pH 5.5
(Hoeniger 1965). Nonmotile variants may be
either nonflagellate or flagellate but 'paralysed.' In the

salmonellae there is an unusual type of variation - phase

variation (Chapter 54) - in which the production of

flagella of different antigenic constitution is rapidly

alternated. A similar phenomenon may occur occasion-

ally in E. coll (Ratiner 1985). For reviews of the genetic

control of flagellation, see Joys (1968) and Iino (1969).

A study of the ultrastructure of the flagella surface in E

coli of different H serotypes showed that they could be

grouped into a number of 'morphotypes,' each

containing up to 15 different H serotypes (Lawn et al.

7977).

The upper limit of temperature for motility is often

considerably lower than that for growth. Raising the

temperature from 37 to 44C inhibits the motility of

Salmonella strains, and the production of flagella, while

having no effect on the growth rate (Quadling and

Stocker 1962). Most of the Enterobacteriaceae are

motile at 37'C but some, notably Enterobacter, Hafnia,

Tatumella, and Yersinia, should be tested at a lower

temperature. 'Swarming' over the surface of solid media

is a character only of certain strains of Proteus (see

Chapter 55, Proteus, Morganella, and Providencia).

Fimbriae

Many Enterobacteriaceae produce fimbriae (Constable

1956; Duguid et al. 1955; Duguid and Gillies 1.957,1958;

Duguid 1959). Duguid distinguished between common

fimbriae, which are usually present in large numbers

(50-100) per cell, often influence the physicochemical

characters of the organism, are chromosomally deter-

mined, and do not have an essential role in bacterial

conjugation, and sex pili, which are present in smaller

numbers, are determined by conjugative plasmids, and

appear to be organs of conjugation (Duguid et al. t966;

Duguid 1968). Strains may carry both common fimbriae

and sex pili, and more than one type of common

fimbriae. Within the strain, there are individual cells

with many common fimbriae and others with none, and

there is reversible variation between the fimbriate and

the non-fimbriate phase.

By means of electron microscopy, common fimbriae

may be classified according to their number and their

dimensions. In this way Duguid et al. (1966) found six

types of common fimbriae, of which five were found

among the Enterobacteriaceae, and all are peritrichate.

Type 1 fimbriae are strongly hydrophobic and render the

organism adhesive to plant, fungus, and animal cells,

cause agglutination of untreated erythrocytes, and lead

to the formation of a pellicle on the surface of liquid

media. Adhesiveness and the ability to cause hemagglu-

tination are reversed by D-mannose; fimbriae of this

type are described as mannose-sensitive (MS). Type 2

fimbriae do not confer adhesiveness. Type 3 fimbriae

facilitate adhesiveness to plant and fungal cells and to

glass surfaces, but not to animal tissue cells or erythro-

cytes unless these are first treated with tannic acid or
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heated to 70'C; these properties are uninfluenced by
mannose and are termed mannose-resistant (MR). Type
4 fimbriae also cause MR adhesiveness, but this is active
against untreated red cells. Type 5 fimbriae were not
found in the Enterobacteriaceae. Type 6 flmbriae are
rather scanty in number (4-40 per cell), longer than
fimbriae of other types and do not cause adhesiveness.
Fimbriae of type 1 are found in Enterobacter, Escher-
ichia, Klebsiella, most Salmonella strains, Shigella flex-
neri, and Serratia; of type 2 in a few of the Salmonella
strains that do not form type 1 fimbriae; of type 3 in
Klebsiella and Serratia strains together with fimbriae of
type 1; of type 4 only in Proteus strains; and of type 6
only in otherwise non-fimbriate strains of K. ozaenae.

Little is known about the function of the common
fimbriae. Type 1 fimbriae are able to mediate adhesion
to a wide range of human and animal cells that contain
mannose residues. Such adhesion might favor pathogeni-

city and there are some examples of this (Duguid 1968;
Duguid and Old 1980). However, the possible role of
type 1 fimbriae in urinary tract infection remains contro-
versial (see the reviews of Harber 1985 and Reid and
Sobel 1987 for further details). On the other hand, the
ability of bacteria with type 1 fimbriae to form a pellicle

on the surface of static fluids increases their access to
oxygen and leads to additional multiplication of the
organism (Old et al. 1968; Old and Duguid 1970). This
might be an advantage to saprophytic enterobacteria in

their natural environment. Adhesiveness of type 3
fimbriae to plant root hairs and fungal mycelia might
serve a similar function (Duguid 1968).

More recently, a number of filamentous protein struc-
tures resembling fimbriae have been described in E. coli.
These cause MR hemagglutination, and there is good

evidence that they play an important part in the patho-
genesis of diarrheal disease and in urinary tract infec-

tion. They include the K88 antigen found in strains
causing enteritis of pigs, the K99 antigen found in strains
causing enteritis of calves and lambs, and the coloniza-
tion factor antigens (CFA) found in enterotoxigenic E.
coli of human origin (see Chapter 52, Escherichia).
Fimbriae that are important in urinary tract infection
and cause MR hemagglutination are distinguished
according to their receptor specificities. These include
the P fimbriae that bind speciflcally to receptors present

on the P blood group antigens of human erythrocytes
and uroepithelial cells (see Chapter 26, Bacterial infec-
tions of the urinary tract).

The sex pili or conjugative pili also vary morphologi-
cally (Bradley 1980a, b). Conjugative plasmids have
been classified according to their inability to coexist in

the same bacterial strain (incompatibility typing), and

electron microscopy reveals that three morphologically
distinct groups of pili are determined by plasmids of
different incompatibility groups. Thin flexible pili are
determined by plasmids of incompatibility groups I, B,
and K; thick flexible pili are determined by plasmids of

groups C, D, the F complex, Hl,H2, J, T, V, and X; and
rigid pili are determined by plasmids of groups M, N, P,
and W.

Capsules and K antigens

Some species synthesize capsules and form mucoid colo-

nies when first isolated; however, the capacity to

produce capsules may be lost on prolonged storage or

subculture on artiflcial media. The amount of capsular

material varies enormously from strain to strain. Some-

times it forms a well circumscribed capsule around the

organisms, but at others it becomes free in the

surrounding medium as 'loose slime' (Duguid 1951).

Capsulation is the rule rn Klebsiella, and also occurs ln

some strains of Enterobacter and E. coli. Klebsiella

capsules are composed mainly of acid polysaccharides

and many antigenically distinct capsular polysaccharides

have been recognized. The capsules of E. coli appear to

contain one of two substances: type-speciflc poly-

saccharides (K antigens) and a more widely distributed

mucoid (M) substance formed by many different strains

(Kauffmann 1944). Rare strains that produce extra-

cellular slime of the latter type occur in Salmonella,

Shigella, and most other genera. Slime production is the

rule among forms of Salmonella Paratyphi B that do not

utilize D-tartrate, and is favored by continued incubation

at low temperature. When grown on medium with high

osmolarity, most Salmonella and E. coli strains produce

extracellular slime (Anderson 1961; Anderson and

Rogers 1963). This is a colanic acid (Goebel 1.963', Grant

et al. 1969) which appears to be identical with Kauff-

mann's M substance (see Chapters 52, Escherichiai ar'd

54, Salmonella).

The enterobacterial common antigen

The enterobacterial common antigen (Bottger et al.

1987; Erbel et al. 2003; Kunin et al. 1962; Whang and

Neter 1962) is one of the deflning characteristics for the

family. It was first observed in indirect hemagglutination

tests between antisera against E. coli of O-group 14 and

erythrocytes coated with supernatants or extracts of

cultures of other enterobacteria. The antigen-antibody

reaction can also be detected by hemolysis in the

presence of complement and by immunofluorescence

(Aoki et al.1966).

The enterobacterial common antigen has been

detected in strains of, essentially, all the genera of

Enterobacteriaceae tested. The major exception is

absence in Erwinia chrysanthemi (Bottger et al. 1987;

Miikelii and Mayer 1976). Its detection in Plesiomonas

was one of the strongest arguments for classifying this

genus in the family. The latter finding might once have

been surprising but several studies conflrm that Plesio-

monas and the genera Aeromonas, Photobacterium, and
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Vibrio are phylogenetically linked with the Entero-
bacteriaceae and Pasteurellaceae to form a mono-
phyletic unit within the y subgroup of the Proteo-
bacteria; in particular, Plesiomonas shigelloides is related
to Proteus to the extent that it is generally agreed that
this oxidase-positive organism should be classified in
'extreme boundaries' of the family Enterobacteriaceae
(see Ruimy et aI. 1994).

When vaccines of intact cells were injected into
animals, only E coli Ol4 and 056 gave rise to antibody
against common antigen, but ethanol-soluble fractions of
LPSs from other members of the Enterobacteriaceae
also did so (Suzuki et al. 1964). Hammarstrcim and
colleagues (1971) were unable to separate the common
antigen of E. coli O14 from the O polysaccharide and
found only core constituents in their preparations. They
concluded that E. coli O74 and 056 were lacking in O-
specific polysaccharides; some rough strains formed
much antibody to common antigen, and members of O
groups with complicated O-specific polysaccharides
formed little. Antigenicity was thus related to the acces-
sibility of core constituents. Chemical analysis has shown
that the common antigen is an amino sugar polymer

consisting of N-acetyl-n-glucosamine and N-acetyl-o-
mannoseaminuronic acid, partly esterified by acetic and
palmitic acids (Mayer and Schmidt 1979). The common
antigen usually occurs as a free glycolipid in the outer
membrane but in certain strains, including those that are
immunogenic for the common antigen, it is linked to the
LPS core.

For further information about the chemistry of the
O polysaccharides, see Liideritz et al. (1966, l97l),
Stocker et al. (1966), Orskov et al. (1977), and Rietschel
(198a); for general reviews of the structure and function
of O antigens see the monograph by Weinbaum et al.
(1971), Jann and Jann (1987), and Chapters 52-57.

Genetic organization - the
chromosome, plasmids, and phages

The DNA of Enterobacteriaceae species is presumably
organized as a single chromosome, in contrast to Vibrio
cholerae which apparently has two. Recently, the
complete genetic sequence of two strains of E. coli has
been published (Hayashi et al. 2001). The chromosome
of a pathogenic strain of E. coli 0157 is 859 kb larger
than that of of E. coli Kl2. There is a 4.1 Mb sequence
highly conserved between the two strains, which may
represent the fundamental backbone of the E. coli chro-
mosome. There are 1.4 Mb of sequences that are
O157:H7-specific, and most are probably foreign DNAs
that were acquired by horizontal transfer. Twenty four
prophages and prophage-like elements explain more
than half of the O157:H7-speciflc sequences. Differences
in the DNA of strains of the same species with a
different evolutionary history form the basis of most of

the molecular typing methods being used routinely in

clinical microbiology and research laboratories.

Many strains of Enterobacteriaceae contain additional

DNA in the form of plasmids and bacteriophages
(phages), which code for important proteins such as

toxins and colonization factors that are involved in

disease production. Plasmids can also carry genes that

code for a variety of enzymes involved in carbohydrate

metabolism and cell wall synthesis. The chapters on

Escherichia (Chapter 52), Shigella (Chapter 53), Salmo-

nella (Chapter 54), and Yersinia (Chapter 56) provide

excellent examples of the practical importance of these

extra-chromosomal elements.

NUTRITION AND GROWTH

Organisms in the family Enterobacteriaceae vary in their

nutritional requirements, but almost all grow readily on
peptone and meat extract nutrient media commonly

used in the laboratory. Unlike most vibrios they do not

require added NaCl for growth, but some strains are salt

tolerant and will grow in NaCl concentrations above 6
percent. They grow under both aerobic and anaerobic

conditions, although the growth is better in air which

contains approximately 20 percent oxygen. The optimum

temperature for most species of medical importance is

35-37'C. The range over which growth occurs is fairly

wide, extending from a high of about 45'C to a low

around the freezing point of water. Many Enterobacter

and Serratia strains grow poorly, or not at all, at 44C,

and differ in this respect from -E. coli. Moreover, many

coliform bacteria (Leclerc et al.200l) have a tempera-

ture optimum lower than 37"C, and others, which appear

to grow as well at 37"C as at 30'C, are less active

biochemically at the higher temperature. These organ-

isms frequently grow slowly at temperatures as low as
-1.5"C. They form an important part of the coliform

flora of water and soil, and are commonly found in

chilled meat (Eddy and Kitchell 1959). Many of the coli-

form bacteria of water that can grow at refrigerator

temperatures are Hafnia alvei or Serratia strains.

Yersinia enterocolitica is able to multiply rapidly at 4C
(Hurvell 1981) which may be important for its role in

foodborne diseases and in infections acquired from the

infusion of refrigerated blood and blood products.

Growth on solid media

On agar media, colonies of Enterobacteriaceae are rela-

tively large, with an average diameter of 2-3 mm, but

vary considerably in size (Table 51.4). They may be

circular, raised, and low convex, with an entire edge and
smooth surface; they may be flatter with a more irre-
gular surface, and a more effuse and irregular edge; or

they may assume the well known vine-leaf form that is

commonlv described as characteristic of Salmonella
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Tabfe 5'1.4 Colonial appearance of the most common Enterobacteriaceae on MacConkey agar and sheep blood agaf

Appearance and typical colony diameter on

Genus or species

Salmonella and Shigella
Ye rsi n ia e nteroco I iti ca

Esche ri ch i a coli (lactose positive)

Esche ri ch i a coli (lactose negative)

Klebsiel la pneumoniae

Enterobacter

Proteus vulgaris and Proteus mirabilis

Other Proteus, Providencia, and Morganella

MacConkey agar

Colorless, f lat,  2-3 mm

Colorless, less than 1 mm

Red, usually surrounded by precipitated
bi le, 2-3 mm

Colorless, 2-3 mm

Pink, mucoid, 3-4 mm

Pink, not as mucoid as Klebsiel la,
2-4 mm

Colorless, f lat,  often swarm sl ightly,
2-3 mm

Colorless, f lat,  no swarming, 2-3 mm

Sheep blood agarb

Smooth ,2-3  mm

Smooth, less than 1 mm

Smooth ,2-3  mm

Smooth, 2-3 mm

Mucoid, 3-4 mm

Smooth, 3-4 mm

Swarm in waves to cover
p la te

Flat,2-3 mm, no swarming

a) Most st rarns dppear t l ' i5  way,  but  there are ercepr iors
b )  Mos t s t r a i nso f  En te robac te r i aceaea renonhemoy tc ,wh i ch i s i ncon t ras t t omanys t ra i nso f  Ae romonasandV ib r i owh i cha rehemo ly t i c  Howeve r .a
few stra ns of E colt, and occasionally other species of Enterobacteriaceae, are strongly hemolytic

typhi. F.ven with freshly isolated strains the range of

variation is wide and the most varied colonial forms may

be seen when old laboratory strains are examined. Apart
from the possible appearance of rough variants, a single

strain may show several different types of colony if

successive subcultures in broth are interspersed with
platings and subculture of individual colonies. A few

strains produce dwarf colonies on nutrient agar but form

colonies of normal size when provided with a source of
reduced sulfur, such as sulfide or cysteine (Gillespie

19s2).
A few genera and species have very distinct colonial

morphologies that lead to instant recognition. This

includes the mucoid colonies of Klebsiella and the

swarming growth of Proteus strains. The differential
value of the mucoid colony type is diminished only

slightly by the fact that certain other organisms.

including a few strains of E coli, may produce mucoid

colonies.

All members of the Enterobacteriaceae. with the

exception of a few Klebsiella strains from the respiratory

tract, grow in the presence of bile salts and form colo-
nies on MacConkey agar nearly as large as those on

nutrient agar. Occasional strains produce yellow or

orange pigments (Parr 1937; Thomas and Elson 1957);
and strains of the following more recently described

species also produce yellow pigment: Enterobacter saka-

zakii, Leclercia adecarboxylata, and the Enterobacter

agglomerans complex. In addition, many Setatia strains

synthesize pigments of the prodigiosin family of

chemical compounds and can appear light pink to bright
red or orange.

Growth in l iquid media

Typically, Enterobacteriaceae are 'smooth' and grown in

broth with uniform turbidity. A slight deposit may form

as growth increases, but this is easily dispersed by

shaking the tube. Growth and turbidity increases rapidly

during the first few hours, but then slows as toxic meta-

bolic end products begin to accumulate. Pellicle forma-

tion is rare except when cells produce limbriae, whose

production can be enhanced by serial subculture in

liquid medium. Y. pestis and Y. pseudotuberculosis are

exceptions; they produce little turbidity in the center of

the broth tube but a form of deposit on the sides and

bottom of the tube. 'Autoagglutination in broth' is a

useful method of detecting pathogenic strains of

Yersinia.

REQUIREMENTS FOR VITAMINS AND AMINO
ACIDS

Many strains of Enterobacteriaceae grow on Simmons

citrate agar, an indication that they do not require vita-

mins or amino acids. Other genera and species have

complex growth requirements, which is discussed in

Chapters 52-57.

Susceptibil i ty to physical and chemical
agents

Most members of Enterobacteriaceae are killed by

exposure to a temperature of 55"C for approximately

I h. or to 60'C for 15-20 min. On the whole, E. coli

strains tend to be slightly more resistant to heat than

most other coliform bacteria. A small proportion of

them are not completely destroyed by exposure to 60"C

for 30 min in broth, or to pasteurizatron at 62.8'C for

the same time in milk (Wilson et al. 1935). The 'aero-

genes type' tends to be slightly more resistant to

chlorine in water than the 'coli' or 'intermediate types'

(Bardsley 1938). In raw water stored under atmospheric

conditions, coliform bacteria may remain alive for weeks

or months. 'Klebsiella aerogenes' (K. pneumoniae) tends
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to survive rather longer than ,E. coli, but the results are
influenced by, among other things, the temperature
(Platt 1935; Raghavachari and Iyer 1939b). In feces
stored at 0'C, coliform organisms may persist for a year
or more, the coli types often being gradually supplanted
by the intermediate and aerogenes types (Parr 1938).

Most members of the Enterobacteriaceae are suscep-
tible to all classes of chemical disinfectants (see Chapter
17, Microbial susceptibility and resistance to chemical
and physical agents) and, like other gram-negative rods,
to sodium azide (Snyder and Lichstein 1940). Differ-
ences in susceptibility to dyes and other chemicals that
are of use in enrichment and selective media for the
isolation of pathogenic members of the family are
mentioned in Chapter 17, Microbial susceptibility and
resistance to chemical and physical agents. The suscept-
ibility of individual organisms to antibiotics and other
antimicrobial agents varies greatly and is described at
appropriate points in the following chapters.

Permanent preservation of cultures
and working cultures

Compared to many other organisms, strains of Entero-
bacteriaceae are easy to grow and maintain unless they
are allowed to dry on plating media, agar slants or in
'deeps.' Their die off is mainly due to drying. Freezing
and storage in liquid nitrogen is the method of choice
for long-term preservation. If liquid nitrogen storage is
not available, cultures can be stored in a laboratory
freezer at -70"C, or even in a 'home freezer' at -10 to
-20C. The lowest temperature available should be used
(see Farmer (2003) for technical details). If a home
freezer is used, a simple method is available to insure
that freezing and thawing is not taking place, which
could cause death of the stored culture. An aqueous
solution of a dye in a closed tube is frozen, then inverted
in the freezer. If thawing is taking place, the liquid will
flow from the top of the tube to the bottom.

An alternative method is freeze drying (lyophiliza-
tion) and storage at 4"C, the method used with good
results by the national type culture collections in
England, the United States, and many other countries.

It is often convenient to prepare 'working cultures' for
daily use. Growth from an agar plate is touched and
stabbed to the bottom of 13 x 100 mm screw cap tube
of a peptone-meat extract type medium such as 'working

stock medium' (Farmer 2003). The culture is grown
overnight, and checked to insure that there is good
growth. The tube can be sealed by closing the screw cap
tightly. This procedure does not give an air tight fit, and
water from the medium with begin to evaporate (at a
rate dependent on the particular tube) and eventually
strains will begin to die. To avoid this problem, a small
volume (approximately 0.3 ml) of sterile mineral oil can
be added to cover the surface (approximately 3 mm
above the interface) which prevents evaporation of the

medium. A second method to seal the culture is to insert

a number '000' white rubber stopper into the neck of the

screw-cap tube to seal it. Many species of Enterobacter-

iaceae survive for decades with this method, but some

species will die. Before working cultures are made,

important cultures should be frozen or lyophilized as

explained above.

HABITATS

Enterobacteriaceae are distributed worldwide and have
been isolated from many different sources. One of their

most common ecological niches is the intestine of

humans and other animals (Balows et al. 1992; Brenner

and Farmer 2005; Brenner et al. 2005). Other common

sources include plants, soil, water, fruits, vegetables,
grains, flowering plants, trees, and a wide variety of

foods. Some species occupy very limited ecological
niches. For example, Salmonella typhi catses typhoid

fever in humans. In contrast, strains of Klebsiella pneu-

moniae cause human infections, ranging from asympto-

matic colonization of the intestinal, urinary, and respira-

tory tracts to fatal pneumonia, septicemia, and
meningitis. K. pneumoniae also occurs in the envrron-

ment and contributes to biochemical and seochemical
processes (Krieg 1984).

HUMAN INFECTIONS, PATHOGENICITY,
AND VIRULENCE

The family includes several of the most important

bacterial pathogens. Enterobacteriaceae may account for

80 percent of clinically significant isolates of gram-nega-

tive bacilli and 50 percent of clinically significant

bacteria in clinical microbiology laboratories. They
account for nearly 50 percent of septicemia cases, more

than 70 percent of urinary tract infections, and a signifi-
cant percentage of intestinal infections. Common human

diseases include diarrhea, other intestinal infections,

meningitis, septicemia, bacteremia, urinary tract infec-

tion, pneumonia, wound infections, and abscesses. They

are a major component of the normal intestinal flora of
humans, but are relatively uncommon as normal flora of
other body sites. Several species of Enterobacteriaceae

are very important causes of nosocomial infections
(Mayhall2000).

Extrai ntesti nal i nfections

Except for the species of Shigella, which rarely cause

infections outside the gastrointestinal tract, many

species of Enterobacteriaceae commonly cause extra-
intestinal infections. However. a small number of
species, i.e. E. coli, Klebsiella pneumoniae, K. oxytoca,
Proteus mirabilis, Enterobacter aerogenes, the Enter-

obacter cloacae complex, and Serratia marcescens,

account for most of these infections. Urinary tract
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infections, primarily cystitis, are the most common,
followed by respiratory, wound, bloodstream, and

central nervous system infections. Many of these infec-

tions, especially sepsis and meningitis, are life-threa-

tening and are often hospital acquired. Because of the

severity of these infections, prompt isolation, identifica-

tion, and susceptibility testing of Enterobacterlaceae

isolates are essential.

Intestinal Infections

Several organisms in the family Enterobacteriaceae are

also important causes of intestinal infections of humans

and animals worldwide. Although other species in the
family have been associated with diarrhea (Wadstrom

et aI. 1976) or even implicated as causes of diarrhea,

only organisms in four genera, Escherichia, Salmonella,
Shigella, and Yersinia, have been clearly documented as

enteric pathogens. These four genera are discussed in
the following chapters (Chapter 52, Escherichia; Chapter
53, Shigella; Chapter 54, Salmonella; and Chapter 56,
Yersinia). Other Enterobacteriaceae such as Citrobacter,
Edwardsiella, Hafnia, Morganella, Proteus, Klebsiella,

Enterobacter, and Setatia, have an 'association with

diarrhea,' and have occasionally been implicated
(Balows et al. 1992; Wadstrom et al. 1976). Strains that
produce biologically active compounds (these are often
overstated as being 'enterotoxin-producing strains') of

these Enterobacteriaceae have been isolated from
people with diarrhea (Wadstrom et al. 1976), but the

etiological role of these strains is uncertain. Some
laboratories issue reports for stool cultures, such as
'Klebsiella pneumoniae isolated in essentially pure

culture (ten of ten colonies tested); please consult the

laboratory to discuss possible significance,' to reflect this

drastic change in the stool flora. There is no evidence

that strains of these other genera are important causes

of diarrhea.

In contrast, the evidence for the etiological role of

Plesiomonas shigelloides in diarrhea is somewhat

stronger. A safe generalization would be that 'certain

strains of P. shigelloides may cause diarrhea in certain
people under certain conditions, but it is probably not

an intrinsic pathogen.' For an intrinsic pathogen, most

strains would cause diarrhea in most people, under most

conditions.

ISOLATION

Microscopic examination

Before stool specimens are cultured they should be
examined visually for the presence of blood or mucus,
but microscopic examination should not be done routi-
nely because of its lack of specificity. Although identifi-
cation by fluorescent-antibody staining is theoretically

possible for all enteric pathogens, it has been of limited

success because the method is difficult and there are

many serological cross-reactions among the species of

Enterobacteriaceae (Ewing 1986). This technique has

been limited to detection of Salmonella strains

(primarily by the food industry) and certain serogroups

of E coli and to outbreak investigations.

Extrai ntesti nal speci mens

Most strains of Enterobacteriaceae grow readily on the

plating media commonly used in clinical microbiology

laboratories. MacConkey agar, generally interchange-

able with eosin methylene blue (EMB) agar, is usually

used, because it allows a preliminary grouping of enteric

and other gram-negative bacteria. The most common

isolates of Enterobacteriaceae have a characteristic

appearance on blood agar and MacConkey agar that is

useful for preliminary identification (Table 51.4, p.

1345). Broth enrichment can increase the isolation rate

if small numbers of Enterobacteriaceae are present, but

this step is not normally required.

Intestinal specimens

Media that should be used routinely for intestinal speci-

mens include a nonselective medium such as blood

agar, a differential medium of low to moderate selec-

tivity such as MacConkey a5ar, and a more selective

differential medium such as xyloseJysine-deoxycholate

(XLD) agar or Hektoen enteric (HE) agar. A broth

enrichment such as selenite (or GN or tetrathionate)

can be included, particularly if the specimen is not

optimal. A highly selective medium such as brilliant

green agar or bismuth sulflte agar can also be included

for isolating strains of Salmonella. A special plate, such

as sorbitol-MacConkey (SMAC) agar (or one of its

modiflcations) can be added to enhance the isolation of

Shiga toxin-producing strains of E. coli O157:H7. This

medium should be used if the stool is frankly bloody or

if the patient has a diagnosis of hemolytic-uremic

syndrome (HUS), and it can be used for all fecal speci-

mens if resources permit. When Y. enterocolitica is

suspected, a selective-differential medium, such as

cefsulodin-irgasan-novobiocin (CIN) agar (also called

Yersinia selective agar), can be added. A complete

stool culture procedure should also include media for

isolation of Campylobacter and possibly Vibrio strains

in areas where cholera and other Vibrio infections are

common.

IDENTIFICATION

There are many different approaches to identifying

strains of Enterobacteriaceae (Farmer et al. 1985;

Farmer 2003; and Chapters 52-57).
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Conventional biochemical tests in
tubes

Tube testing was once used by all clinical microbiology
laboratories, and it is still widely used in reference and
public health laboratories (Ewing 1986; Farmer 2003).
Although some laboratories prepare their own media
from commercial dehydrated powders, most of the
common media are also available commercially in glass
tubes that are ready to inoculate. Growth from a single
colony is inoculated into each tube, and the tests are
read at 24 h and. usually, also at 48 h. In many reference
laboratories, most tests are often kept for 7 days to
detect delayed reactions. Unfortunately, the media and
tests are not completely standardized, and few labora-
tories use exactly the same formulations or procedures.
Even with these variables, this approach usually results
in correct identifications of the common species of
Enterobacteriaceae. Table 51.1 (p 1319) gives the
results for Enterobacteriaceae in 47 tests (for the media
and methods used to generate the data in this table, see
Hickman and Farmer 1978; Farmer et al. 1985; Farmer
2003).

Computer analysis to assist in
identif ication

Two microcomputer programs have been developed in
the CODC's Enteric Reference Laboratory to assist with
the identification of Enterobacteriaceae cultures.
'George' and 'Strain Matcher' were described in the
1985 review of the family (Farmer et al. 1985). A
detailed description and information for obtaining them
have traditionally been available. Hopefully these
programs will be modified to run on current operating
systems, and will be made available via the Internet.

Screening tests, using all information
available

Over the years, CDC's enteric reference laboratories
have found that many genera, species, and serotypes can
be tentatively identified with a minimum number of
screening tests (Table -51.5). More precise identification
can be made by using a complete set of tests or commer-
cial identification systems. Because of limited availability
of certain reagents (bacteriophage Ol, Yersinia sera,
etc.) these screening tests may be more useful in a refer-
ence or research laboratory.

Example 1. A blood isolate has the following proper-
ties: colonies on MacConkey agar are 2-3 mm in
diameter, are bright red and nonmucoid, and have preci-
pitated bile around them; it is indole positive and 4-
methylumbelliferyl-B-n-glucuronidase (MUG) positive;
it grows at 44.5"C: and is resistant to five of the 12

antibiotics tested. These results are completely consls-

tent with Escherichia coli.

Example 2. An isolate from the feces of a diarrhea
patient has the following properties: colonies on
MacConkey agar are 2-3 mm in diameter and colorless;

colonies on XLD agar are 2-3 mm and black; the isolate

agglutinates in Salmonella polyvalent O serum and in

Salmonella O-group B serum; the MUCAP test (hydro-

lysis of 4-methylumbelliferyl caprylate (Biolife, Milano,

Italy); and lysis by the Salmonella-specific bacteriophage

01 are positive; and it is resistant to seven of the 12

antibiotics tested. All these results are consistent with

Salmonella serogroup B.

'Kits' for identif ication

A kit is defined as a panel of miniaturized or standar-

dized tests that are available commercially. The

approach for using kits is similar to the conventional

tube method, with the main differences being in the

miniaturization, number of tests available, suspending
medium, and method of reading and interpreting results
(sometimes by machine). Kits are now used by most

laboratories (Murray et al. 2003). Kits usually give the

correct identification for the most common species of

Enterobacteriaceae, but they may not be as accurate for

some of the new species. It is important to check the

instruction manual to determine which organisms are
included in the database and the number of strains that

were used to define each organism. The main problem

with kit-based identification is that the tests used
(usually about 20 tests) are becoming inadequate to

differentiate all of the current species of Enterobacter-

iaceae given in Tables 51.1 and 51.3 (pp. 1319 and 1330).

This is also becoming a problem with conventional tube

tests, even when the 47 tests given in Table 51.1 (p.

1319) are carried out. Unusual identifications or 'no

identification' obtained with a kit could be verifled by

other methods or approaches, but referral to a reference

laboratory may be the best alternative. Other methods

might include trying a different kit (which will have

similar limitations), or using more expensive research

techniques such as molecular tests, or 165 rRNA

sequencing (Murray et al.2003).

Problem strains

Most strains of Enterobacteriaceae grow rapidly on
plating media and on media used for biochemical identi-

fication, but occasionally a slow-growing or fastidious

strain is encountered. Some strains grow poorly on
blood agar but much better on chocolate agar incubated
in a candle jar This characteristic suggests a possible

nutritional requirement or a mutation involving respira-

tion. There are slow-growing strains of E. coli, K. pneu-

moniae, and Serratia marcescens, and typical biochemical
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Tabfe51.5 Screeningtestsforgeneraandspeciesof Enterobacteriaceaeoftenisolatedfromhumanclinical specimenf

Organism (genus, species or serotype) Test or propertyD

Salmonella Lactose-, sucrose , H2S*, 01 phage*' '  MUCAP*'d agglut inates in
polyvalent serumb, typical colonies on media selective/dif ferential for
Salmonella (bri l l iant green agar, SS agar, Rambach agar, etc.),  lyzed
by the Sa/monel/a specif ic bacteriophage,'  often antibiot ic resistant

Salmonella typhi H25* (trace amount only), agglut inates in group D serum

Shigetla Nonmoti le, lysine , gas-, agglut inates in polyvalent serum, biochemical ly
tnactive, oiten antibiot ic resistant, molecular test: PhoE*d

Shigel la dysenteriae Agglut inates in group A serum, D-mannitol-

Shigelta dysenteriae O"l Catalase , agglut inates in 01 serum, Shiga toxin*

Shigelta f lexneri Agglut inates in group B serum, o-mannitol*

Shigelta boydi i  Agglut inates in group C serum, o-mannitol*

Shigel la sonnei Agglut inates in group D serum, o-mannitol*,  ornithine decarboxylase*,
lactose* (delayed), colony variat ion: smooth to rough

Escherichia col i  Extremely variable biochemical ly, indole*, MUG*, grows at 44.5'C,
sometimes antibiot ic resistant, PhoE* molecular testo

Escherichia col i  O157:H7 Colorless colonies on sorbitol-MacConkey agar, MUG , o-sorbitol
(or delayed), agglut inates in O157 serum, and H7 serum

Yersinia Grows on CIN agar, often more active biochemical ly at 25"C than 36'C
(moti le at 25"C, nonmoti le at 36'C), urea'

Yersinia enterocol i t ica, pathogenic serotypes CR.-MOX*, pyrazinamidase , sal icin-, escul in-, pathogenic serotypes

yersinia enterocotiticao3 (a pathosenic " ff't":t:::"r:""*H:l:',il1.i;i;]i;"t;1t;,i;:;,tj,'rTl'ii'ri3i,l!"
serotype) media

Yersinia enterocol i t ica, nonpathogenic CR-MOX , pyrazinamidase*, sal icin*, escul in*, do not agglut inate in typing

serotypes O sera: 3; 4,32;5,27;8; 9; 13a,13b; 18;20; or 21

Citrobacter Citrate*, lysine decarboxylase , often grows on CIN agar, strong

Harnia tr::;fi;;l,ir'rill,r,. bacteriophase', orten more active biochemicary
at  25 'C than 36 'C

Klebsielta Mucoid colonies, encapsulated cel ls, nonmoti le, lysine*, very active
riochemical ly, ferment most sugars, VP*, malonate*, resistant to
carben ic i l l i n  and amPic i l l i n

Enterobacter Variable biochemical ly, ci trate',  VP*, resistant to cephalothin

Serrat ia DNase*, gelat inase*, l ipase*, resistant to col ist in and cephalothin

Serratia marcescens r-arabinose

Serrat ia, other species r-arabinose*

Proteus-Providencia-Morganella Phenylalanine*, tyrosine hydrolysis*, often urea*, resistant to colistin

Proteus Swarms on blood agar, pungent odor, HzS*, gelat in' ,  l ipase-

Proteus mirabi l is Urea*, indole , ornithine*, maltose-

Proteusvulgaris Urea*, indole*, ornithine , maltose*

Providencia No swarming, H2S , ornithine , gelat in ,  l ipase

Morganella Very inactive biochemical ly, no swarming, ci trate-, H2S , ornithine*,

presiomonas shisertoides 
";:.11 

;lflll;'liil""*, ornithine*, myo-inositol*

a) This table gives only the general properties of the genera, species, and serogroups, so there will be exceptions See Table 51 1 in this chapter and

Chapters 52-57 for more details and more precise data The properties listed for a genus or group of genera generally apply for each of its species, and

the properties listed for a species generally apply for each of its serotypes
b) Biochemical test results are given as percentages in Table 51 1 The serological tests refer to slide agglutination n group or individual antisera (O1, 03,

etc ) for Sa/rnonella, Shigella, Yersinia, or Escherichta coli, respectively
c) These are two bacteriophage tests useful for identification
d) ClN, cefsulodin-irgasan-novobiocin agar (a plating med um selective lor Yersinia); CR-MOX, Congo red, magnesium oxalate agar (a differential medium

useful for dtstinguishing pathogenic from nonpathogenic strains of Yersinia): MUCAP, 4-methylumbelliferyl caprylate (a genus specific test for Saimonel/a);

MUG, 4-methylumbel l i fery l -B-o-glucuronidase;  ONPG, o-nl t rophenyl-p-o-galactopyranoside;  PhoE, a test  done by PCR that  is  sensi t ive and speci f ic  for  E

colilShigella (see text and Sprierings et al 1 993); VP, Voges-Proskauer

reactions of these strains usually require extended incu- antimicrobial agents. Li et al. (1974) described such

bation. Another type of problem organism is sometimes 
'pleiotropic' (having multiple phenotypic expression)

isolated from patients who are being treated with mutants of S. marcescens and Salmonella after exposure
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to gentamicin. These strains react atypically in many of
the standard biochemical tests and were difficult to iden-
tify. A different type of pleiotropic mutant induced by
chemical exposure was reported by Lannigan and
Hussian (1993). A Salmonella strain lost the ability to
produce hydrogen sulfide, reduce nitrate to nitrite, and
produce gas from glucose because of chlorate resistance
acquired after exposure to Dakin's solution (a solution
that contains chlorate and is found in hospitals). Some
atypical and slow-growing strains become more typical
and grow better when they are transferred several times.
Laboratories occasionally isolate strains that grow
rapidly but have a biochemical reaction profile that does
not fit any of the described species, biogroups, or enteric
groups of Enterobacteriaceae. At present, this type of
culture can only be reported as 'unidentified.' It may be
an atypical strain of one of the organisms listed in
Table 51.1 (p. 1319), or i t  may belong to a new species
that has not been described (Farmer et al. 1985; Warren
et al. 2000). Additional testing at a state, national, or
international reference laboratory can often answer this
question, and has in the past led to the discovery of new
causes of human infections (Brenner and Farmer 2005;
Farmer et al.  1985).

ldentif ication and differentiation - a
trjstollg! perspective

The tests listed in Tables 51.1 and 51.5 were developed
over a period of over 100 years, a fact that the current
generation of laboratory scientists does not seem to
appreciate.

It was recognized early that the fermentation of sugars
provided a useful means of distinguishing certain patho-
genic enterobacteria from the coliform bacteria. Theo-
bald Smith, for instance, observed that E. coli fermented
lactose, whereas Salmonella serotype Typhi did not
(Smith 1890); and the production of acid and gas from
glucose by E. coli, but of acid only by Salmonella sero-
type Typhi, was pointed out by Chantemesse and Widal
in 1891. Shigellae were also distinguished from the coli-
form bacteria and divided into a few broad groups by
similar methods (see Chapter 53, Shigella). For many
years, rnterest was concentrated on the serological iden-
tification of Salmonella and Shigella, and the biochem-
ical classification of the remaining enterobacterra was
left mainly in the hands of the water bacteriologists, who
had a profound influence on it between 1900 and 1950.

In his original description of the coliform bacteria,
Escherich (1885) noted the occurrence of two types: one,
'Bacterium coli,' formed fairly large rods, was motile,
and clotted milk slowly; the other, 'Bacterium lactis
aerogenes,' formed shorter, plumper rods, was nonmo-
tile, and clotted milk more actively. In the next few
years, the introduction of suitable indicators of acidity
(Wurtz 1892) and of means of detecting gas production
(Smith 1890; Durham 1898) added to the ease with

which fermentation tests could be carried out. Various
elaborate classifications of the coliform bacterra were
made according to the range of their ability to attack
sugars, but none of these proved satisfactory (Bergey

and Deehan 1908; MacConkey 1905, 1909; Jackson
r91r).

An important correlation between biochemical
activity and natural habitat was observed at about this
time; it was found that '8. lactis aerogenes' (later called
'Bacterium aerogenes') was an infrequent inhabitant of
the intestine, but was often found on vegetation and in
the soil, whereas '8. coli' was a constant intestinal para-
site (Winslow and Walker 1907). This was of practical as
well as theoretical importance, and the presence or
absence of 'B. coli' in water supplies came to be
regarded as a valuable indication of fecal pollution. The
ability to distinguish between those that were of intest-
inal origin and those that might occur in unpolluted
waters was aided by the discovery that there were differ-
ences between the results of fermentation of one and the
same sugar by different coliform bacteria. Thus, there
were differences in the amount of gas produced from
glucose and the ratio of CO2 to H2 in the gas (Smith

1895; Harden and Walpole 1906), in whether or not
acetylmethylcarbinol was produced, and in the final pH
(see Chapter 3, Bacterial growth and metabolism).
Levine (1916a, b) established that there was a high nega-
tive correlation between the results of the VP test for
acetylmethylcarbinol and the MR test for final acidity in
glucose-containing media. In a series of intensive
studies, he placed on a flrm foundation the conclusion
that the lactose-fermenting coliform bacteria could be
divided into two primary divisions; the first comprised
strains that produced a moderate amount of gas with a
CO2:H2 ratio of about 1:1, were VP and MR*, included
most of the strains isolated from the feces of humans
and animals, and corresponded to '8. coli'; the second
comprised strains that produced a gteatet amount of gas
with a CO2:H2 ratio of about 2:1, were VP" and MR
and were often found on plants and in unpolluted water.
These could be further subdivided into '-8. aerogenes'
which did not liquefy gelatin and'Bacterium cloacae'
which did.

Later, Brown (1921) drew attention to the usefulness
of a medium containing citrate for distinguishing 'B

aerogenes' from '-8. coli,' and Koser (1923, 1924, 1926)
devised a synthetic medium in which citrate was the sole
source of carbon. He was able to subdivide coliform
bacteria into an MR*, VP-, citrate 'coli type,' an
MR , VP*, citratet aerogenes type, and an MR*, VP ,
citrate* 'intermediate type'; only the flrst of these was
commonly of fecal origin.

Considerable help was also afforded by the test intro-
duced in 7904 by Eijkman who found that 'coli' but not
'aerogenes' strains were able to form gas in a glucose

broth medium incubated at 46C. After a chequered
career, this test was improved and standardized (Levine
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et al. 1,934; Wilson et al. 1935) by the institution of accu-

rate temperature control at 44'C and the replacement of

glucose broth by MacConkey's lactose bile salt broth. It

was then shown to be a highly speciflc test for fecal coli-

form bacteria in the natural waters of many countries.

However, as shown by Raghavachari and Iyer (1939a)

and by Boizot (1941), organisms that were MR , VP*,

citrate*, but produced gas from lactose at 44oC were

common in the surface waters in some tropical coun-

tries. These organisms, referred to by British water

bacteriologists as 'Irregular VI', can be distinguished

from fecal coliform bacteria by their inability to form

indole at 44'C (Mackenzie et al. 1948). These tests, with

the addition of indole production and gelatin liquefac-

tion, for many years formed the basis of the classifica-

tion of coliform bacteria used by British water bacteriol-

ogists. In addition to their usefulness in practice, they

had the advantage of conforming in broad outline with

the biochemical classification of the Enterobacteriaceae

as a whole that gained general acceptance in the 1950s

(Enterobacteriaceae Subcommittee Report 1.954a, b,

Kauffmann 1956c,1959; Kauffmann et al. 1956).

For the detailed biochemical classification of the

Enterobacteriaceae, however, many additional tests are

required. The fermentation of sugars is of little value for

the establishment of broad groupings, but action on indi-

vidual substrates is often useful to distinguish between

closely related groups. For example, the production of

acid, with or without gas, from adonitol, cellobiose,

glycerol, inositol, and starch is useful in making subdivi-

sions within Klebsiella and Enterobacter (Kavffmann

1956a, b). In several genera, lactose fermentation is late

or irregular. The introduction of the o-nitrophenyl-B-o-

galactopyranoside (ONPG) test for B-galactosidase
(Chapter 3, Bacterial growth and metabolism), which

quickly reveals potential ability to attack this sugar, has

added uniformity to the characters of Citrobacter and

some biochemical varieties of Enterobacter, Klebsiella,

and Shigella (Biilow 1964; Lapage and Jayaraman 1964).

Other useful tests, also described in Chapter 3, include

those for the utilization of various organic acids as sole

carbon sources or their fermentation in peptone media,

for the oxidation of gluconate, the decarboxylation or

deamination of amino acids and for the hydrolysis of

hippurate. It must be pointed out that virtually all

members of the Enterobacteriaceae produce some

hydrogen sulfide under optimal conditions, and that the

term 'H2S production' is used in this group to indicate

the ability to produce blackening in triple sugar iron

agar, in Kligler's medium or in ferrous chloride gelatin.

The test for urea hydrolysis was originally introduced for

the recognition of Proteus, but many other members of

the Enterobacteriaceae give positive reactions that are

of value in classiflcation when a suitable medium is used

(see Chapter 3, Bacterial growth and metabolism).

Tetrathionate reductase is produced by nearly all strains

of Citrobacter, Proteus, Salmonella, and Serratia and by

a few strains of Enterobacter, E. coli, and Klebsiella,but

is not produced by strains of Edwardsiella and Shigella

(Le Minor 1967).

In general, the Enterobacteriaceae produce few

exoenzfmes. Rapid liquefaction of gelatin (in 1-2 days)

occurs only in some Proteus strains and in Serratia,

slower liquefaction (in 3-7 days) in salmonellae of

subgroups II, IIIa, IIIb, and IV, and very slow liquefac-

tion (in 15-30 days or more) in Enterobader spp. and

Klebsiella oxytoca. Deoxyribonuclease production and

lipolysis are confined to Serratia and some Proteus

strains (Davis and Ewing 1964; Martin and Ewing 1967),

whereas strains of Cedecea are also lipolytic. According

to Mulczyk and Szewczuk (1970), nearly all Citrobacter,

Enterobacter. Klebsiella, and Serratia strains, but no

other enterobacteria, produce pyrrolidonyl peptidase.

For further information about the biochemical char-

acters of enterobacteria, see Kauffmann (1969), Lapage

et al. (1979), Farmer et al. (1985), and Ewing (1986).

Table 51.1 (p. 1319) summarizes the usual behavior in

some commonly used biochemical tests of the Enter-

obacteriaceae that are of clinical interest. Details of the

biochemical characters that differentiate between the

species within these genera are given in the following

chapters. In some genera, exceptions occur so frequently

that it is difficult to adequately describe the biochemical

reactions in a single table. In other genera there are

distinct differences between different species, subspecies

or biochemical varieties (biotypes or 'biovars').

Molecular methods for identif ication

Molecular methods have proved useful for identiflcation

to the level of family, genus, species, serotype, clone,

and strain and for differentiating pathogenic from

nonpathogenic strains (see Chapter 6, Molecular basis of

bacterial adaptation to a pathogenic lifestyle). For

example, a polymerase chain reaction (PCR) test for the

phoE gene appears to be a sensitive and specific test for

determining if a strain belongs to the Escherichia-

Shigella group (Sprierings et aI. 1993). However, few if

any of these molecular methods are commercially avail-

able. In the USA. commercial tests must also be

approved by the Food and Drug Administration if they

are used on human clinical specimens. Each county will

probably have its own regulatory requirements. These

problems have greatly restricted the use of molecular

methods in clinical microbiology laboratories. However,

they have proved extremely useful in a research setting.

Commercial products

A wide variety of commercial products and reagents are

available for the Enterobacteriaceae, but availability is

constantly changing. The best approach is to go to

suppliers' internet sites to check availability, technical
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information, and price. Some of the main companies and
names useful in internet searches include: Difco, BBL,
Becton Dickinson, BD Biologicals, Oxoid Inc., Denka
Seiken, Eiken, Institut Pasteur Production, SA Scientific,
Murex Biotec Ltd, Prolab Diagnostics, Remel, and
Meridian Diagnostics Inc.

The US Food and Drug Administration's B/M
Manual (www.fda.gov) lists many additional resources
that are useful.

TYPING METHODS

Traditional (conventional) typing methods include sero-
typing, biotyping, antibiotic resistance patterns (anti-
biograms), bacteriophage (phage) typing, bacteriocin
production and sensitivity, outer membrane protein
(OMP) pattern typing, and plasmid profile analysis.
Serotyping is still one of the most useful techniques
because of its stability and application at the interna-
tional level. For example, a culture of E. coli Ol57
would be typed as 0157 by most laboratories in the
world that are using adequate sera. With other typing
methods it is extremely difficult to assign the same type
name when different laboratories are doing the typing.

In recent years, molecular typing methods have
replaced many of the traditional methods. A wide
variety of these methods are described in the following
chapters. Their main advantages include intralaboratory
reproducibility and the application of the same method
to many different organisms. Other advantages include
their excellent discriminatory power, speed, and use of
commercial equipment and reagents. A spectacular
success has been the use of pulsed field gel electrophor-
esis (PFGE) patterns in the epidemiological analysis of
the enteric pathogens. A molecular subtyping network
named PulseNet (www.cdc.gov/pulsenet) is allowing
pathogen tracking at the national and international level
for E. coli ru-157, Salmonella, and other organisms. The
fbllowing six chapters (Chapters 52-57) also discuss
typing methods and their applications.

ANTI BIOTIC SENSITIVITY AN D
RESISTANCE

When antibiotics were first introduced, there was only
slight resistance among the species of Enterobacter-
iaceae. Today, antibiotic resistance is much more
common among strains isolated from humans and
animals (Bradford 2001; Mammeri et al. 2001; Palucha
et al. 1999). Antibiotic resistance patterns vary
depending on the organism and its origin.

There are two basic types of resistance. Intrinsic resis-
tance is a genetic property of most strains of a specres
and evolved long before the clinical use of antibiotics.
For example, essentially all strains of Seruatia marces-
cens have intrinsic resistance to penicillin G, colistin,
and cephalothin. Table 51.6 (p. 1352) lists some of the

common species of Enterobacteriaceae and their
intrinsic resistance patterns. The second type of anti-
biotic resistance is acquired resistance. Bacteria become
resistant when they are exposed to the evolutionary
selective pressure of antibiotics (or other agents that
result in crossresistance). A second mechanisms for
acquired resistance is through horizontal transfer of
resistant genes which is usually through plasmid acquisi-
tion (see Chapter 4, Bacterial genetics and Chapter 17,
Microbial susceptibility and resistance to chemical and
physical agents which discuss antibiotics and antibiotic
resistance).

Antibiotic susceptibility testing is usually carried
out on isolates in clinical laboratories, and provides an
'antibiogram' that is useful for determining clinical

Tabfe 51.6 lntrinsic antimicrobial resistance in some common
E ̂ +^r^A- -+^ . ;  ^ -^^^

ceoha lo th in
Citrobacteramalonaticus Amoici l l in
Citrobacter freundii Cephalothin
Citrobacter diversus Cephalothin, carbenici l l in

(C. koseri)

Edwardsiella tarda Colistin
Enterobacter cloacae Cephalothin
Enterobacter aerogenes Cephalothin
Manyother Enterobacter Cephalothin

spectes

Genus/species

Suttiauxel/a species
Cedecea species

Escherichia hermannii
Ewingella americana
Hafnia alvei

Morganella morganii

Providencia rettgeri

Other Prov i d enclau species
Serratia marcescensb

Other Serratia species
'Serratia fonticola'

Most strains are resistant to

Ceoha lo th in
Po lymyx ins ,  ampic i l l i n ,

Ampic i l l i n ,  carben ic i l l i n
Cepha lo th in
Cepha lo th in

n i trofurantoin, tetracycl i  ne
Po lymyx ins ,  ampic i l l i n ,

cephalothin
Polymyxins, cephaloth i  n,

n i trof urantoin, tetracycl i  ne
Polymyxins, nitrof urantoi n
Polymyxins, cepha lothin,

nitrof urantoin

Polymyxi nsc, cephaloth i  n
Ampic i l l i n ,  carben ic i l l i n ,

cephalothin

Klebsiel la pneumoniae Ampici l l in, carbenici l l in
Kluyvera ascorbata Ampicillin
Kluyvera cryocrescens Ampicillin
Proteus mirabilis Polymyxins, tetracycline,

n i trof urantoin
Proteus vulgaris Polymyxins, ampici l l in,

a) Most strains oI Providencia stuartii are also resistant to cephalothin and
tetracyclrne
b) Serratia marcescens can also be resistant to ampicillin, carbenicillin,
streptomycin, and tetracycline
c) Most Serratia species are resistance to polymyxins, but some strains
have unusual  zones of  inhib i t ion,  10 12 mm or larger even though they
are resistant when tested by other methods
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Tabf e 51.7 Synonyms of some Enterobacteriaceae names and terms

Synonym

Arizona hinshawii

Ca lym matobacte ri u m g ra n u I omati s

Citrobacter a malon ati cus biogroup 1

Citrobacter intermedius biotype a

Citrobacter intermedius biotype b

Citrobacter koseri

Citrobacter species 9

Citrobacter species 1 0
Citrobacter soecies 1 1

Donova n i a g ra nu lomati s

Edwardsiella Hawke's Grouo GA 7752

Edwa rdsiel I a a ngu i I I i mo rtife ra

Enteric Grouo 1

Enteric Group 8

Enteric Grouo 9

Enteric Grouo 10

Enter ic  Grouo 11

Enter ic  Group 15
Enter ic  Group 17

Enter ic  Grouo 19

Enteric Grouo 40

Enter ic  Grouo 41

Enteric Group 45

Enteric Group 46

Enteric Grouo 47

Enteric Grouo 57

Enteric Group 59
Enteric Group 63

Enteric Grouo 64

Enteric Grouo 75

Enterobacter agglomerans DNA 3

Enterobacter agglomerans DNA 6

Enterobacter agglomerans DNA 13

E ntero bacter tayl oreae
Erwinia cancerogena
Erwinia dissolvens

E rwi n i a n i m i pressu ra I is

Esche ri ch ia adeca rboxyl ata

Hawke's group G47752

Klebsiella aerogenes

Klebsiella edwardsi
Klebsiella edwardsi var. edwardsi

Klebsiella edwardsi var. atlantae
Klebsiella mobilis

Kl ebsi e I I a pneu mo n ia e subsp. pneumonrae

Klebsi el I  a pneu mon i ae subsp. ozaenae

Kl ebsiel I a p neu mo niae subsp. rhinosc leromatis

Kluyvera species 3

Kluyvera cochleae
Koserella trabulsei

Levinea amalonatica

Levinea malonatica

0157 ('zero' 157)
Pa racolobactrum a ngu i I I i mortiferu m

Name used in this chapter

Salmonella subgroups l l la and l l lb

Kl ebsiel la g ra nu lo matis

Citrobacter farmeri

Ci tro b a cte r a m a I o n ati cu s

Citrobacter diversus

Citrobacter diversus

Citrobacter rodentium

Citrobacter gillenii

Citrobacter murlinae

Kl ebsiel I a g ra n u lo matis

Edwardsiella ictaluri

Edwardsiella tarda

Escherichia vulneris

Kluyvera
E nterobacter sa kaza ki i

Escherichi a ferg uson i i

Escherichia hermannii

Cedecea

Enterobacter asburiae .

Enterobacter taylorae

Ewingella americana

Leclerci a adecarboxylata

Koserella trabulsii

M oel Ierel la wi sconsensis

Klebsiel la Group 47

Leminorella

Buttiauxella noackiae

Buttiauxel I a ferraguti ae

Buttiauxella gaviniae

E nte ro ba cte r h o r m ae ch e i

Pantoea dispersa

Pantoea ananas

Pantoea agglomerans

E nte ro ba cte r ca n ce rog e n u s

E nte ro ba cte r ca n ce rog e n u s

E nte ro b a cter d i sso lve n s

E nte ro bacte r n i m i p ressu ra I i s

Leclercia adeca rboxyl ata

Edwardsiella ictaluri

Klebsiel la pneumoniae

Klebsiella pneumoniae

Klebsiella pneumoniae

Klebsiella pneumoniae

E nte ro bacter aerogenes

Klebsiella pneumoniae

Klebsiella ozaenae

Kl ebsiel Ia rhi noscl eromati s

Kluyvera georgiana

E nterobacter i ntermed i u m

Yokenel Ia reg ensbu rge i

Citrobacter a ma I on aticus

Citrobacter diversus

Ol57 ( ' cap i ta l  oh '157)

Edwardsiella tarda

(Continued over)
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Tabfe 51.7 Synonyms of some Enterobacteriaceae names and terms (Continued)

Synonym
pna9ovar

Photorhabdus luminescens DNA hybridization group 5
Providencia alcalifaciens biogroup 3
Provi d enci a f riederici a na
Proteus inconstans A

Proteus inconstans B
Proteus morganii
Proteus rettgeri
Salmonella serotype (or serovar) Typhi
Salmonella cloleraesuis subspecies choleraesuis Serotype (or serovar) Typhi
Sa I mo nel I a enteriti d is
Salmonell cloleraesuis subspecies choleraesuis serotype Enteritidis
Salmonell cloleraesuis subspecies bongori
serovar

Sh iga- l i ke  tox in
Shigella serogroup A
Shigella serogroup B
Shigella serogroup C
Shigella serogroup D
Xe n orha bd us I u m i nescens
Xenorhabdus luminescens DNA hybridization group 5
Vero toxin
Ye rs i n i a pse u d otu be rculosis su bspeci es pestrs
Yersinia biogroup X2
Yersinia biogroup 34
Yersinia biogroup 3B

Name used in this chapter
phage type
Photorha bd us asym b i oti ca
Provi de nci a rustig i a n i i
Provi dencia rustig i a n i i
Providencia alcalifaciens and Providencia

stuartii
Providencia stuartii
Morganella morganii
Providencia rettgeri

Salmonella typhi
Salmonella typhi
Sa I mo ne I I a serotype Enteritid is
Sa I mone I I a serotype E nteriti d is
Salmonella bongori
serorype

Sh iga  tox in

Shigella dysenteriae

Shigella flexneri
Shigella boydii
Shigella sonnei
Photorhabdus

Photorha bdus asymbi oti ca
Shiga toxin

Yersinia pestis

Yersinia aldovae
Yersinia mollaretii
Yersinia bercovieri

susceptibility to the antibiotics tested. Two other uses of
antibiograms are the comparison of isolates in epidemio-
logic studies and as an aid to identification.

The antibioqram as a marker in
epidemiolo!ical studies

When the selective ecological pressures of antibiotics are
changed, the resistance patterns of epidemic and
endemic strains in an institution or geographical area
may also change. These changes have been documented
in institutional outbreaks that have lasted for several
months or longer. Even though it has some limitations in
stability, the antibiogram is probably the most useful
and practical laboratory marker for comparing strains. It
can be extremely helpful in recognizing and analyzing
infection problems.

Use of the antibiogram for
identif ication

The antibiogram of a culture can be compared with
those of known isolates (Table 51.6, p. 1352) to provide
a different approach to identification. Sometimes, the
antibiogram and laboratory's identification are incompa-

tible; for example a culture of Klebsiella that is suscep-
tible to ampicillin and carbenicillin, or a culture of
Enterobacter that is susceptible to cephalothin. In these
instances, the culture should be checked for purity, and
both the identification and the antibiosram mav need to
be repeated.

LITERATURE AND THE INTERNET

The literature on Enterobacteriaceae is volumrnous;
this is an understatement! Two free internet search
mechanisms are highly recommended: PubMed
(www.ncbi.nlm.nih. gov/entre zl qttery .fcgl) for published
articles and Google (www.google.com) for internet cita-
tions. Some search topics yield thousands of hits; others
yield only a few. For example, a recent PubMed search
yielded 218 605 hits for Enterobacteriaceae, 196 000 for
Escherichia coli, I 006 for Citrobacter freundii, one for
Photorhabdus asymbiotica and one for Enteric Group
137. The number of hits for these five subjects on
Google was 231 000,254 000, 4 560, 33, and 10, respec-
tively.

In doing searches it is important to include synonyms
and alternative names (Table 51.7, p. 1353) for genera,
species, serotypes, and scientific terms. On a recent
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PubMed search, Citrobacter koseri gave 44 citations, but
Citrobacter diversus gave 203. Table 51.7 lists some of
the more common and important synonyms to use in
searches. Euzyby's internet site gives synonyms for most
of the genera and species of Enterobacteriaceae. For
example, in searching for the 'Shiga-vero' class of toxins
produced by E. coli 0157, all these terms should be
tried: 'Shiga-like toxin', 'Shiga toxin', and 'vero toxin'
(searches are not case sensitive; 'Shiga' gives the same
hits as 'shiga').

It is important to consider subtle differences and
common errors. O antigens are written with a 'capital O'
as in 0157 ('oh' 157). However, a common error is to
write this as 0157 ('zero' 1,57). A Google search for the
error '0157' yielded a surprising 22 500 hits compared to
41 600 hits for the correct 'f..t-1,57'.
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GENUS AND SPECIES DEFINIT ION

Members of this genus are oxidase-negative, gram-nega-

tive, rod-shaped bacteria, usually motile by peritrichous

flagella and do not produce spores. They are faculta-
tively anaerobic; gas is usually produced from fermen-
table carbohydrates. They are methyl red-positive and
Voges-Proskauer-negative. Many strains produce poly-
saccharide capsules or microcapsules.

The type species is Escherichia coli. Most strains of
this species promptly ferment lactose or give a positive

o-nitrophenyl-B-o-galactopyranoside (ONPG) reaction.
They produce indole, fail to hydrolyze urea or to
grow in Mpller's KCN broth. H2S production is not
detectable on triple sugar iron (TSI) agar or Kligler's
iron agar (KIA), phenylalanine is not deaminated, gelatin

is not liquefied, and gluconate is not oxidized. Most
strains decarboxylate lysine and utilize sodium acetate,
but they do not grow on Simmons' citrate agar.
Other species included in the genus Escherichia are
Escherichia blattae (Bvgess et al. 1973), Escherichia

fergusonii (Farmer et al. 198-5), Escherichia hermannii
(Brenner et al. 1982a), and Escherichia vuLneris
(Brenner et al.  1982b) (see Table 52.1). A sixth species
Escherichia albertii (associated with cases of diarrhea in
Bangladeshi children) has recently been proposed (Huys

et al.  2003).
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INTRODUCTION AND BRIEF HISTORICAL
PERSPECTIVE

E. coli was first identifled by the German pediatrician

Theodore Escherich during his studies of the intestinal

flora of infants. He described the organism in 1885

as Bacterium coli commune (Escherich 1885) and

established its pathogenic properties in extraintestinal

infections (E,scherich 1894). The name Bacterium coli

was widely used until 1919, when Castellani and

Chalmers defined the genus Escherichia and estab-

lished the type species E coli (Castellani and Chalmers

1  9 1 9 ) .

E coli is an organism that has been intensively

studied under various aspects. In general bacteriology, it

has been used as a model organism for studies of cell

structure, growth, and metabolism. Later, it became an

important vehicle for the cloning of genes from prokar-

yotic and eukaryotic cells, and for the expression of gene

products. E coli is used as a control organism for the

testing of the efficacy of antimicrobial agents and disin-

fectants, and is considered an indicator organism of fecal

contamination in food, water, and the environment. It

plays an important role as part of the intestinal micro-

bial ecosystem in humans and warm-blooded animals.

Last but not least, some strains are important pathogens

for these hosts.
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Table 52.1 Escherichia differentiation of specles

E. coli

Test or property

Moti l i ty

lndole production

Lysine decarboxylase

Ornithine decarboxylase
Acetate ut i l izat ion
Growth in KCN

Yel low p igment

Gas produced during
fermentation

Fermentation of:

adonitol

o-arabitol
ce l lob iose

lactose

D-mann i to l
mucate

o-sorbitol

sucrose

Normal

+

+

Inactive E. fergusonii

+

+

+

E. hermannii

f

+

+

+

+

+

E. vulneris E, blattae

f -

V +
- +

V _

+ +

+ -

+ -
V V

E. albertii

+

+

+

J

++

+

+
+

+

Normal, typical biochemical reactlons; inactive, reactions previously associated wilh 'Escherichia drspar'; KCN-, failure to grow in presence of potassium

cyanrde

HABITAT humans. The atypical Escherichia species E. blattae is

found only as part of the intestinal flora of cockroaches.

MORPHOLOGY
E. coli is a component of the normal intestinal flora of

both humans and warm-blooded animals (mammals and

birds). The organism is excreted with the feces and may

survive in the environment. However, it appears that

there is no independent existence outside the body.

Accordingly, E. coli is considered an indicator organism

for fecal contamination and is an important parameter in

food and water hygiene. In organs outside the intestinal

tract, E. coli may cause a variety of diseases, but the

responsible strains as well as strains causing enteritis in

humans and mammals, are characterized by the presence

of specific virulence factors. Infections with such strains

develop either by the endogenous route (e.g. urinary

tract or gall bladder infections, septicemia), or they are

spread in the hospital via contaminated equipment and
by the hands of the nursing staff (urinary and respiratory

tract infections, wound infections, septicemia, menin-
gitis). The natural reservoirs of enterovirulent strains are

the intestines of humans, enteropathogenic (EPEC),

enterotoxigenic (ETEC), enteroinvasive (EIEC), enter-

oaggregative (EAggEC) or domestic animals (ETEC)

and Vero cytotoxin-producing (VTE,C). The organisms

are transmitted by direct contact or via contaminated
food and water.

E. fergusonii, E. hermannii, and E vulnerls have been

isolated from clinical specimens and from the intestinal

contents of humans and warm-blooded animals. They

are considered to be opportunistic pathogens and have

occasionallv been associated with wound infections in

Escherichia form rod-shaped cells of between 2.0 and

6.0 pm in length and 1.1 and 1.5 pm in width with

rounded ends (@rskov 1984). The shape may vary from

coccoid to long fllamentous rods. In some strains one of

these forms may prevail, but others may show a wide

diversity (Gross and Holmes 1990). By the usual staining

methods the cells appear homogeneous without gran-

ules; spores are not formed.

Escherichia strains, with the exception of the 'inactive'

biovar of E. coli, are usually motile by a set of peri-

trichous flagella. These proteinaceous structures form

long, slender appendages of 19-24 nm diameter which

extend about 15-20 pm from the cell surface (Lawn et al

1977; Silverman and Simon 1977). As shown by Lawn

et al. (1977), all H antigens of E. coli have a morphologi-

cally distinct surface pattern that is identical within each

strain and among H antigens associated with different O

groups. The different morphological types could be

grouped into six structurally related morphotypes.

Capsules or microcapsules made of acidic poly-

saccharides are common tn E. coli. They may vary in

their size and thus may be detected by light microscopy

or, as microcapsules, only by serological or chemical

techniques (@rskov and Orskov 1984). Mucoid strains

sometimes produce extracellular slime which is either a

polysaccharide of certain K antigen specificities, or a
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common acid polysaccharide formed in many E. coli
strains, as well as other Enterobacteriaceae. The latter is
described as M antigen and composed of colanic acid
(Orskov and Orskov 1984).

E. coli produce different kinds of fimbriae (or pili)
that vary in structure and antigenic specificity. These
are filamentous, proteinaceous, hair-like appendages
surrounding the cell in varying numbers. If present in
large numbers they may influence the physicochemical
properties of the organisms and render the strains O-
inagglutinable. Fimbriae are either chromosomally or
plasmid-encoded, and more than one type of fimbriae
may be carried by one individual cell (Orskov and
Orskov 1984). Within a fimbriate strain, there are indivi-
dual cells with many fimbriae and others with none and
there is reversible variation between the fimbriate and
nonfimbriate phase (Gross and Holmes 1990). Fimbriae
are hydrophobic and exert host- or organ-specific adhe-
sion properties.

METABOLISM, CULTURAL
CHARACTERISTICS, AND GROWTH
REQUIREMENTS

Escherichia are facultatively anaerobic organisms. They
are chemo-organotrophic, having both a respiratory and
a fermentative type of metabolism, but growth is less
plentiful under anaerobic conditions. The optimal growth
temperature is 37'C at which they grow well on ordinary
media containing 1 percent peptone as carbon and
nitrogen source (Holt and Krieg 1994). According to the
state of the lipopolysaccharide of the outer membrane,
the growth on solid media is characterized by glistening,
smooth (S), or dry, wrinkled, rough (R) colonies, respec-
tively. In liquid media, S forms show homogeneous turbid
growth within 12-18 h, whereas R forms agglutinate
spontaneously, forming a sediment on the bottom of the
test tubes (Orskov 1984). Pellicle formation on the
surface of liquid media can be seen in heavily fimbriate
strains after prolonged incubation (>72 h) at 37"C, or can
be induced by serial subcultures under these conditions.

E. coli exerts pronounced metabolic activity between
15 and 45'C (Holmes and Gross 1990); under optimal
conditions the generation time is 20 min. Exotoxins,
such as enterotoxins and hemolysins, are best produced
at about 3J"C, are translocated into the periplasmic
space and therefore may be liberated in higher amounts
by exposure to 2 000 IU/ml of polymyxin B for 30 min
(Bockemiihl 1992). In contrast to most other coliform
bacteria, E. coli ferments lactose and produces indole at
44'C. This combination has been used for identification
in food and water bacteriology. After 1.8-24 h of incuba-
tion at 37"C, E. coll forms large (2-3 mm), circular,
convex, and nonpigmented colonies on nutrient and
blood agar; hemolysin is produced by a number of
strains. E. coli strains are resistant to low concentrations
of bile salts (e.g. 0.05 percent sodium deoxycholate) and

grow as large red colonies on MacConkey a5ar. E. coli is
more heat resistant than most other species of Enter-
obacteriaceae and survives at 60'C for 15 min or at 55'C
for 60 min (Holmes and Gross 1990).

Escherichia strains can be maintained for years in
tightly closed nutrient agar stabs or, better, on Dorset
egg medium kept in the dark at room temperature.
However, even without further subcultures such strains
tend to mutate to the 'rough' form and to lose virulence
plasmids. Important cultures should be preserved in
tryptic soy broth containing )10 percent glycerol at
-70C, in liquid nitrogen or as lyophilized cultures
(@rskov 1984; Rowe and Gross L984).

IMPORTANT GENETIC MECHANISMS

For decades E. coli has been used as a model organism

to study bacterial genetics for various reasons: no special

nutritional or growth requirements, rapid proliferation

with doubling times as short as 20 min, easy availability
and nonpathogenicity.

Consequently, a variety of very basic genetic mechan-

isms has been discovered or have at least been exten-

sively studied in this organism. These include our basic
understanding of DNA replication, transcription, and
translation processes; DNA restriction and modification

systems where modification by methylases protects the

cell's own genome from being restricted; F factor as a
conjugational donor of chromosomal markers at high
frequency (Hfr strains); recombination; DNA repair

mechanisms; organization and expression of sets of genes

that determine the metabolism of various compounds,

e.g. the lactose operon. It is, therefore, not surprising that
the genome of E. coli K12 was the one that was first

analyzed. It consists of a single circular DNA molecule of

about 4.6 x 10o base pairs with a molecular weight

of 4 x 10' and a total length of about 1 4 mm. Many of

the genes have been mapped and this knowledge has
increased recently with the publication of the sequence of
the entire genome of two strains of E. coli 0157 which
has a significantly larger genome of approximately

5.5 x 106 base pairs, (Perna et al. 200I; Hayashi et al.

2001). In addition, E. coli has been widely used as a

cloning vehicle. It is beyond the scope of this chapter to
go into detail regarding genetic mechanisms. The reader
is referred to an excellent collection of reviews which

cover most aspects of the cellular and molecular biology

of this organism (Neidhart et al. 1996).

CELL WALL COMPOSITION AND
ANTIGENIC STRUCTURE

Cell wall structure

First attempts to characterize the nature of the E. coli
cell surface structures were made bv Kauffmann in the
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1940s using serological methods (Kauffmann 1,943,
1944). During his investigations, he observed that anti-
sera prepared from boiled cultures (O antisera) did not
agglutinate many freshly isolated strains, but these
cultures became agglutinable after heating at different
temperatures. Kauffmann distinguished several surface
antigens with different physical and serological proper-

ties and named them A, L, and B antigens (Kauffmann

196s).
The elucidation of the chemical structure of the gram-

negative cell wall and its outer layers (Liideritz et al.
1966; Liideritz et al. 1973; Jann and Westphal 1975:

Orskov et al.1977; Jann and Jann 1987; Rietschel et al.
1987) not only explained the serological differences and
cross-reactions between antigens, but also recognized
the pathophysiological importance of certain compounds
now known as endotoxins.

As shown in Figure 52.1., the outer layers of E. coli
consist of the outer membrane with phospholipids, lipid
A and proteins, from which protrude the polysaccharide
(LPS) chains, overlayed by capsular polysaccharides
(CP) (Jann and Jann 1987). Both LPS and CP are the
chemical basis of O and K antigens, respectively, and
contribute to the pathogenicity of the organisms.

As reviewed by Jann and Jann (1987, 1992), LPS and
CP are synthesized at the cytoplasmatic site of the cyto-
plasmic membrane of the bacteria from where they are
transported to the outer membrane. Whereas CP are
further secreted to form the bacterial capsule, LPS
reside and are integrated into the cell wall through
hydrophobic interaction. They consist of lipid A as the
hydrophobic moiety linked to the O-specific poly-

Saccharides through an oligosaccharide linkage region,
called core region (Figure 52.1,).

Lipid A, of which only one chemical structure is
known in E. coli (Jann and Jann 1987), mediates as
endotoxin many different in vivo activities including
pyrogenicity, local Shwartzman reactivity, lethal toxicity
in mice, adiuvant activity, induction of interferon and

Figure 52.1 Cell wall structure of Escherichia coli (modified from
Jann and Jann 1987).

tumor necrosis factor. In humans, these biological prop-

erties contribute to a variety of pathophysiological

effects, such as fever, hypotension, disseminated intra-

vascular coagulation, and septic shock (Rietschel et al.

1987).

Five different core structures have been identifled in

E. coli (Jann and Jann 1987) and 174 serological specifi-

cities of the polysaccharide chains have been defined.

Loss of the O-specific polysaccharide moiety results in a

mutation from smooth (S) to the rough (R) form of the

bacteria; R mutants express R-LPS which consists only

of lipid A and the core oligosaccharide. The poly-

saccharide chains consist of oligosaccharide repeating

units that generally are neutral, but may also have acidic

components in E. coli (Jann and Jann 1987).

The capsular (K) antigens of E. coli are acidic poly-

saccharides that, in view of their chemical, physical, and

microbiological characteristics, have been divided into

two groups. Group I CPs are of a high molecular weight

(>100 000), are related to the Klebsiella capsular anti-

gens and are coexpressed with O groups 8, 9, 20, and

101 of E coli. They are stable at pH 6 and when heated

to 100"C, correspond to the capsular antigen type A of

Kauffmann (1965). Group II capsular antigens are of

lower molecular weight (<50 000), are related to the K

antigens in Neisseria meningitidis and Haemophilus

influenzae, and are coexpressed with many E. coli O

groups. They are heat-labile (B- and L-type capsular

antigens, Kauffmann 1965) and do not resist pH 6. The

chemical identity or relatedness between certain K anti-

gens is associated with similar pathogenic traits. Thus, E.

coli Kl antigen is identical to the K antigen of N. menin-

gitidis type b, and both are related to the capsules of 1L

influenlae types a and b, all of which are characterized

by an invasive capacity of the respective strains. In these

organisms the capsules are responsible for both evasion

of the unspecific host defense through interruption of

the complement cascade and evasion of immune recog-

nition due to molecular mimicry of substances found in

the host's tissues. For more details on this fascinating

topic, the reader is referred to the reviews of Jann and

Jann (1987. 1992).

Antigenicstructure of E. coli

Complete serotyping of E. coli includes the determina-

tion of the O, K, and H antigens, i.e. O:K:H, and if an

additional fimbrial virulence factor is present, it is

O:K:H:F. Examples given by Orskov and @rskov (1984)

are O6:K2:H1:F7 for a typical strain from a patient with

pyelonephritis, O18ac:K1:H7 for a meningitis isolate, or

O71lH2 (no K antigen) for a strain from a case of

infantile enteritis. Since a large number of single anti-

gens has been described in E coli and since most of

these can be found in various combinations, a complete

typing scheme comparable to the Kauffmann-White

Capsu la r
polysaccharide
(K-ant igen)

(O-ant igen)

Core
Lipid A

Protein

Phosphol ip id
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scheme for Salmonella would be too extensive and
of no practical applicability. Furthermore, as shown
below, K-typing is restricted to a few specialists and,
therefore, complete typing has been performed only on
a rather small number of strains. Certain O groups can
be associated with a number of different K and H
antigens and, furthermore, a number of O groups are
antigenically complex and would require further sub-
divisions. Therefore, only standard strains for the estab-
lished O, K. and H antigens have been defined and
listed (Orskov et al 1977. I99l; Orskov and Orskov
1984;Ewing 1986) .

O ANTIGENS

Of the numbered O groups 1-181 (Scheutz et aI.2004),
seven have been excluded for different reasons. Two of
them (031 and O93) proved to be identical with
previously defined antigens (O1 and 08, respectively),
four grouped strains were later identified as Citrobacter
(067, O'72, O94, Of22) and one reference strain was lost
(O47) (Orskov and Orskov 1984; Ewing 1986). E. coli O
antlgens are not type- or species-specific, but numerous
cross-reactions are known to occur between individual
E. coli O antigens and also with the O antigens of
Shigella, Citrobacter, Salmonella, Providencia, and
Yersinia (Orskov and Orskov 1984; Ewing 1986; Holmes
and Gross 1990). Therefore, determination of the O
antigen must always be associated with a proper
biochemical identification of the isolate. This is espe-
cially important for shigelae that share partial or iden-
tical O antigens with E coli (Table 52.2).

O antigens are heat-stable and are not inactivated by
heating at 100'C for 2.5 h (Kauffmann 1965). Such
preparations are used for antiserum production in
rabbits, but cultures carrying A-type capsular antigens
need to be heated to 120'C for 2 h. Likewise. determi-
nation of the O antigens of E. coll requires, as a rule,
heat treatment of the strain suspensions for Il2 h at
100'C. Whereas typing of all defined O antigens is very
laborious, requires extensive experience and is, there-
fore, restricted to reference laboratories, typing of a
narrow scope of O groups may be helpful for the

Table 52.2 Examples of identical O antigens in Shigella and E coli

Shigella

S. dysenteriae

Serovar

z

3

5
1 2

2 b

4b
5

Corresponding
E coli O group

1 1 2 a c
124

58
152

147
1 3 5
129

S. flexneri

screening of certain pathotypes, such as EPEC, EIEC, or

VTEC. Serogroups frequently associated with these

enteropathogenic E. coli types are listed in Table 52.3.

However, most of the virulence factors are encoded by

mobile genetic elements, such as plasmids or phages,

and therefore may be absent in such isolates, or may be

present in other O groups. The problems encountered

with the determination of E. coli O groups are discussed

in the Laboratory methods section.

K ANTIGENS

Based on different sensitivities to heat treatment, Kauff-

mann (1965) differentiated three serological groups of E.

coll envelope antigens. Strains with type A capsular anti-

gens mostly grew with more or less mucoid colonies,

were thermostable (100'C) and became O-agglutinable

onfy after heating at 120"C for 2h. These antigens are

now known to belong to the group of class I capsular

polysaccharides according to Jann and Jann (1987). The

heat-labile antigens L and B were deflned by their

different agglutinin-binding power following inactivation

at 100'C. However, results obtained for L- and K-type

antigens were often inconsistent upon repeated examrna-

tion of the same culture. Finally, Orskov et al. (Orskov

et al. L977:, Orskov and Orskov 1984) showed that these

K antigens included a variety of surface structures such

as fimbriae, flagella, outer-membrane proteins, and

capsular polysaccharides that vary quantitatively

according to the culture conditions. These authors also

showed that the 'heat-labile' polysaccharide K antigens

in principle are thermostable and eluted from the

bacterial surface during boiling, thus making K aggluti-

nation of boiled suspensions of bacteria impossible.

Using immunoelectrophoresis with cellular extracts,

these authors demonstrated the presence of capsular

antigens in all the former A- and L-containing strains,

but only in a few strains in which B antigens had been

described. This method distinguished five reaction

patterns to which all described K antigens could be allo-

cated. Therefore, the term K antigen was suggested as

the common name for all types of capsular poly-

saccharide antisens.

Shigella

S. boydii

Serovar

1

2

4

5
8

1 1
1 4
1 5

Corresponding
E coli O group

149

87

53
79

143
1 0 5

32
112ab

Modif ied f rom Ewing (1986)
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Tabfe 52.3 Serogroups of E coli frequently associated with intestinal infections in humans

Pathotype

Enteropathogenic (EPEC) infanti le diarrhea

Enteroinvasive (EIEC) dysenteric disease in al l  age groups

Enterotoxigenic (ETEC). Common cause of travelers'
diarrhea. Cause of diarrheal disease in both humans ano
a n i m a l s .

Vero cytotoxigenic (VTEC) or Shiga toxin-producing (STEC).
Diarrhea frequently bloody, in al l  age groups, in young
children leading to hemolyt ic-uremic syndrome (HUS)

Enteroaggregative (EAggEC) associated with persistent
diarrhea and travelers'  diarrhea

Diffusely adherent (DAEC) diarrhea in chi ldren

Predominant O Serogroups

0 2 6 ,  0 5 5 ,  0 8 6 ,  O 1 1 1 , 0 1 1 4 ,  O 1 1 9 ,  O 1 2 5 a c ,
0126,  0127,  O128ab,  O142,  O158

O28ac, Of 12ac, 0"124, 0136, O143, 0144, 0152,
0164, 0167, O173

06, 08, 015, O20, O2s,O27, 063, O78, 0128ac,
0148,  0153,  0159,  0167

0 5 , 0 2 6 ,  0 9 1 ,  O 1 0 3 ,  O 1 1 1 ,  0 1 1 3 ,  O l 2 8 a b ,  0 1 4 5 , 0 1 5 7

03, o44, O5',t, O77, 086,

01,  02,  o21,  O75

O92, O1 11ac, 0125, 0126

Adapted f rom Orskov and Orskov (1984),  Ewing (1986),  Bockemr- lh l  (1992),  Wi l lshaw et  a l  (2000)

For the reasons described above, K typing of E. coli is
too complicated for routine purposes and is restricted to
a few specialist reference laboratories.

H ANTIGENS

Flagellar antigens are heat-labile proteins. The described
53 H antigens are numbered H1 to H56. Of these, H50
has been withdrawn and H13 and H22 were deleted
after identification of the type strains as Citrobacter

freundii (Orskov and @rskov 1984). Although usually
one antigenic type of flagellum is produced by motile
strains of E. coli, phase variation (as found in motile
Salmonella strains) has been described between flagellar
antigens H3 and H16, and H4 and H16 (Ratiner 1982).

H antigens are determined by slide or tube agglutina-
tion using broth cultures or growth on semisolid media
from actively motile strains. As most E. coli strains are
poorly motile when they are first isolated, one or several
passages through semisolid media (e.g. in U-shaped
tubes) is usually necessary to obtain highly flagellate
bacteria. Sometimes motility is better at 30"C than at
37'C. Most H antigens are type-specific and there are
only a few antigenic relationships of practical impor-
tance (Ewing 1986). The methods applied for the deter-
mination of E. coli H antigens have been described by

Orskov and Orskov (1984) and Ewing (1986). Although
H typing is of importance for a precise phenotypic char-
acterrzation of E. coli strains, its performance is usually
limited to reference laboratories.

F ANTIGENS

Certain fimbrial antigens are involved in the adhesion
process and, therefore, are important virulence factors.
They are expressed at37"C, but not at 18'C; chemically

they are heatlabile proteins. Fimbrial antigens aggluti-

nate a variety of erythrocytes that can be used for their

characterization. Most E. coli strains produce a type of

fimbria whose hemagglutinating capacity is inhibited in

the presence of mannose, mannose-sensitive hemaggluti-

nation (type 1 fimbriae). In addition, strains associated

with diarrheal or extraintestinal disease may produce

Iimbriae that still hemagglutinate in the presence of

mannose, mannose-resistant hemagglutination; their

formation is usually encoded by plasmid genes. Orskov

and @rskov (1984) have developed a scheme for the

serological typing of fimbrial antigens associated with

di l ferent disease condit ions ffable 52.4).

LABORATORY ISOLATION AND
IDENTIFICATION

lsolation

Escherichia spp. may be recovered from various sites of

the body either as normal flora or as causative agents of

a variety of infections (gastrointestinal tract, urinary

tract and wound infections, meningitis, septicemia, etc.).

Transport and culture of extraintestinal specimens

follow general practices as escherichiae are less fasti-

dious than many of the other species that may be

present in such materials. Specimens from normally

sterile body sites are plated on the usual nonselective

media such as blood, chocolate, or nutrient agar. If

materials are likely to be contaminated or contain

different organisms (e.g. specimens from the respiratory

or the urinary tract, or from wound infections), media of

low selectivity such as MacConkey, CLED (cysteine,

lvsine electrolvte deficient), or eosin-methylene blue
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gens of E coli

Fimbrial
antigens

F : 1

F : 2

F:  3

F'.4

F:  5
F:  6
F : 7
F:  8
F:  9
F :  1 0
F :  1 1
F :  1 2

Table 52.4 Arskov and Arksov typing scheme for fimbrial anti- A wide variety of biological, immunological, and mole-

cular methods are now available to identify the different
groups of enterovirulent strains of E. coli. Unfortunately,

many of these methods are not widely used in routine

diagnostic laboratories. Simple screening methods such as

agglutination with specific antisera, which only identify

such strains with a certain probability, have been

employed in many laboratories. Thus, collaboration with

specialized or reference laboratories is usually necessary

to substantiate infections with enterovirulent E. coli.

EPEC

Although this pathotype is rather heterogeneous and

different virulence factors have been identified. such

strains are frequently associated with certain E. coli O

groups that can be tested by use of agglutinating anti-

sera. Screening for 'E coll serogroups related to infan-

tile diarrhea' may be applied in outbreaks, but is contro-

versial for sporadic diarrheal cases of infants below L

year of age and rarely used now. Ten or more lactose-

positive colonies are subcultured on blood or nutrient

agar and agglutinated with a set of polyvalent and

monovalent OK antisera. A subculture yielding a clear

agglutination with a monovalent OK antiserum is heated

at 100"C for 30-60 min and titrated in parallel with a

reference culture of the same O group. The agglutina-

tion is read after overnight incubation at 50'C.

Enteropathogenic -E coli (EPEC) produce attaching

and effacing lesions of intestinal epithelial cells. Definite

identif,cation of EPEC strains includes the fluorescence

actin staining method (Knutton et al. 1989) (Figure 52.2)

and cell culture tests with HEp-2 or HeLa cells to

demonstrate localized adherence (Scaletsky et al. 1984;

Cravioto et al. 1991). An ELISA for the detection of

EPEC that show localized adherence has been described
(Albert et al. 1991), this ELISA detected all strains that

showed good localized adherence, whereas EPEC strains

that did not show adhesion were negative. Molecular

diagnosis by PCR (Figure 52.3) or colony hybridization

to detect genes encoding for intimin (eae). bundle-

forming pili (bfpA) or the EPEC adherence factor

(EAF) plasmid (Schmidt et al. 1993a; Franke et al. 1994;

Gunzburg et al. 1995). Alternatively eae, EAF, and bfp
probes can be used to test strains belonging to EPEC

serogroups, as well as other E. coli. Classical EPEC

outbreak strains are positive with all three probes,

whereas most EPEC serogroup strains isolated during

the last decade in the UK are eae-positive, but negative

with the EAF probe (Smith et al. 1990; Scotland et al.

1,991,1,993). The nomenclature of 'typical,' that is eae+

and EAF+ and 'atypical,' eae+ and EAF-EPEC strains,

has been introduced. Other differences between 'typical'

and atypical' EPEC include patterns of adhesion in

tissue culture and reservoirs of infection (Trabulsi et al.

2002). The importance of the eae+ E{F-strains in

human disease has yet to be fully established, though

outbreaks have been reported in Finland, Japan, USA,

Previous
designation

Type 1

CFA /I

cFA /t l
K 8 8

K 9 9

981

c 1212

c 1254-79

3669

c 1960-79

c 1976-79

c 1979-79

Disease
association

ETEC, human

ETEC, human

ETEC, pig

ETEC, bovine
ETEC, pig

UTl ,  human

UTl ,  human

UTl ,  human

UTl ,  human

UTl ,  human

UTl ,  human

F: ' l  ,  Common f imbrial ant gen
UTl, urinary tract infection Modified from Zrksov and Orskov (1984)

(EMB) agar should be included in the set of plating
media.

Direct culture on MacConkey or EMB agar of freshly
passed stool specimens is the usual method for isolation
of enterovirulent E. coli from patients with enteric infec-
tions. Rectal swabs are less desirable, but may be taken
from acutely ill patients, e.g. in hospital.

The chance of detecting a pathogen can be increased
if specimens are collected in the acute stage of the
disease. Repeat examinations are of value, especially in
convalescents or patients with previous antibiotic treat-
ment As E. coli is part of the normal intestinal flora, at
least ten, but preferably more, colonies should be picked
from the isolation media and tested for the presence of
virulence markers. Cases of ETEC and VTEC infection
have been identified in which one colony of pathogenic

E. coli was detected among 200-300 'apathogenic'

isolates (Altwegg and Bockemiihl, 1998). Alternatively,
polymerase chain reaction (PCR) targeting virulence-
associated gene sequences can be performed on colony
sweeps liom MacConkey or other moderately selective
agar plates. For the detection of toxin-producing strains,
tests can be performed on colony sweeps or extracts of
fecal specimens. Ideally such a procedure should be
followed by subculture and identification of the respon-
sible pathogenic strain.

ldentif ication

Escherichia are identified phenotypically by use of a
variety of biochemical tests, useful tests to differentiate
the species are summarized in Table 52.1. Problems may
arise in separating certain metabolically inactive E. coli
strains from Shigella as intermediate forms may occur.
Shigellae, by deflnition, are nonmotile and do not decar-
boxylate lysine or hydrolyse arginine.
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Figure 52.2 Fluorescent actin staining (FAS) test of WEC and
enteropathogenic E coli lntimate adherence is characterized bv
acti n poly me r i zat i on (a rrows)

and the United Kingdom (Viljanen et al. 1990; Yarsuya-
nagi et aI.2003; Hedberg et al.1997; Jenkins et al. 2003).

It is likely that EPEC do not represent a homogenous
group, but rather consist of pathogenic strains with
di f ferent virulence mechanisms.

EIEC

Enterinvasive E. coli (EIEC) do not decarboxylate lysine
and are usually non- or late lactose fermenters. They
belong to a limited number of serotypes, most of which are
nonmotile and their somatic (O) antigens are identical
with, or related to, certain Shigella antigens (see
Table 52.2). E,IEC strains are conflrmed by demonstration
of invasiveness (Serny or cell culture tests, see Figure 52.4),
immunologically by an ELISA (PdLl et al. 1985), or by
detection of the ipaH gene present on the chromosome and
on the virulence plasmid, which is also present rn Shigella
strains (Sethabutr et al. 1993; Liischer and Altwegg 1994)
Thus, if the invasive capacity has been established, subse-
quent species confirmation by biochemical tests is essential.

Figure 52.3 Amplification of virulence genes of different E coli
pathotypes by the polymerase chain reactions. M, molecular
weight marker, EPEC, eaI (top band), eae (lower band); rrc,
ipaH; WEC, vtxlB (top band), WEC-specific eae (niddle band),
vtx2B (lower band), trc, lIl (top band), sit (lower band)

ETEC

Following earlier methods of enterotoxin detection

by cell culture techniques (heat-labile enterotoxin
(LT)) (Figure 52.5) or in animal models (the suckling

mouse assay for the heat-stable enterotoxin (ST), and

the rabbit ileal loop for LT and ST) (Figures 52.6 and

52 7), immunological tests are now commercially avail-
able. Furthermore, the genes encoding for LT and ST
production can be detected by PCR or DNA probes

(Abe et al. 1992; Liischer and Altwegg 1994; Schultsz

et al. 1994; Wray and Woodward 1994; Stacy-Phipps
et al 1995).

VTEC/STEC

Over 200 serotypes associated with the production of
Vero cytotoxin (or Shiga toxin) have been identified in

E. coli strains of human origin (Flemming Scheutz,
personal communication). Of these, serotypes O157:H7
and O157:H-, plus a few others (see Table 52.5), are
predominant; VT-producing strains of O group 157

usually do not ferment sorbitol and do not produce B-
glucuronidase. For their detection, sorbitol MacConkey

(SMAC) agar is of great value. This medium is commer-

cially available. However, caution is needed as some

strains of E. coli O157:H- first isolated in Europe, but

recently isolated in Australia and Scotland, are able to
ferment sorbitol rapidly and are B-glucuronidase positive
(Gunzer et al. 1992; Bettelheim et al. 2002; Allison

2002); these and >90 percent of the other VT-producing

serovars of E. coli will be missed if SMAC alone is used
for their detection. By supplementing SMAC with

celixime or cefixime-tellurite, the selectivity for sorbitol-

negative 0157 VTEC can be improved (Chapman et al.

Figure 52.4 lntracellular location of enteroinvasive E coli (EIEC)
in HeLa cells

VTEC ETEC
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Figure 52.5 Action of leat-labile (LT) of E coli on cultured cells in
vitro (courtesy of Virion, Switzerland)

199I;Zadik et al. 1993). Detection rates of 0157 VTEC

from fecal samples can be improved by the use of a

culture enrichment (liquid) stage before plating on to

agar  (H ind le  e t  a l .  1995) .

Agglutinating sera and latex coagglutination tests for

O group 157 are commercially available. Due to the

antigenic relationship with a number of O antigens of E.

coli and other enterobacteria (Aleksic et al. 1992), a
positive slide agglutination should be conflrmed by titra-

tion of heated antigens, as described for EPEC.

Figure 52.5 Assay of E coli enterotoxin (LT or ST) in the rabbit
ileal loop test showing several negative and tvvo positive loops
with siqnificant fluid accumulation

Figure 52.7 Fluid accumulation due to E coli heat-stab/e
enterotoxin in the suckling mouse test: left, positive reaction;
right, negative reaction

Most strains of E. coli Ol57:H7 and many VTEC
strains of other serovars produce a plasmid-encoded
hemolysin that can be detected by subculture on a
special blood agar plate (Schmidt et al. 1994) or for the
presence of the ehlyA gene using PCR (Schmidt et al.
1995a).

Detection of cytotoxin production in the Vero cell
culture test, confirmed by a neutralization assay, is the
standard method for identification of VT-producing E
coli. This test is laborious and requires extensive experi-
ence and special laboratory facilities. Commercially
available enzyme immunoassays (Scheutz et al. 2001)
can be used for cytotoxin detection in both stool speci-
mens and from E coli isolates. Alternatively, a latex
agglutination test (Unipath/Oxoid) can be used to
demonstrate separately VT1 and VT2 production in
culture flltrates.

Karch et al. (1996) showed that the sensitivity of
VTEC 0157 detection varies considerably with the diag-
nostic methods applied. Stool culture on SMAC, as well
as direct PCR from stool specimens can detect about 10s
E. coli 0157 per gram of feces in a background flora of
107 coliform bacteria. The sensitivity can be increased to
I02-l}3lg feces by pre-enrichment with, and subsequent
separation of, paramagnetic particles coated with 0157
antibodies (immunomagnetic separation (IMS)). IMS
beads for detection of serogroups 026, OI03, 0111, and
0145 are also available.

In view of the high proportion of concomitanr E. coli
and the comparatively low number of excreted VTEC in
stool specimens, especially in patients with hemolytic-
uremic syndrome (HUS), it is necessary to test using
methods of increased sensitivity compared with direct
plating. Therefore, screening of a large number of
isolates for VT genes using molecular methods such as
PCR or colony hybridization (Newland and Neill 1988;
Riissmann et al. 1995), or use of IMS for VTEC 0157,
have become the methods of choice in adequately
equipped laboratories. Alternatively, PCR can be
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Tabfe 52.5 lnfective doses of enterovirulent E coli

Pathogen

EPEC

ETEC

EI  EC

VTEC

EAggEC

DAEC

Infective dose (cfu)

H igh  (108-1010)

H i g h  ( 1 0 6 )

H igh  (106 -101o )

Low (<100)

H i g h  1 0 r o
High  (? )

Reference

Donnenberg  e t  a l .  (1993)

DuPont  e t  a l .  (1971)

Savarino (1 993)
Ferguson and June (1952)

Lev ine  e t  a l .  (1979)

DuPont  e t  a l .  (1971)

Gr i f f in  and Tauxe (1991)

Wachsmuth (1994)

Burnens  e t  a l  (1993) ,  Wi l l shaw e t  a l
(1994) c15 orglgram

Nataro  e t  a l .  (1995)

Previously classif ied as EPEC

Type of study

e

e

e , also microbiological

e, epidemrologrcal studies; cfu, coJony forming units; v, volunteer studies

performed on colony sweeps from MacConkey plates
(Ltischer et aL. 1992), giving an excellent sensitivity as
illustrated by the fact that up to 200 colonies would have
to be screened from positive plates to allow the isolation
of the VTE,C strain. After identification of a VT-produ-
cing colony, biochemical determination of the species
must follow (World Health Organization 1994). Identi-
fied cultures should immediately be suspended in Luria-
Bertani or tryptic soy broth supplemented with 20-50
percent glycerol and stored at 70'C to prevent loss of
the VT encoding genes. The same procedure is recom-
mended for the preservation of ETEC and other enter-
ovirulent E coll cultures.

For a detailed description of all the media and the
established test procedures, the reader is referred to one
of the manuals of microbiological laboratory methods
(Ewing 1986; Balows and Hausler 1991; Burkhardt 1992.,
Gilligan et al. 1992; Murray and Baron 1995; Willshaw
et al. 2000; Scheutz et al. 2001). Patients wrth E. coli
0157 infection develop antibodies against 0157 LPS
which can be determined by ELISA or immunoblot,
differentiating IgA, IgM, and IgG antibody classes
(Chart et al. 1989; Bitzan et al. 1991, 1993). It is now
possible to detect these antibody classes in saliva (Chart
et al. 2003). For tables relating to commercial avail-
ability of reagents for the serological detection of E. coli
0157 and other VTEC-associated O groups, IMS kits,
media for phenotypic markers, and EIA/ELISA tests for
toxin detection, the reader is referred to the excellent
chapter by Scheutz et al. (2001).

EAggEC

Enteroaggregative ,E coli (EAggEC) are characterized
by a unique, 'stacked brick-like' adherence pattern
which can be demonstrated in HEp-2 cells (Nataro et al.
1987; Scotland et al. 1989b) and a 6 h test is recom-
mended. Some strains show the ability of bacterial
clump formation at the surface of liquid cultures (Albert
et al. 1993). These and other properties are associated

with the presence of large plasmids from which a DNA

probe (Baudry et al. 1990) and PCR primer pairs have

been derived (Schmidt et al. 1995b). Such strains have

been designated'typical '  EAggEC. HEp-2-posit ive

isolates that are either probe-positive or probe-negative

(designated 'atypical' EAggEC) have been found.

Therefore the HEp-2 assay should remain the gold stan-

dard for the detection of EAggEC (Nataro and Kaper

1998; Okeke and Nataro 2001).

DAEC

Strains of the group are identified by testing for attach-

ment to HEp-2 cells in a diffuse pattern using a 6 h

assay (Scotland et al. 1989a). Two DNA probes for

diffuse adhesion that do not cross hybridize have been

developed from two different E. coli strains. The first

probe derived from genes encoding the F1845 fimbrial

adhesin (Bilge et al. 1989) has high speciflcity but low

sensitivity indicating the possibility of several adhesins

for the diffuse phenotype. With the availability of the

sequence of the F1845 pilin subunit (Genbank Accessron

Number M27725) increased specificity in the detection

of F1845 could enhance accuracy in detection of DAEC.

The second probe for DAEC detects an outer

membrane autotransporter protein AIDA-I (Benz and

Schmidt 1.992), but these appear to be rare among

DAEC. This suggests that different gene sequences may

determine the same phenotype of diffuse adhesion.

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Before the era of antibiotics, there was only a low inci-

dence of resistance to antimicrobials among the species

of Enterobacteriaceae. Intrinsic resistance, i.e. resistance

of most strains of a given group against a particular

antibiotic, is rare in the genus Escherichia and essen-

tially includes ampicillin and carbenicillin resistance

in E. hermannii (Farmer 1995). The susceptibility of



1370 Escherichia

individual isolates now varies greatly and, therefore,

antibiograms are often used as epidemiological markers

that can easily be determined. This nonintrinsic resis-

tance is usually plasmid mediated.

E. coli strains with transferable resistance to one or

multiple drugs can be isolated readily from the feces of

the general population and from animals (Holmes and

Gross 1990). Between 1971 and 1982, E. colj isolated

from urinary tract infections with resistance to ampi-

cillin, sulphonamides, tetracyclines, and trimethoprim

increased considerably in general practice and in hospi-

tals. This indicated that susceptibility testing to anti-

microbials is essential for diagnostic laboratories. Resis-

tance to ciprofloxacin was observed in 6 percent and

resistance to four or more drugs in 28 percent of extra-

intestinal E. coli isolates including isolates from blood

and cerebrospinal fluid in England and Wales in two

studies (Threlfall et al. 1997, 1999).

In a recently published study, approximately 20
percent of 0157 VTEC isolates were found to be resrs-

tant to antimicrobial agents with resistance to strepto-

mycin, sulphonamides, and tetracycline most common

and resistance to fluoroquinolones was not observed
(Willshaw et al. 2001). Amongst isolates of EAggEC

obtained during the infectious intestinal disease study in

England from 1993 to 1996,54 percent of strains isolated

from diarrheal cases were resistant to antimicrobials and

19 percent were multiresistant (resistant to four or more

antimicrobials (Wilson et al. 2001).

TYPING METHODS

There are numerous methods available for subtyping

Escherichia spp. Each method has advantages and disad-
vantages when applied to a specific situation. 'Conven-

tional' typing methods such as biotyping, phage and

colicin typing, resistotyping, and serotyping have been

replaced by or used in combination with molecular tech-

niques that are applicable to a wide variety of organisms

with only minimal adaptation in the procedures. These

newer methods are often more discriminatory, but are

also technically more demanding, often more expensive,

and require specialized equipment.

Conventional typing methods

Biotyping, the most widely used typing method, includes

a wide range of biochemical identification tests and

characterizes an organism with regard to the presence or

absence of these phenotypic markers. In some situations,

biotyping has proved adequate for strain discrimination
in E. coli (Crichton and Old 1985).

Typing based on differences in susceptibilities to anti-

microbials (resistance or R typing) is sometimes useful

in distinguishing between strains. However, resistance is

most often plasmid mediated and, therefore, tends to be

an unstable character as resistance plasmids are easilv

lost or newly acquired. Because antibiograms are usually

done on a routine basis for clinically significant isolates,

they may provide the first indication for a common

origin of two or more strains. Nevertheless, under selec-

tive ecological pressure by antimicrobials, resistance

patterns may change rapidly.

Bacteriophages have been used since 1945 to subdi-

vide E coli.For E. coli serogroups 0111, O55, and 026,

a phage typing system was established in the early 1950s

and was subsequently shown to provide a great deal of

information about the distribution of such strains

throughout the world. For further information on the

phage typing of E. coli see the review by Milch (1978).

The problem with phage typing lies in the fact that

suitable phage suspensions are not readily available and

are usually restricted to reference laboratories. For

example, Gershman et al. (1984) used a reduced set of

32 phages and found 178 different phage types among

866 E. coli isolates from cases of bovine mastitis; only 37

strains were not typable. A few years later, a phage

typing scheme was introduced for isolates of E. coli

Ol57:H7 that are of paramount importance in diarrheal

disease and the hemolytic-uremic syndrome (see below)

(Ahmed et al. 1987). From the UK it was reported that

the predominant phage types (PT) of E. coli 0157 have

remained unchanged between 1,982 and 1991, although

the proportion of strains belonging to types 2 and 49 has

increased (Frost et al. 1993). Since then there has been a

change in the predominant phage types within the

United Kingdom with the emergence of PT 21128 as the

dominant PT (CDR June 2003). The number of human

isolates of 0157 VTEC in England and Wales increased

each year from 1 in L982 to a high of 1087 in 1997 (Will-

shaw et al. 2001) and since 1999 have steadily fallen to

just under 600 in 2002 (CDR June 2003). An upturn was

observed in 2003 with the numbers rising to 675 (CDR

2004). The subdivision of O groups, or of phage types

within an O group, by colicin typing has proved to be

practicable (Holmes and Gross 1990). Typing antisera

are not readily available with the possible exception of

those used for identifying O serogroups of E. coli that

are associated with certain virulence properties. Full

serotyping (the identification of both the somatic O-

antigen and the flagella H-antigen) is usually restricted

to reference centers, but may be extremely helpful in

identifying new pathogenic strains. This was demon-

strated with the emergence of Ol57:H7 strains asso-

ciated with outbreaks originating from undercooked

hamburgers and other sources.

Molecular typing methods

Recent advances in molecular methods are having a

direct effect upon strain typing and can be seen to

complement and enhance conventional culture-based

methods for the detection, identification, typing, and

epidemiological analysis of the wide variety of E. coli
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strains associated with causing disease. Genomic mol-
ecular methods can offer more discrimination by 'finger-

printing' than phenotypic methods. Such methods
include detection of speciflc genes by oligonucleotide
probes and PCR and the use of PCR for ampliflcation of
chromosomal sequences. Examples of these techniques
include restriction fragment length polymorphism
(RFLP) typing, restriction endonuclease analysis of
chromosomal DNA by pulsed-field gel electrophoresis,
fluorescence-based amplified fragment length poly-
morphism (FAFLP), and multilocus sequence typing
(MLST).

Multilocus enzyme electrophoresis (MLEE), which
allows quantitative analysis of strain relationships, has
revealed that the E. coli Ol57:H7 clone is most closely
related to a clone of O55:H7 strains that has been asso-
ciated with worldwide outbreaks of infantile diarrhea
(Whittam et al. 1993). Based on these results. the
authors hypothesized that the 'new' pathogen emerged
when an O55:H7-like progenitor which was already
adherent to intestinal cells acquired secondary virulence
factors (toxins, additional adhesins) via horizontal gene
transfer and recombination. Enzyme electrophoresis has
also been used to analyze clonal relationships among
bloodstream isolates of E. coli (Maslow et al. 1995). One
cluster contained the majority of isolates and was indis-
tinguishable from the largest cluster of each of two other
collections of E. coli that caused pyelonephritis and
neonatal meningitis, respectively, and thus defined a
group with increased virulence. MLEE offers only
moderate discrimination as many unrelated isolates
appear to share common lraits.

Plasmid profiles (resistance plasmids and small cryptic
plasmids) have been widely used to investigate the
epidemiology of diseases associated with escherichia and
have proved to be more discriminatory than conven-
tional typing methods on several occasions. For isolates
with similar plasmid profiles, further discrimination can
be achieved by digestion with restriction endonucleases.
Results are obtained within L or 2 days, instead of
several days for the more sophisticated typing
methods. However, plasmid profiles are usually less
sensitive when investigating disease outbreaks than
methods that include digestion of high molecular
weight chromosomal DNA with restriction enzymes
followed by analysis of the resulting fragments by
pulsed-field gel electrophoresis (PFGE) or by a combi-
nation of agarose gel electrophoresis, Southern blotting,
and hybridization with different kinds of probes (e.g.
ribotyping). When analyzing 6l isolates of E. coli
OI57:H7 isolated from patients, food samples, and calf
fecal samples, 21 distinct genomic proflles were gener-
ated by PFGE after digestion with endonuclease XbaI,
whereas only five different plasmid profiles were gener-
ated (Meng et al. 1995).

Ribotyping has also been used extensively and with
excellent results for subtyping E. coli. The sensitivity is

dependent on the selection of restriction endonucleases

used. Another approach uses randomly amplif,ed poly-

morphic DNA (RAPD) for strain separation. This

method is not necessarily dependent on purified

genomic DNA and thus is both simple and rapid. Poor

reproducibility is a signiflcant disadvantage especially

when comparing results obtained in different labora-

tories, because pattern variations may depend on the

brand of Taq polymerase or the type of thermocycler

used (Meunier and Grimont 1993). RAPD seems to be

more discriminatory than other molecular methods in

some situations, but may be less suitable in others. In

common with all typing methods, combinations are

likely to give the best separation of unrelated isolates.

For example, 60 E. coli strains previously delineated in

36 ribotypes by EcoRI and HindIIl digests exhibited 28

different RAPD fingerprints (Cave et al. 1,994).

However, some strains of identical ribotype had clearly

different RAPD patterns.

FAFLP is an assay based on the fluorescent analysis

of an amplified subset of restriction fragments using

polyacrylamide gel electrophoresis to provide accurate

band sizes necessary for accurate homology assessment.

Zhao et al. (2000) showed that FAFLP analysis of E

coli Ol57 strains provided greater genetic resolution

than PFGE. Guan et al. (2002\ examined isolates of .E

coli from livestock, wild animals, and man and found

AFLP analysis of the isolates to be more discriminatory

than the combination of antibiotic resistance and

analysis of the sequences of the 165 rRNA genes of the

E. coli strains.

Maiden et al. (1998) proposed multilocus sequence

typing (MLST), which is based on MLEE, but assigns

alleles at each locus directly by nucleotide'sequencing,

rather than indirectly from the electrophoretic mobilities

of the gene product on a starch gel. An advantage of

MLST is that there is no need to culture the strain as

fragments for sequencing can be amplified directly

from the clinical sample. Sequence data are easy to

standardize making the creation of a 'typing' database

relatively straightforward and readily available. The use

of MLST for typing isolates of E. coli 0157 was

reported by Noller et al. (2003), but it is unsuitable as

the strains had a striking lack of genetic diversity in all

the housekeeping genes examined. In contrast, for

studying E. coli O78 isolates, Adiri et al. (2003) found

MLST showed a positive correlation between virulence

and clonal origin.

ARRAY TECHNOLOGY

DNA microarrays are a means by which the detection

capabilities of PCR can be enhanced. They permit rapid

detection of sequence variation within a defined locus

and also detection of multiple products from multiplex

PCR. Microarrays can also be used to fingerprint

bacterial isolates. For an overview of microarrays in
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microbiology, see Ye et al. (2001). Dobrindt et al.
(2003) compared pathogenic and commensal E. coli

using DNA arrays and concluded that DNA array tech-

nology allowed them to assess the genetic diversity and
genome content amongst the different types of E. coli

studied.

ROLE IN NORMAL FLORA OF HUMANS

The only site of the human body where E. coli is regu-

Iarly found as a colonizer is the intestinal tract where it

represents the most prevalent (cultivable) facultatively
anaerobic bacterial species (Williams Smith 1965).

However, about 99 percent of the normal bacterial

intestinal flora are strict anaerobes. Because of the

extraordinary complexity of the intestinal microflora, it
is very difficult to identify specific functions for indivi-

dual species.

E. coli and other Enterobacteriaceae are able to
synthesize a wide range of vitamins in vitro. It has been

shown by using gnotobiotic rats, that these animals can

rely completely on their intestinal microflora for their

requirement of vitamin K, folic acid, the vitamin B

complex, biotin, and vitamin E (Drasar and Barrow

1985). There is no doubt that intestinal bacteria contri-

bute to the vitamin requirements of many animals, but

no evidence has yet been presented that this is also true

for man. In contrast, the fact that gastrointestinal distur-

bances are relatively rare in patients who receive drugs
that have no or minimal activity against anaerobes, but
good activity against facultative anaerobes (e.g. quino-

lones), but are quite common in patients treated with

antimicrobials (e.g. ampicillin) that eliminate anaerobic,

as well as facultatively anaerobic bacteria (Wollschlager

et al. 1987), suggests that facultative anaerobes are not a
very important component for maintaining the gastro-

intestinal equilibrium. On the other hand, colicinogenic
E. coli have been suggested as one of the significant

factors of gastrointestinal tract protection in the course

of shigellosis (Bures et al. 1979). The period of Shigella

excretion was significantly reduced if an appropriate

colicinogenic E. coli strain was present in the intestinal

flora of patients.

PATHOGENICITY AND VIRULENCE
FACTORS

E. coli strains can cause an impressive variety of

different types of disease, including septicemia, pneu-

monia, meningitis, bladder and kidney infections, hemo-
lytic-uremic syndrome (HUS), diarrhea, and dysentery.
However, different strains that have acquired distinct

sets of virulence genes cause different clinical
syndromes. Despite this extremely broad spectrum of
pathogenicity, the majority of E. coli strains have to be

considered avirulent in the intestine.

Enterovirulent E. coli

E. coli strains capable of causing any type of enteric

disease have often been referred to as 'enteropathogenic

E. coli or EPEC' and for many years EPEC were only

looked for in children <3 years of age. This term is now

used very specifically for one of the six different classes

of enterovirulent (or diarrheagenic) E. coli that have

been associated with gastrointestinal disease by case-

control studies (Kaper 1994; Nataro and Kaper L998).

For many years, some of these strains were identified

by serotyping based on the association of serogroup and

virulence type (see Table 52.3). However, the reliability

of serotyping is limited because not all isolates of

serogroups associated with EPEC are enteropathogenic

and pathogenicity is not restricted to particular

serogroups or serovars (Valentini et al. 1992; Law 1994).

With the molecular characterization of the various viru-

lence genes involved in the pathogenesis of enter-

ovirulent E. coli (Table 52.6), diagnostic tests evolved

that detected these genes by hybridization, PCR or a

combination of both. These tests provided a much more

coherent identification of these groups of diarrheal

pathogens.

Adherence is one of the important virulence mechan-

isms of enterovirulent E. coli. Three main patterns of

adherence have been described (Nataro et al. 1987):

localized, diffuse, and aggregative (Figure 52.8). Classifi-

cation and identification of adherence patterns is

confusing for several reasons (Law 1994): different adhe-

sion assay methods may give different adhesion patterns

and some authors do not separate EPEC and diffusely

adhering E. coli (DAEC), but rather consider them as

class I EPEC (strains with localized adherence belonging

to serogroups that are most commonly associated with

outbreaks of infantile diarrhea) and class II EPEC

(diffusely adherent strains belonging to serogroups less

often incriminated in outbreaks of diarrhea), respec-

tively. Very little is known as yet about some of the

mechanisms involved in adhesion of DAEC and

EAggEC and, therefore, strains cannot yet be easily

identified using molecular markers instead of cell culture

assays.

Enteropathogenic E. coli

EPIDEMIOLOGY AND DISEASE

During the 1940s, outbreaks of infantile enteritis

occurred with increased frequency in hospitals and

nurseries and they were more common in the winter

months. These outbreaks were often severe, with high

attack and fatality rates. Bray (1945) investigated such

an outbreak in a London hospital and showed that the

epidemic strain of E. coli belonged to a serogroup that

was subsequently recognized as ,E coli OILI. Similar

studies in Aberdeen in 1947 and 1948 implicated two
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Tabf e 52.6 Some known virulence factors of enterovirulent E coli

Virulence factor/gene

Enteropathogenic E. col i  (EPEC)

bfpA

dsbA

eae

per

sepAlsepB
Verotoxigenic E. coli (VTEC)

eae

vtx gene family

EHEC-hlyA

EHEC-hlyC
Enterotoxigenic E. col i  (ETEC)

LT

ST

CFAs, CSs

Location Putative role of gene product in disease

Bundle-forming pi lus (BFP) mediates nonint imate local ized
adherence

Disulf ide isomerase which catalyzes disulf ide bond formation in
the periplasmic space; essential for act ive BFP

Intimin; mediates int imate adherence to epithel ial cel ls

Induction of tyrosine phosphorylat ion and release of inositol
phosphate f rom cel ls

'Plasmid encoded regulator ' :  transcript ional act ivator of eaeA

Secretion of (virulence) proteins

Mediates int imate adherence to epithel ial cel ls; high similari ty
to eae of EPEC

A1B5 tox in  (s imi la r  to  Sh iga  tox in ) .  A  subun i t  spec i f  i ca l l y
removes one base from eukaryotic 28S rRNA and results in
inhibit ion of protein synthesis. B subunit is responsible for
binding to receptor on host cel l

Enterohemolysin, t60 percent homology to o-hemolysin genes
(hlyA, hlyc) of E. coli

Heat - lab i le  4185 tox in  (s imi la r  to  cho le ra  tox in ) .  A  subun i t  induces  an
increase in intracel lular cAMP via ADP-ribosylat ion
of a G protein B subunit mediates binding to the ganglioside
GM1 receotor

Small ,  heat-stable and non-immunogenic peptide toxin that
induces an increase in intracel lular cGMP via activation of
guanylate cyclase

Various types of colonization factor antigens or col i  surface
associated antigens that mediate adherence to the small  bowel
ep i the l ium

p

pn

(p)

c, chromosome; p, plasmid; (p), usually but not always located on plasmids; ph, lysogenic phage Some vtx genes are chromosomally encoded

serogroups of E. coli, O55 and 0111, as the causative
organisms of epidemics (Giles and Sangster 1948;
Smith 1949). In these studies there were two peaks in

the seasonal incidence; this was highest in March and
April, was mainly due to cases in hospital and was

accompanied by high mortality. A smaller peak in
July was predominantly due to cases in the community.
It appeared that an outbreak in the community had

occurred before or at the same time as the hospital
outbreaks and that cross-infection in the hospital
had followed the introduction of the infection by

babies admitted while still excretins the causative
organrsm.

During the 1950s, many epidemics due to enter-
opathogenic E. coli (EPEC) were reported in Europe
and North America. In Britain. these outbreaks
continued during the 1960s and early 1970s. Inlate 1967,
there was an epidemic in several hospitals in Teeside in
which the mortality rate was high (Annotation 1968).
Two E. coli strains were responsible for these infections,
serotypes O119:H6 and O128:H2. A similar outbreak
occurred in hospitals in the Manchester area, but the

causative organism in these cases was Ol1'4:H2 (Jacobs

et al. 1970). In 1970 and l97I outbreaks due to O142:H6

occurred in several hospitals in the Glasgow area and

also in a Dublin hospital (Love et al. 1972; Hone et al.

1973; Kennedy et al. 1913). In Dublin the infection

appeared to be spread by crossinfection after the admis-

sion to hospital of infected infants from the community.

Retrospective studies of E. coli 0142 strains isolated

from outbreaks in Scotland, England, Northern lreland,

Eire, Indonesia, Canada, and the USA suggested that a

single enteropathogenic clone may have spread to all

those countries (Gross et al. 1985). Since the early 1970s,

few outbreaks of infantile enteritis caused by EPEC

have been reported in Britain or the USA. Sporadic

cases continue to occur with a Deak in the summer

months.

ln contrast to the situation in Britain and the USA,

EPEC strains are among the most frequent causes of

diarrhea in infants in developing countries (Levine and

Edelman, 1984; Cravioto et al. 1988; Gomes et al. 1989;

Kain et al. I99l; Trabulsi et al. 2002). EPEC infections

show a marked seasonality and are associated with warm
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Figure 52.8 Light microscopy of Giemsa-stained HeLa celts
showing three types of adherence in enterovirulenf E coli:
localized (LA, top), diffuse (DA, middle) and aggregative (AA,
bottom) (photographs courtesy of Dr 5 Knutton)

season peaks. Outbreaks in institutions are often
reported, but sporadic cases and outbreaks occur very
frequently in the general community. Several studies
have shown that the peak incidence of enteritis was
always in the few months after the beginning of the
weaning period Because weaning is often late in devel-
oping countries, the age distribution differs from that
observed in Europe and North America. Contamination
of weaning foods appears to contribute to the transmis-
sion of EPE,C in developing countries. Most EPEC
infections occur in the first 3 years of life, but the impor-
tance of E,PEC as a cause of adult enteritis is difficult to
evaluate because few laboratories test for EPEC in
patients over 3 years. Outbreaks in the adult population

have been reported in the USA and Britain (Schroeder

et al.  1968; Vernon 1969).

Although the pathogenicity of EPEC strains involved

in outbreaks was conflrmed by volunteer studies
(Ferguson and June 1952; June et al. 1953), for a

long time there was no suitable animal model or

reliable in vitro test available to demonstrate the patho-

genicity of putative EPEC isolates. Therefore, sero-
grouping remained the only means of identifying such

isolates.

Virulence factors

EPEC pathogenesis is not yet understood in all details

and several steps seem to be multifactorial. ln 1992,

Donnenberg and Kaper proposed a three-stage model

and in 1998 Knutton et al. proposed a four-stage model.

In the first stage, nonintimate adherence between the

bacterium and the epithelial cell is mediated by the

bundle-forming pilus (BFP) and intimin along with

EspA filaments (short, surface-associated filaments)

(Gir6n et al. 1991a). Formation of active BFP is depen-

dent on two genes, bt'pA and dsbA, located on the 55-
'77 

MDa EPEC adherence factor (EAF) plasmid and on

the chromosome, respectively. The adherence pattern is

called 'localized' because organisms attach to one or two

small areas of the cell surface in microcolonies and it is

clearly different from the diffuse or aggregative adher-

ence patterns seen in other classes of enterovirulent ,E

coll (Scaletsky et al. 1984; Nataro et al. 1987).

In the second stage, the initial attachment of EPEC

using BFP and EspA filaments results in the injection of

the translocated intimin receptor (Tir) via a type III

secretion system directly into the host cell, resulting in

tyrosine protein kinase activation and formation of the

intimin receptor (tyrosine phosphorylated Tir) and to

actin rearrangements. During the third stage, EspA fila-

ments and other surface structures are eliminated from

the area of intimate attachment, intimin binds to phos-

phorylated Tir and polymerized actin and other cyto-

skeletal elements accumulate beneath the intimately

attached bacteria.

Finally, in the fourth stage, further actin polymeriza-

tion and accumulation of cytoskeletal elements at the

site of bacterial attachment results in the production of

the mature A/E lesion with the characteristic pedestal

structure. Host cell processes are disrupted by the trans-

located effector molecules allowing a loss of tight-junc-

tion integrity and mitochondrial function, resulting in

electrolyte loss and cell death.

Enteroinvasive E. coli

EPIDEMIOLOGY AND DISEASE

E,nteroinvasive E. coli (EIEC) are very similar to

Shigella spp. in every way except for their lower acid

tAn

\
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resistance which results in a higher infectious inoculum
(DuPont et al. l97I) and their inability to produce Shiga

toxin (produced only by Sh. dysenteriae 1) which may be

related to the fact that so far no complications, such as

HUS, have been observed in EIEC infections.

Virulence

EIEC strains are invasive pathogens and the flrst step in

this process is the attachment to the host cell. This

induces rearrangements in the cytoskeleton of the cells

and eventually leads to phagocytosis of the bacteria. The

invasion plasmid antigen (Ipa) D is believed to be

involved in adhesion. Other proteins, IpaB and IpaC,

which are also encoded by genes located on the

virulence plasmid, can be found at the bacterial surface

and in extracellular fluid. Their excretion requires the
presence of membrane expression of invasion (rzxl)

genes. IpaB and IpaC seem to be essential for phagocy-

tosis and for rupture of the phagocytic vesicle which

precede rapid multiplication in the cytoplasm. Inter-

cellular spread, which again involves continuous reorga-

nization of the host cell actin fllaments, is mediated by

two proteins, IcsA (also called VirG) and IcsB, and

ultimately leads to cell death. Although relatively little

work has been done to characterize EIEC virulence, it is

assumed that they are virtually identical to those of

Shigella spp. For a fuller account on the mechanism of

the invasion process see Chapter 53, Shigella.

Enterotoxigenic E. coli

EPIDEMIOLOGY AND DISEASE

Enterotoxigenic E. coli (ETEC), first recognized in the

late 1960s as a cause of cholera-like diarrhea in India.

resemble Vibrio cholerae in that they induce profuse,

watery diarrhea by elaboration of toxins that act on the

mucosal cells. They adhere to the small intestinal

mucosa, but do not invade. There are no apparent histo-

logical changes and little inflammation.

ETEC are a common cause of dehydrating diarrhea in

children in developing countries, particularly when they

are weaned. The disease is usually less severe than

cholera (Eisenstein 1990), but can be fatal, especially in

infants, and results in some kind of immunity which is

directed against the colonization factor antigens. ETEC

may also affect adults from industrialized countries
(where these pathogens are not endemic) who visit

developing nations. They are considered to be the

leading cause of travelers' diarrhea, accounting for up to

75 percent of these cases (Guerrant 1990) and also in

soldiers deployed to developing countries.

VIRULENCE FACTORS

There are two classes of virulence factors in ETEC.

both of which are essential for their pathogenicity:

enterotoxins (LT, STa, STb) (see Table 52.7) and

various adhesive factors termed colonization factor

antigens (CFA) or coli surface (CS) associated antigens.

Enterotoxins can be classified according to their heat

stability. Whereas heat-labile toxin (LT) is inactivated

by incubation at 100"C for 30 min, heat-stable toxin

(ST) retains toxin activity after such treatment (Smith

and Halls 1967). LT is very similar to cholera toxin in

structure (about 75 percent identity at the amino acid

level). The mechanism of action of the two toxins seems

to be identical: binding to the GM1 ganglioside receptor

located at the apical surface of mucosal cells mediated

by the B subunits, entry of subunit A into the cell

followed by ADP-ribosylation of a G protein (second

messenger) and activation of adenylate cyclase. The

concomitant increase in intracellular cAMP concentra-

tion leads to the massive secretory diarrhea seen with

ETEC and V. cholerae. There is a second type of heat-

labile toxin (LT II) which has the same basic structure

and mechanism of action as LT I (Holmes et al. 1985).

However, the two toxins do not cross react immunologi-

cally. In addition, LT II has a different receptor

(Hewlett 1990), has been found primarily in strains of

animal origin, and has not been associated with disease

either in animals or humans. STs are a family of small

(17-19 amino acids) heat-stable and nonimmunogenic

toxins that are either soluble (STa or ST I) or insoluble

(STb or ST II) in methanol (Burgess et al. t978; Lee et al.

1983). The Sta toxins produced by human and animal

strains are remarkably homogeneous, yet two types

have been described that are referred to as STh

(produced by human strains only) and STp (produced

by human and animal strains), respectively. They

cause an increase in cGMP levels (in contrast to

cAMP by LT) in the host cells which leads to fluid

loss similar to that induced by LT (Guerrant et al. 1980).

STb acts by a different mechanism from that of STa

and produces diarrhea in piglets. There is no evidence

that STb-positive ETEC strains are diarrheagenic in

humans. The frequency with which LT and ST are

found in ETEC isolated from persons with travelers'

diarrhea varies between studies with usually less than 50

percent of the strains producing both toxins (Guerrant

1990; Wolf et al. 1993). This is important when selecting

laboratory tests for the detection of ETEC because at

least 25 percent of the cases would be missed if only

tests for LT (such as the immunodiffusion test,

Figure 52.9) were used.

In order to cause disease, ETEC must not only

produce an enterotoxin, but must also be able to colo-

nize the small bowel of animals and humans. There are

several types of pili (fimbriae) that mediate adhesive

properties: type 1 pili are usually found in E. coli strairs

from the resident microflora and do not seem to contri-

bute to the pathogenic potential of ETEC strains

(Salyers and Whitt 1994). Pili that are important

for ETEC include K88, 987P, F4I, F107, and 2134P
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(in strains infecting pigs), K99 (strains infecting pigs,
lambs, and calves) and at least 21 colonization factor
antigens and coli surface antigens specific for humans
have been defined (Elsinghorst 2002). CFA,I and CFA/
II are the most commonly found adhesins in human
ETEC (but many strains do not produce either of these
antigens, and there are additional ETEC adhesins).
Another distinct pilus has been detected and termed
'longus' because it can extend for over 20 pm from the
cell surface (Gir6n et al. 1994); the structural gene
(lngA) is encoded on a large plasmid. In contrast to
other ETEC pili, lngA is widely distributed among
ETEC strains independent of their geographical origin,
serovar, toxin production, or other antigens expressed.
Its suitability as a vaccine component remains to be
shown.

Other virulence factors include Tia, an outer
membrane protein that directs adherence and invasion
by ETEC strain H10407, LeoA part of an outer
membrane secretion apparatus (Fleckenstein et al. t996,
2000) and TibA, an outer membrane glycoprotein asso-
ciated with adherence and invasion by ETEC strain
H10407 (Elsinghorst and Weitz 1994).

Vero cytotoxin-producing E. coli

EPIDEMIOLOGY AND DISEASE

Vero cytotoxin-producing E. coli (VTEC) were

described flrst by Konowalchuk in 1977 and E. coli of

several different O serogroups were reported to produce

a cytotoxin active on Vero cells (African green monkey

kidney cells). In 1982, one particular serotype of E. coli

(O157:H7) was identified as the causative agent involved

in two outbreaks of a distinctive bloody diarrheal

syndrome (Riley et al. 1983). Since then, these organ-

isms have received much attention, not only in the USA,

but also in many other developed countries as a cause

of epidemic or sporadic bloody and non-bloody

diarrhea, HUS, and thrombotic thrombocytopenic

Figure 52.9 Immunodiffusion (BIKEN) test for the demonstration
of heat-labile toxin of E coli

purpura (TTP). These sometimes fatal complications

roughly occur at a rate of 5-10 percent of all cases
(Griffin and Tauxe 1991; Wachsmfih 1994; Griffin 1998;

Smith et al. 1998).
Soon after the discovery of the special signiflcance of

E. coli OL51:H7 it was recognized that some strains of

other ,E coll serovars may exhibit a similar virulence
potential. Because one of their major virulence factors
(see section on Virulence factors, below) is the produc-

tion of toxins that are closely related to Shiga toxin and

that have a cytotoxic effect on Vero cells, these organ-

isms have also been called Shiga toxin producitg E. coli
(STEC) (O'Brien et al. 1982). The term entero-
hemorrhagic Escherichia coli (EHEC) was introduced

for those strains producing a bloody diarrhea and there-

fore EHEC represent a subset of VTEC or STEC
(Griffin and Tauxe 1991). Analogous to other virulence

types of diarrheagenic E. coli, there seems to be a

limited number of serogroups that are of major impor-

tance (see 'fable 52.5). However, at least 200 different
VTEC serotypes have so far been isolated from humans,

animals, and foodstuffs (World Health Organization
1994, L998). In addition to 0157 and 026, serogroup
O111 strains may be of special epidemiological impor-

tance: the flrst outbreak of non-O157 associated HUS in

Italy was due to serotype O111:H (Caprioli et al. 1994)

and the same or a very closely related clone (as deter-

mined by PFGE) has been reported in Germany (Karch

1994). Furthermore, a large community outbreak of

HUS associated with E. coli Olll'l.H was reported from

Australia (Centers for Disease Control 1995). At least in

Europe, the majority of sporadic cases of VTEC-asso-

ciated diarrhea are caused by E. coli serovars other than

Ot57'H7 (Ltischer et al. 1992i Huppertz et al. 1996;

Tozzi et aL.2003). The UK appears to differ from main-

land Europe in that infections associated with non-O157
VTEC are relatively rare, but very few laboratories

screen for these organisms.
An unusual outbreak of severe disease (including

cases of HUS) caused by Verocytotoxin-producing
Citrobacter freundii occtrred in Germany (Tschiipe et al.

1995). The overall epidemiological significance of this

flnding is not clear, but it adds weight to the earlier

finding (Schmidt et al. 1993b) that the genes coding for

Vero cytotoxins, which are encoded by temperate
phages, can be found in other species of the Entero-

bacteriaceae (Sh. sonnei) and might be horizontally
transferred from one species to another.

The main reservoirs for VTEC strains are the gastro-

intestinal tract of cattle. other farm animals, and humans
(Griffin and Tauxe, 1991; Hancock et al. 2001; Wasteson

2001). Consequently, the majority of outbreaks have

been the result of transmission via foods of bovine
origin, such as beef and raw milk, but apple cider, pota-

toes, and other vehicles for transmission have also been

identifled. In addition, direct person-to-person transmis-

sion is important, especially in families and child care
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Figure 52.10 Enteritis due to VTEC O139 in a piglet
Characteristic necrosis of villi (arrow) and presence of blood
(open arrow) (eproduced with permission, from Dedi6 et al
1993:73)

faci l i t ies (Belongia and Osterholm 1993; Reida et al.
1994), and is facilitated by the low infectious dose of
these organisms (see Table 52.5). Long-term shedding of
E. coli 0157 despite clinical cure has been found in
13 percent of patients, particularly in children (Karch
et al. 1995). In recent years the importance of direct or
indirect contact with animals and their feces, particularly
cattle, has been increasingly recognized as an important
transmission route.

VIRULENCE FACTORS

VTEC are characterized by the production of cytotoxins
that are similar to Shiga toxin. It is now generally agreed
that the terms VTEC and STEC may be used and that
they are interchangeable. There are two major types of
Vero cytotoxin, VT1 and VT2, and both can occur in a
single strain. Variants of VT2 exist and are associated
with human disease (VT2c, VT2d), with pig edema
disease (VT2e), and with feral pigeons (VT20,
respectively. VTs are Al/B5-type toxins and are usually
determined by lysogenic phage (Scotland et al. 1983;

Figure 52.11 Lethal hemorrhagic enterocolitis due to VTEC
infection in a piglet (eproduced with permission, from Dedi!
et al 1993: 72)

Williams Smith et al. 1983) Subunit A is the active toxic
component which specifically removes the adenine base
at position 4324 of eukaryotic 28S rRNA, resulting in
ribosome inactivation (Endo et al. 1988), whereas
subunit B mediates binding to the eukaryotic host cell
receptors Gb3 and Gb4, respectively.

In newborn piglets, VTEC produce attaching and
effacing lesions (Figures 52.10 and 52.11) that are very
similar, if not identical, to those produced by EPEC
isolates (Tzipori et al. 1989). One of the genes, eae,
involved in mediating this intimate adherence to epithe-
lial cells, shares 86 percent homology at the nucleotide
level and 83 percent homology at the amino acid level
with the eae gene of EPEC strains (Yu and Kaper
1992). This extremely high homology is not evenly
distributed over the entire gene: with 94 percent
homology in the N-terminal (comprising 75 percent of
the gene) but only 49 percent in the C-terminal:
(comprising 25 percent of the gene) which represents
the putative receptor-binding site. The variability in the
C-terminal region may reflect the fact that EPEC are
primarily found in the small intestine, whereas the
major site for VTEC is the distal ileum and the colon
(Kaper 1994). As with EPEC, it is the close association
between Tir and intimin that facilitates in part the
formation of the A/E lesion. At least 10 subtypes of
intimin (starting with u) have been reported in EPE,C
and VTEC and the subtype associated with VTEC 0157
is y (Jenkins et al. 2003)

A plasmid-encoded hemolysin of ,E coli Ol57:H7 has
been described (Schmidt et al. 1995a). The two open
reading frames found on a 5.4 kb ,SalI restriction frag-
ment share approximately 60 percent homology with the
hlyC and hlyA genes of the E. coll o-hemolysin operon.
This EHEC hemolysin ('enterohemolysin') may be of
clinical importance because it was found in all 0157
strains tested (but only in 12 of 25 non-O157 VTEC)
and was reactive with 19 of 20 sera of patients with HUS
(but with only one of 20 control serum samples).
However, the role of enterohemolysin in disease has not
yet been demonstrated.

Enteroaggregative E. coli

EPIDEMIOLOGY AND DISEASE

Although initially isolated from adults with travelers'
diarrhea (Mathewson et al. 1985), enteroaggregative E.
coli (EAggEC) are now mainly considered a cause of
bloody or protracted infantile diarrhea as shown by
studies in various nonindustrialized countries and also a
cause of sporadic cases of diarrhea in developed coun-
tries (Law 1994; Nataro and Kaper 1998; Okeke and
Nataro 2001). Some EAggEC strains belong to some of
the classical EPEC serogroups (e.g. O44, 0111. 086,
0126) (Scotland et al. 1991, 1996; Knutton et al. 1992;
Wilson et al. 2001). This is another indication that
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serotyping is of limited value for the identification of the
various E. coli vinlence types.

VIRULENCE FACTORS

EAggEC bind to small intestinal cells without any
obvious histological changes and are not invasive, but
knowledge of their virulence factors is very limited.
Both toxin production and adhesion probably play an
important role in pathogenesis. EAggEC produce a
toxin (called enteroaggregative heat-stable toxin
(EAST)) that induces fluid secretion and is antigenically
related to the heat-stable toxin of ETEC (Savarino et al.
1991). However, the genes encoding EAST have
also been detected in other diarrheagenic E. coli and
nonpathogenic E. coli. EAggEC also produce a toxin
similar to the s-hemolysin of E coli associated with
urinary tract infection (Baldwin et al. 1992). Other
enterotoxins linked to virulence in EAggEC are Pet, a
high molecular weight enterotoxin belonging to the
autotransporter family of secreted proteins (Eslava et al.
1998) and the Shigella enterotoxin ShET1, found pre-
dominantly in Shigella flexneri 2a strains (Fasano et al.
1995). Four morphologically distinct types of fimbriae
have been identified by Knutton et al. (1992), including
so-called aggregative adherence fimbriae I (AAF/I;

Nataro et al. 1992) that are very similar to the bundle
forming pili of EPEC. AAF/I were present in 43 of 44
isolates (Knutton et al. 1992) and their presence corre-
Iated well with a positive hybridization signal using a
DNA probe that had been derived from the 60 MDa
plasmid of EAggEC which confers aggregative adher-
ence when introduced into a nonadherent E. coli strain
and which also encodes the EAST toxin (Baudry et al.
1990; Savarino et al. 1991; Nataro et al. 1992). Based on
the sequence of a fragment of the EAggEC probe a
PCR assay was developed that correlated well, but not
perfectly, with aggregative adherence to HEp-2 cells
(Schmidt et al. 1995b). Other aggregative adherence
fimbriae, AAF/II and AAF/III, have now been reported
(Czeczulin et aL. 1,997; Bernier et aL. 2002).

Diffusely adherent E. coli

EPIDEMIOLOGY AND DISEASE

Diffusely adherent E. coli (DEAC) belonging to classical
EPEC serogroups were named class II EPEC because
they did not hybridize with the EAF probe (Nataro et al.
1985). Their signiflcance as a diarrheagenic agent is
controversial. In some reports the isolation rates of
strains that show diffuse adherence in the HeLa cell assay
and/or that hybridize with the F1845 DNA probe (see
Virulence factors below) were similar in infants with
diarrhea and in controls (Chatkaeomorakot et al.1987'
Gomes et al. 1989; Cravioto et al. 1991). Two other
studies, however, reported a strong association between
DAEC and diarrhea in Mavan and Baneladeshi children

(Gir6n et al. 1991b; Baqui et al. L992). DAEC are
classifled as one of the six classes of diarrheagenic E. coli
and yet little is known about the virulence properties of
this group. Studies have been hampered by the lack of a
specific DA probe or PCR test for this group of E. coli
(Nataro and Kaper 1998), However, Kyaw et al. (2003)
have published their flndings of the presence of a type III
secretion system in DAEC isolated from cases of
diarrhea in Brazilian children.

VIRULENCE FACTORS

DAEC are clearly different from EPEC in that they are
always negative in the FAS test, which correlates with
attaching and effacing lesions (Knutton et al. 1989) and
for hybridization with the EAF probe (Gomes et al.
1989). Their mode of adherence is different from EPEC
strains and two adhesins have been identified: a
100 kDa, plasmid-encoded protein from an OI26:H27
isolate (Benz and Schmidt 1992) and a chromosomal
Iimbrial adhesin from a serogroup O75 isolate (Bilge
et al. 1989). A DNA probe (F1845) derived from the
chromosomal adhesin gene has been used in epidemiolo-
gical studies, but the results of probe tests do not corre-
Iate 100 percent with HEp-2 assays (Levine et al. 1988;
Gir6n et al. 1991b), suggesting that a number of
different genetic determinants may encode diffuse
adherence. In addition, Smith et al. (1994) showed that
the F1845 probe cross-hybridized with 80 of 86 E. coli
O44:H18 strains that exhibited aggregative adherence
and that were positive with the EAggEC probe. A study
from France found that children carrying F1845 DNA
probe-positive DAEC had signiflcantly longer hospital
stays than those with probe-negative DAEC (Poitrineau
et al. 1995).

Uropathogenic E. coli

E. coli is the most common organism found in commu-

nity-acquired urinary tract infection (UTI), causing more

than 80 percent of the cases. The bacteria follow an

ascending route of infection in over 90 percent of all

UTIs, with infection starting with colonization of the

periurethral area (Bacheller and Bernstein 1997). These

E. coli are primarily derived from the fecal flora of the

host (Plos et al. 1995), but hematogenic infections do

occur (Ward and Jones 1991). In addition to host factors

(sex, age, sexual activity, use of spermicides, and also

genetic factors like the presence of receptors for Pap

fimbriated bacteria), which affects the susceptibility of

patients to UTIs, there are various possible colonization

and virulence factors, such as adhesins, toxins, LPS, iron

acquisition, presence of capsules, or serum resistance,

that determine the uropathogenicity of E. coli strains

(Salyers and Whitt 1994).

Adhesion to epithelial cells of the urogenital tract is

generally accepted as being essential for uropathogenic
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bacteria because otherwise the bacteria would be
washed out rapidly. This view has been questioned by
Gordon and Riley (1992) who calculated that with a
doubling time of about 50 min bacteria could maintain
themselves without adhering in the bladder. However, in
100 percent of E. coli isolates from the urine of patients

with pyelonephritis, but only in 17 percent of E. coli
isolates from patients with asymptomatic bacteriuria, P
or Pap (pili associated with pyelonephritis) were found
(O'Hanley et al.  1985). This suggests that these pi l i  are
significant virulence factors. There are many different
antigenic variants of Pap pili. They all recognize the
same type of receptors which are glycolipids containing
the disaccharide u-l-galactopyranosyl-(1,4)-B-o-galacto-
pyranose (gal-gal) (Leffler and Svanborg-Eden 1980).

Gal-gal is sufficient for inhibiting hemagglutination
(O'Hanley et al. 1983) and for blocking attachment
(Svanborg-Eden et al. 1982) of Pap fimbriated bacteria
to uroepithelial cells. Biosynthesis, assembly, and regula-
tion are encoded by a single operon located on the E.
coli chromosome (Hultgren and Normark 1991),
resulting in a single polycistronic mRNA transcript and,
consequently, coordinated expression of all genes essen-
tial for fimbrial production. In addition, uropathogenic
E. coli (UPEC) can also express afimbrial adhesins like
AFA I, AFA IlI, or Dr adhesins which are also encoded
by gene clusters (Garcia et al. 1994). These adhesins
recognize the Dr blood group antigen as receptor and
mediate mannose-resistant hemagglutination (Swanson

et al. 1991). When women with chronic UTI were inocu-
lated with a mixture of an E coli strain isolated from a
patient with stable bacteriuria and with a strain trans-
formed with adhesin gene sequences, the wild-type
strain persisted and caused stable bacteriuria, whereas
the transformant strain was eliminated within 48 h
(Andersson et al. 1991). These results suggest that acqui-
sition of adherence factors may be a prerequisite to, but
is not sufficient for, survival in the urinary tract of
humans. More recent reports indicate that UPEC can
invade and colonize the bladder epithelium establishing
a urinary tract reservoir, allowing an explanation of
recurrent UTI that does not necessarily involve reinfec-
tion via the gastrointestinal (GI) tract (Mulvey et al.
2000).

UPEC are a heterogeneous group of strains belonging
to a limited number of O-serogroups. Specific adhesins
aid in colonization and invasion. Several toxins are
produced, these include cytotoxic necrotizing factor 1
(CNFI), hemolysin, and the secreted autotransporter
toxin (Sat). They also possess pathogenicity islands
containing large blocks of genes not found in fecal
isolates. There are, therefore, a number of virulence
factors which may enhance the ability of UPEC strains
to cause UTI, but, in this process, how many of these
factors are necessary or expressed by an individual
infecting strain is still not clear.
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A BRIEF HISTORICAL PERSPECTIVE

Although Chantemesse and Widal (1888) in France and
Ogata (1892) in Japan were the first to recognize the
etiological agent of bacillary dysentery, culture problems
associated with isolation of Shigella from patients' stools
probably hampered final identification. thus the
discovery and identification of these microorganisms is
generally attributed to the Japanese microbiologist
Kiyoshi Shiga who successfully isolated and identified in
1898 what is currently known as ShigeLla dysenteriae 7
(the Shiga bacillus). The genus name Shigella was there-
fore attr ibuted in 1919 by Castel lani and Chalmers in
the honor of its discoverer, as part of an attempt to
differentiate the agents of bacillary dysentery from the
newfy created gents Escherichia and species Escherichia
coli It took half a century, however, for microbiologists
to agree on the current concept of four Shigella species/
subgroups (Enterobacteriaceae Subcommittee 1954).

GENUS AND SPECIES DEFINITION

Shigella are nonspore-forming. gram-negative bacteria
In contrast to the classical characters described for ,E
coli, they are nonmotile, do not produce gas from carbo-
hydrates, decarboxylate lysine, or hydrolyze arginine
Sodium acetate is used only occasionally and indole is
produced only by certain serovars.
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Based on DNA-DNA hybridization studies, E. coli

and Shigella are so closely related that they could be

considered as a unique species. However, for historical

and practical, as well as pathophysiological, reasons they

are considered as separate species. For similar reasons,

Shigella themselves even split in four 'species', Shigella

dysenteriae. Shigella flexneri, Shigella boydii, and

Shigella sonnei. These four 'species' actually simply

consist of four subgroups (i.e. A, B, C, and D, respec-

tively) that differ by key biochemical and serological

characters. The G + C content of the Shigella chromo-

some is 48-53 mol%, similar to the E. coli G + C

percentage The genome of Shigella flexneri serotype 2a

has recently been sequenced. The chromosome is 4.16

Mbases in size. similar to the chromosome of E. coli

K12. Among its 3 235 ORFs, a backbone of 3 030 is

shared with E. coli Kl2. and 2 91.1 with E coli O157:H7.

Compared to these two E. coli strains 175 ORFs there-

fore constitute the genomic identity of Shigella flexneri
(Jin et al 2002; Wei et al. 2003) This is clearly insuffi-

cient to define a sensu stricto species. The genetic iden-

tity of Shigella compared to E. coli, in addition to some

specific chromosomal genes, is conferred by the

presence of a large 213 kb virulence plasmid that

encodes the invasive phenotype, and by the lack or

alteration of a certain number of chromosomal genes
(black holes), among which those encoding lysine decar-

boxylase (LDC), B-galactosidase, and flagella. These
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genetic differences are reflected in the positivity or
negativity of a certain number of metabolic markers that
are routinely used for diagnostic purposes in clinical
laboratories.

HABITAT OF SHIGELT.A AND
CONSEQUENCES ON TRANSMISSION

Humans represent the only significant reservoir of
Shigella. Monkeys can be carriers and even develop the
disease under the stress conditions of capture, but this
does not play a significant role in the epidemiological
characteristics of the disease. Excretion of the bacteria is
highest at the peak of disease symptoms, thus the feco-
oral transmission makes human to human spread the
most efficient mean of transmission. Shigella, however,
may survive in food for several days, thus making shigel-
Iosis a significant cause of food-borne infections. It can
also be transported by flies and protection of food
against insects has proved to be an efficient means of
prevention in endemic areas.

CLINICAL MANIFESTATIONS

Shigellosis is essentially an acute rectocolitis caused by
invasion of the rectal and colonic epithelia by Shigella.
The damage is mostly in the recto-sigmoid area, with the
mucosa appearing swollen, with mucus, hemorrhages,
and ulcers. Histopathological analysis (Mathan and
Mathan 1991) shows continuous and diffuse lesions that
are characterized by mucosal edema, focal hemorrhages
reflecting rupture of mucosal capillaries, and an epithe-
lial infiltrate consisting of polymorphonuclear leuko-
cytes, lymphocytes, and mast cells. Crypt abscesses are
also observed. Bacteria can be seen in the epithelium of
the surface and upper third of the colonic crypts. They
are often associated with abscesses and mucosal ulcers
releasing a luminal exudate consisting of a meshwork of
fibrin, individual colonocytes or detached epithelial frag-
ments, erythrocytes and polymorphonuclear leukocytes
forming a white mucopurulent layer adhering to the
epithelial lining. Later in disease evolution, mononuclear
cells may massively infiltrate the lamina propria. These
lesions clearly account for the clinical symptoms that
char acterize shigellosis.

Although dysentery is the classical syndrome asso-
ciated with Shigella infection, its severity varies
according to a spectrum encompassing severe dysentery,
watery diarrhea or asymptomatic infection (Keusch and
Bennisch 1989). Often, a diarrheal episode precedes the
appearance of dysentery. In experimentally infected
volunteers, the classical symptomatic triad comprising
fever, intestinal cramps, and bloody-muco-purulent diar-
rhea is observed in approximately 50 percent of the indi-
viduals (DuPont et al. 1969), thus emphasizing the
heterogeneity of the host response to the pathogen. The
incubation period is 1-4 days and although the stool

frequency is high, often reaching 100 movements/day,

severe dehydration is rare because the loss of fluid

remains limited. The clinical pattern may however

appear more serious, especially in malnourished children

in the most impoverished areas, with dehydration and

septicemia giving dysentery a profile of increased gravity

and possible lethality.

S. dysenteriae 1 is the Shigella species that is most

often associated with these severe forms, although all

Shigella species have the potential to cause fatal disease

that reflect severe complications such as hypoglycemia

(Bennish and Wojtyniak I99l), toxic megacolon,

intestinal perforation with peritonitis and hemolytic

uremic syndrome (HUS) causing acute kidney failure

(Butler et al. 1984), and seizures (Bennish and

Wojtyniak 1991). In a retrospective study based on

hospital admissions carried out in Bangladesh, lethal

infection occurred in 7 percent of the patients (Bennish

et al. 1990). The risk factors for fatal outcome were a

young age (<1 year), lethargy, abnormally low level of

serum proteins, and thrombocytopenia. In addition,

severe, prolonged cases of shigellosis in young children

led to malnutrition and stunted growth. In the most

impoverished areas, shigellosis may be the flrst cause of

growth retardation in infants and young children (Henry

r99r).
Last but not least, reactive arthritis may be observed

as a sequellae of S. flexneri infection, expression of the
HLA-B27 histocompatibility antigen being a strong
predisposing factor (Kapasi et al. 1992).

EPIDEMIOLOGY

Shigella has a narrow distribution in nature, essentially

inhabiting the intestinal lract of humans and captive

primates. Although shigellae are impossible to grow

from environmental samples, they are consistently

present, particularly in sewage, since accidental conta-

mination of water supplies by their effluents is regularly

followed by an outbreak of shigellosis. Most cases of

shigellosis follow person-to-person transmission,

although some outbreaks may reflect food or water

contamination. Throughout history, epidemics of shigel-

losis have always occurred among human gatherings in

poor hygiene conditions: armies in campaign, besieged

populations, pilgrimages, and refugee camps.

Shigellosis is endemic throughout the world, although

99 percent of infections occur in the developing world.

According to a review (Kotloff et al. 1999), the total

number of yearly cases is 164.7 million, 1.1 percent of

which result in death. Children less than 5 years old

account for 69 percent of the clinical episodes and 62

percent of the deaths. In spite of excellent epidemiolo-

gical reviews, shigellosis is a rapidly evolving disease

that requires permanent updates with regard to the

general incidence and evolution of the respective species
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and serotypes. This will become even more important
when good vaccine candidates become available.

Shigella is a highly infectious microorganism, as few as
100 shigellae given orally have been shown to cause the
disease in 25-50 percent of North-American volunteers
(DuPont et al. 1989). Relative resistance of Shigella to
gastric acidity may partly account for this high infec-
tivity.

The transmission of Shigella occurs essentially through
the fecal-oral route. It is spread by direct contact with
infected individuals because the bacteria show signifi-
cant survival on the skin (Islam et al. 1997). The high
infectivity of Shigella is practically reflected in the high
attack rate of infection observed during outbreaks in day
care centers (33-73 percent) and the rate of secondary
cases observed in family members of the sick children
(26-33 percent) (Weissmann 1975; Weissmann et al.
1974). Shigella can also be transmitted by contaminated
food and many examples of outbreaks of food-borne
infections have been reported with contaminated
products as diverse as lettuce, onions, coconut milk,
hamburgers, and pasta dishes (Boyce et al. 1982; Rennel
and Levine 1986). Shigellosis is also a sexually
transmitted disease transmitted by oro-genital sexual
practices (Dritz and Black 1974).

It must be emphasized, again, that shigellosis is, over-
whelmingly, a third world disease which is mainly asso-
ciated with the conditions prevailing in underdeveloped
regions: overcrowding, poverty, poor personal hygiene,
absence of food control, inadequate water supplies, and
sewage. In these conditions, where children often suffer
from malnutrition, the rate of serious complications may
be high. In Bangladesh, an epidemic of S. dysenteriae
1 infection has been associated with a 42 percent
increase in children mortality between 1 and 4 years
(Bennish and Wojtyniak 1991). Similarly, in the refugee
camp of Goma in 1994, the Shiga bacillus has been shown
to cause a 30 percent attack rate and a 38 percent mortality
rate. The high level of multiresistance of the strains
isolated in these circumstances concurs in the severity of
the disease.

DISTRIBUTION OF SEROGROUPS AND
SEROTYPES

S. flexneri and S sonnei are essentially responsible for
the endemic form of shigellosis, whereas S dysenteriae I
is responsible for rapid and possibly deadly epidemics. S.
boydii is rarely found, it belongs to the endemic form of
the disease. In developing areas, the most common
species is S. flexneri, mainly the serotypes tb,2a,3a, 4a,
and 6. The prevalence of these dominant serotypes
varies considerably depending on the area under study
and in a given area the pattern may be very unstable,
thus requiring permanent surveillance and update.
Regarding geographical distribution, S. dysenteriae I is
more prevalent in South Asia and in sub-Saharan

Africa. In industrialized regions, S. sonnei largely predo-

minates, actually, occurrence of a switch between S. flex-
neri and S. sonnei is a sign of economical development

(Kotloff  et al.  1999).

THE GENOME OF SHIGELLA

The genome sequences of two different isolates of the

same S. flexneri 2a serotype have been published (Jin

et al. 2002; Wei et al. 2003). The whole chromosome is

composed of 4 607 203 bp to which the 221 618 bp viru-

lence plasmid must be added. The Shigella chromosome,

although very similar in size and gene composition to

the genome of E. coli K12, is characterized by several

original features such as the presence of an extra-

ordinary number of insertion sequences (3I4 IS

elements, a 7-fold higher number compared to E. coli

Kl2); 13 events of translocation and inversion involving

a segment larger than 5 kb, most of them being related

to a deletion or an acquisition of DNA sequences

encompassing several pathogenicity islands, probably

introduced by bacteriophages. S. flexneri is characterized

by the presence of hundreds of pseudogenes, their inac-

tivation being linked to various events such as introduc-

tion of stop codons, frame shift mutations, truncations,

and integration of insertion sequences. This massive loss

of gene integrity accounts for the massive loss of meta-

bolic functions that is so characteristic oI Shigella. It also

illustrates the fact that the evolutionary process that has

Ied E. coli to become Shigella has been characterized

not only by a gain of genes and pathogenicity islands,

but also by a loss of genes.

PATHOGENESIS OF SHIGELLOSIS

Following oral contamination, shigellae transit through

the gastric barrier and the small intestine before

reaching their site of invasion, the colonic and rectal

mucosae. The disease process is characterized, in the

classical form of the disease, by the occurrence of an

acute rectocolitis with epithelial abscesses and ulcera-

tions that cause the dysenteric symptoms. In severe

forms, the terminal ileum may also be affected. The

reasons for the rather specif,c tropism of Shigella to the

colonic and rectal mucosae remains largely unexplained.

Virulent Shigella isolates express an invasive pheno-

type which is essentially reflected in the capacity of the

bacteria to penetrate into nonphagocytic epithelial cells

and to spread from cell to cell. The spreading process is

correlated with the development of a strong inflamma-

tory reaction causing the rupture and destruction of the

epithelial barrier (Sansonetti 2001). Shigella catses

rupture, invasion, and inflammatory destruction of the

colonic epithelial barrier through a complex process.

Shigella cannot invade epithelial cells apically, thus it

exploits M cells to cross the colonic epithelial barrier. M

cells of the follicle-associated eoithelium (FAE) that
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covers solitary lymph nodes within the colonic mucosa
carry out the sampling of luminal antigens and their
delivery to the local immune system. M cells show a
poorly organized brush border, lack apical glycocalix

and express high endocytic activity. They form a typical
pocket filled by mononuclear cells. Several invasive
microorganisms use them to cross the epithelial barrier
(Raupach et al. 1999). Following crossing of the FAE,
bacteria reach the dome area of the lymphoid follicle,
where they are phagocytosed by macrophages and
dendritic cells. Shigella kills macrophages by apoptosis
(Zychlinsky et al. 1992), then escapes to the subepithe-
lial tissue and invades the epithelial lining basolaterally.
Apoptosis of the macrophages allows Shigellrz to escape
phagocytes and to initiate inflammation because apop-
tosis is caused by the activation of Caspase-1, a cysteine
protease that cleaves the procytokines pro-IL-1B and
pro-Il-18, thus releasing their active products (Chen
et al. 1996). As a consequence, polymorphonuclear cells
(PMN) infiltrate the infected site and destabilize the
epithelium (Sansonetti et al. 1999a). Rupture of the
coherence of the epithelial barrier allows more bacteria
to translocate, thereby providing access to the permis-
sive basolateral side of epithelial cells. Bacteria then
disseminate throughout the epithelium by spreading
from cell to cell. Intracellular shigellae reprogram
epithelial cells to express pro-inflammatory cytokines
and chemokines such as IL-8, thus exacerbating inflam-
mation (Sansonetti et al. 1999b).

Bacterial determinants of
pathogenicity

The 213 kb virulence plasmid contains the genes required
to express the Shigella invasive phenotype (Sansonetti
et al. 1982). Sequencing of the virulence plasmid of a ,S.

flexneri 5a isolate (Buchrieser et al. 2000) has confirmed
the presence of a 31 kb pathogenicity island (PAI)

encoding a type III secretion system (TTSS) (mxi spa
genes) and its cognate effector proteins that are injected
into the membrane or the cytoplasm of target cells (ipaA-

D, ipgBl, and ipgD genes). The TTSS of Shigella ts
composed of approximately 20 proteins that assemble into
a structure spanning both the inner and outer membranes,
and extending outside by approximately 60 nm (Blocker

et al. 1999). Following contact between bacteria and host
cell, IpaB and IpaC are inserted- as a complex into the
host membrane and form a 25 A pore transporting the
other invasins into the cell cytoplasm.

This PAI is necessary and sufficient for entry of
bacteria into epithelial cells, macrophage apoptotic
death, and activation of polymorphonuclear cells (Maur-
elli et al. 1985; McCormick et al. 1998; Sasakawa et al.
1988; Zychlinsky et al. 1992). It also contains the
encoding proteins secreted by the TTSS, and the genes
encoding the cytoplasmic chaperones, IpgC and IpgE.

The virB gene codes for the activator required for tran-

scription of these operons (Adler et al. 1989). The viru-

lence plasmid carries other genes outside the PAI

encoding proteins that are also secreted through the

TTSS; these comprise five ipaH genes, specific functions

of which have not yet been identifled. IpaH7.8 has been

implicated in the escape of Shigella of the phagosome rn

macrophages (Fernandez-Prada et al. 2000) and IpaH9.8

can be transported into the host cell nucleus and stimu-

lates the protein secretion from Shigella (Toyotome et al.

2001) and the multigene family, osp with unknown func-

tion. In addition, other genes have been identified in

pWR100, such as sepA encoding a protein with proteo-

lytic activity whose inactivation leads to an attenuation

of virulence (Benjelloun-Touimi et al. 1995; Benjelloun-

Touimi et al. 1998). Last but not least, icsA (virG)

encodes the outer membrane protein directly respon-

sible for the motility of bacteria within the host cyto-

plasm (Bernardini et al. 1989; Egile et al. 1999; Gold-

berg and Theriot 1995; Lett et al. 1989; Makino et al.

1986). Gene virK encodes a protein required for a

proper production or localization of IcsA (VirG)

(Nakata et al.1992) and sopA (lcsP) encodes an outer

membrane protease implicated in the cleavage of IcsA

(Egile et al.1.997; Steinhauer et al. 1999).

Bacteria-host cell cross talks

Upon contact with nonpolarized, cultured epithelial

cells, Shigella induce local formation of actin-dependent

cell membrane extensions, thus causing a macropinocytic

pocket engulfing the microorganism. Ipa invasins orches-

trate the cytoskeletal rearrangements necessary for

bacterial invasion (M6nard et aI.7993; Parsot and Sanso-

netti 1996; Tran Van Nhieu et al. 1997). In contrast,

Shigella can only invade the basolateral side of con-

fluent, polarized epithelial cells (Mounier et al. 1992).

In contrast to other invasive pathogens, Shigella shows

little cell binding ability. The IpaB/C complex secreted

by Shigella has been shown to bind the a5B1 integrin, the

receptor of fibronectin (Watarai et al. 1996); however

integrins are not exclusive receptors for the IpaB/C

complex. During Shigella entry, a functional role for

CD44, rhe receptor for hyaluronic acid, has been

observed. IpaB can bind to this receptor in epithelial

cells (Skoudy et al. 1999) leading to local recruitment

and possibly activation of ezrin.

Both Cdc42 and Rac, two small GTPases of the Rho

family induce actin polymerization in their activated

GTP-bound form through the activation of the Arp2l3

complex. They are recruited to Shigella entry foci and

are essential for Shigella uptake by cultured epithelial

cells (Mounier et al. 1999). The proto-oncogene c-src rs

also involved in the extension of cellular projections,

thereby facilitating the entry process (Dumenil et al.

1998). Actin polymerization at the point of bacterial
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contact with the epithelial cell is dependent upon IpaB
and C forming a pore. IpaC translocated into the host
cell cytosol acts as a direct effector for Shigella-induced
actin polymerizalion, induces formation of filopodial
and lamillipodial extensions dependent on Cdc42 and
Rac (Tran Van Nhieu et aL. 1999). IpaA binding to
vinculin promotes the association of vinculin with F-
actin and induces F-actin depolymerization. As a conse-
quence, the formation of new projections that could
repel the bacterium away from the host cell surface is
stopped.

Following entry, the bacteria disrupt their vacuole and
enter the cell cytoplasm, multiply, and express an actin-
based motility phenotype (Bernardini et al. 1989; Lett
et al. 1989). The actin-based motility of Shigella is
dependent on IcsA(VirG), an outer membrane protein

which causes actin nucleation and polymerization at the
bacterial surface (Bernardini et al. 1989) through the
binding and activation of N-WASP, a member of the
WASP family of proteins, which itself binds and acti-
vates the Arp2l3 complex which induces actin nucleation
(Egile et al. 1999). When bacteria reach the inner face of
the host cell membrane, a protrusion is formed that is
phagocytosed by the adjacent cell, thus allowing cell-to-
cell spread. E-cadherin, an adhesion protein localized in
intermediate junctions, and its partners regulating the
junction, are involved in intercellular spread (Sansonetti

et al. 1994). Lysis of the cellular membranes allows
bacteria to reach the cytoplasm of newly infected cells
without extracellular step.

Chromosomallv encoded virulence
factors

The virulence of S. flexneri and most probably other
Shigella species and serotypes is also due to chromoso-
mally encoded factors which include the wba and wbb
genes encoding biosynthesis of the major surface
antigen, the lipopolysaccharide (LPS), the mra and mrb
genes encoding the synthesis of the peptidoglycan
(PGN), and other less characterized pathogenicity

islands such as SHI-I, SHI-2, and Shigella resistance
Iocus (SRL) (Ingersol et al.2002; Turner et al. 2001).

LPS comprises three structural components: the lipid
A (endotoxin), the core oligosaccharide, and the vari-

able O-side chains that constitute the somatic antigen
carrying the serogroup/serotype specificities. The lipid A
accounts for a significant part of the intestinal inflamma-
tion observed in the course of experimental shigellosis
(d'Hauteville et al. 2002). A large portion of the
humoral response is directed against this somatic antigen
and the protection that it mediates is largely serotype-
specific. SHI-O contains the O-antigen serotype conver-
sion genes carried by lysogenic bacteriophages. Two
conserved getes, gtrA and gtrB, and one gene speciflc of
the particular modification of the O-antigen have been

recognized (Allison 2000). The PGN, even limited as in

other gram-negative microorganisms is a potent inducer

of inflammation, particularly through its recognition by

the Nod system, as described below. PGN is a hetero-

polymer composed of two aminosugars: N-acet-

ylglucosamine and N-acetyl-muramic acid and a limited

number of amino acids, some of which never occur in

proteins. Short peptide chains are attached to the

carboxyl group of the muramic acid, the most common

sequence being l-alanine-t-glutamic acid-rzeso-diamino-

pimelic acid-D-alanine-COOH. Presence of the meso-

DAP in position three of the peptide is rather character-

istic of gram-negative microorganisms. SHI-1, a 46 kb

pathogenicity island encodes the ShETI enterotoxin
(setLB and setlA) and two autotransporters (SigA and

Pic) which may participate to Shigella virulence. The

ShETI enterotoxin has an A1B5 structure similar to

cholera toxin and is found essentially in S. flexneri 2a

(Fasano et al. 1995). SHI-2 is present in all S. /lexneri
isolates. It encodes the aerobactin scavenging system

that is essentral for Shigelia acquisition of ferric iron in

the iron-limiting conditions that prevail at the intestinal

surface and in tissues; it also encodes colicinV immunity

which seems to be important for luminal survival (Moss

et al. 1999). The SRL is an island encoding resistance to

streptomycin, ampicillin, chloramphenicol, and tetra-

cycline (Turner et al. 2001).

In addition to the core of virulence determinants that

have been described essentially in S. flexneri, the sero-

type 1 of S. dysenteriae is characterized by the expres-

sion of Shiga toxin, a potent cytotoxin belonging to the

A1B5 model which is encoded by a chromosomal

cistron: stxAB at centisome 28 (Sekizaki et al. 1987;

O'Brien and Holmes 1987). Shiga toxin is potently cyto-

toxic through its capacity to block protein biosynthesis,

although alternative causes of cell death may exist. StxA

carries the enzymatic activity of Shiga toxin, whereas

StxB mediates its binding to its ganglioside receptor,

Gb3 (Keusch and Jacevicz t977). Once internalized by

receptor-mediated endocytosis, Shiga toxin undergoes

retrograde transport, reaches the Golgi compartment

from which StxA crosses the membrane, and reaches the

cytosol (Sandvig et al. 1991). StxA is a glycosidase that

removes adenine from one particular residue in the 28S

RNA of the 605 ribosomal subunit of eukaryotic cells, in

a way similar to the plant toxin Ricin (Endo et al. 1988).

It has not yet been convincingly demonstrated that Shiga

toxin affects intestinal epithelial cells and actually

accounts for diarrhea. Gb3 is barely expressed by intest-

inal epithelial cells, but rather by other cells, particularly

endothelial cells. Evidence indicates that Shiga toxin is

primarily a toxin for the vascular endothelium and that,

in the course of shigellosis, it may superpose a compo-

nent of severe intestinal ischemia to the invasive

process, thus accounting for the increased severity of

infections caused by the Shiga bacillus (Fontaine et al.

1988).



Laboratory diagnosis 1391

Invasion and inflammatory destruction
of the epithelial barrier

The acute inflammatory response generated by Shigella
infection is characterized by diffuse erythema and swelling
of the mucosa, focal hemorrhages and a mucopurulent
exudate. At the later stages of shigellosis, the histopatholo-
gical lesions cannot be differentiated from those observed
in acute ulcerative colitis. Cytokines and chemokines are
mediators of tissue damage. In patients at the acute and
convalescent stages of S. flexneri and S. dysenteriae I infec-
tion, immunohistochemistry of rectal samples shows a
pattern of IL-1, IL-4,IL-6,IL-S, TNFo, and IFNy produc-
tion (Raqib et al. 1995a, b). Severe disease is associated
with increased IL-18, IL-6, TNFa, and IFNI expression.
IL-1 is essentially produced by monocytes/macrophages,
whereas IL-6 and IL-8 are produced by epithelial cells.
The initial step of tissue invasion of Shigella through the
follicle-associated epithelium leads to bacterial phagocy-
tosis by macrophages, followed by apoptotic death of the
phagocytes (Zychlinsky et al.1992,1996). Being caused by
the activation of Caspase-1, macrophage apoptosis also
causes the release of the pro-inflammatory cytokines IL-18
and IL-18, thereby initiating the inflammatory cascade
characteristic of shigellosis (Sansonetti et al. 2000).

In response to bacterial invasion, intestinal epithelial
cells provide important signals for the initiation and
amplification of an acute mucosal inflammatory response.
They express an array of pro-inflammatory molecules,
particularly IL-8, a potent chemoattractant for PMN
(Jung et al. 1995), although not responsible for their
transepithelial migration (McCormick et al. 1995). IL-8
causes PMN-mediated arrest of Shigella translocation
through the intestinal epithelium into the lamina propria
at the cost of massive epithelial destruction (Sansonetti
et al. 1999b). Presence of intracellular shigellae leads to
NF-rcB activation (Philpott et al. 2000). NF-rB is a major
transcriptional activator for the main pro-inflammatory
genes, including IL-8. Nuclear translocation of NF-rcB
and activation of the pro-inflammatory genes occur in
epithelial cells in response to engagement of the cytosolic
microbial sensor Nodl by the peptidoglycan released by
intracellular shigellae (Girardin et al. 2001., 2003). Largely
in response to the early events of interaction occuring at
the level of infected mucosal lymph nodes and to the
stimulation of Nodl in invaded epithelial cells, a massive
infiltration of mononuclear and polymorphonuclear cells
occurs that transmigrate and disrupt the epithelium,
opening a way for bacterial invasion at the basolateral
membrane domain (Perdomo et al. l994a,b). Shigella are
efficiently killed by PMN. If PMN contribute initially to
the development of invasion, they are ultimately involved
in the resolution of infection, particularly through the
degradation of the bacterial virulence factors by elastase
(Weinrauch et al. 2002) and the killing of invasive
shigellae (Mandic-Mulec et al. 1997).

LABORATORY DIAGNOSIS

Fecal leukocytes

Patients presenting the acute stage of a dysenteric

syndrome are naturally suspected of shigellosis, although

a similar clinical picture can be observed in the course of

acute amoebic colitis due to Entamoeba histolytica, and

in the course of infections by Campylobacter, Salmo-

nella, and Yersinia. Microscopic examination of stool

smears reveals a striking contrast between amoebiasis
where erythrophagocytic trophozoites are observed with

very few PMN, whereas, in the case of shigellosis, PMN

are massively present (50 PMN per high power micro-

scopic field (Speelman et al. 1987)).

Optimizing chances of Shigella
isolation

Diagnosis of shigellosis depends largely on mlcro-

biological examination. In the course of epidemiological

studies, immunological assays for anti-Shigel/a LPS anti-

bodies may substitute, in retrospect, as a method to diag-

nose Shigella infection. Molecular methods, such as poly-

merase chain reaction (PCR) directly performed on stool

samples, still require extensive validation. Multiple meth-

ods are available to isolate Shigella from feces samples.

Shigellae are present in the stools of acutely ill patients

in concentrat ions lhat may vary between 103 and lOq clu

per gram of stool. These viable microorganisms are, how-

ever, extremely fragile and they quickly die off if stool

samples are not properly processed. Rectal swab speci-

mens yield the highest rate of successful isolation in the

acute phase of the disease, compared to fresh stools and

anal swabs. Streaks of blood and/or muco-purulent mate-

rial that contain large amounts of bacteria should always

be cultured as they contain an almost pure culture of

Shigella. Ideally, once collected, specimens should be

immediately inoculated into cultured media since Shigella

is unable to survive a brisk drop in temperature and the

competitive conditions, such as drop in pH and lack of

nutrients, created by overgrowth of other bacteria. If a

delay in transport to the laboratory is anticipated, direct

inoculation of the specimens should be performed into

media such as buffered glycerol saline (BGS), with a pH

indicator. Refrigerated BGS preserves Shigella viability

better than the Cary-Blair transport medium. From the

inoculated transport medium, plating on isolation

medium should ideally be carried out within 6 h.

lsolation of Shigella

There is no reliable enrichment procedure for Shigella

from any type of sample (i.e. stools, food or environ-

mental samples); therefore, isolation should be

attempted as quickly as possible following collection of
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the samples, on different media in order to increase the

chances of successful isolation. The following media are

advised: (1) a low-selectivity medium such as

MacConkey or eosin-methylene blue (EMB) agar, (2) a

high-selectivity medium such as Hektoen, Salmonella-

Shigella (SS), or xylose-lysine-deoxycholate (XLD) agar,
(3) and a nonselective medium such as bromocresol-
purple agar lactose (BCP). SS medium appears more

convenient for field studies but is not adapted to isola-

tion of S dysenteriae serotype 1 and S. sonnei.

ldentif ication of Shigella

Shigella are nonlactose-fermenting Enterobacterraceae

that yield colonies after 12-18 h incubation at 37"C.

Suspect colonies may be subcultured on a more selective

medium before identification is started. On MacConkey,

Hektoen, BCP and SS agar, typical colonies have a small

diameter of 0.5-1 mm; they are convex and translucent

with a smooth surface. Those suspect colonies can be
directly identified by several commercial systems. The

major identification criteria that will identify Shigella
from other members of the Enterobacteriaceae are: (1)

ghrcose positive, usually without production of gas, (2)

lactose negative, H2S negative, non motile. In addition,

the four groups of Shigella (i.e. A = S dysenteriae; B = S.

flexneri; C = S. boydii; and D = S. sonnei) can be differ-

entiated on the basis of further biochemical properties.

Shigella typically does not produce gas in the presence of
glucose with the exception of S. flexneri 6, S. boydii 13

and 14, and S. dysenteriae 3. The four groups are LDC-,

acetate-, and mucate-. Only S. sonnei ferments lactose

slowly, some isolates being mucate positive, or capable of

decarboxylating ornithine. Strains of S. dysentertae are

characteristically negative for mannitol fermentation and
production of catalase, and they are occasionally o-nitro-
phenyl-B-o-galactopyranoside (ONPG)+. Subgrouping is

extremely difficult based upon biochemical differences,

thus the quick serotyping when sera are available is

recommended. However, serological methods using
group- and type-specific antisera must be performed only
following biochemical presumptive identification.

A simplified algorithm of identification can be proposed:

o Isolate is nonmotile and LDC-

a With the few exceptions mentioned above, isolate

does not produce gas during glucose fermentation
o Isolate grows on synthetic medium plus acetate (Trabu-

lsi and Ewing medium) and is Christensen's citrate-.

Serotyping should be performed at this stage.

Serogrouping of Shigella isolates

Somatic antigenic specificities allow Shigella to be
divided into four serogroups (species). With the excep-
tion of S. sonnei which comprises a single serotype, .S.

flexneri comprises of 6 serotypes, S. dysenteriae 8, and

S. boydii 18.

Although Shigella can be presumptively identifled at

the group (genus) level with biochemical tests, their

identity (serogroup/species) must be confirmed by slide

agglutination with polyvalent (serogroups A-D) anti-

sera. Below species level, serotyping is usually carried

out in reference laboratories. When biochemically iden-

tified isolates of Shigella do not agglutinate in Shigella

antisera, a bacterial suspension should be heated (100'C

for L5 min) and tested again for agglutination. In case of

a persistent lack of agglutination, isolates should be sent

to a reference center for further study, as such isolates

could correspond to enteroinvasive E. coli (EIEC).

Recently, a method of 'molecular serotyping' has been

developed that makes use of amplification of O-antigen

gene clusters (Coimbra et al. 1999).

The major characteristics of Shigella that are relevant

to their diagnostic identiflcation are summarized in

Table 53.1.

Molecular diagnosis

Several sequences related to the pathogenicity of

Shigella have been used to diagnose Shigella and EIEC

and differentiate them from E. coli isolates belonging to

the resident flora. PCR techniques performed on diar-

rheal stools (Li.ischer and Altwegg 1994) and food

(Lindqvist 1999) have revealed a strong potential for

sensitive and specific diagnosis. The use of PCR to

amplify a specific virA gene fragment from the Shigella

virulence plasmid (Villalobo and Torres 1998) or an

ipaH gene fragment also from the plasmid (Sethabur

et al. 2000) have proven useful to detect Shigella and

E,IE,C. These techniques have the potential to be used in

clinical centers (Islam et al. 1998).

Routine diagnosis of the Shigella
invasive phenotype

These aspects of diagnosis are restricted to reference

laboratories. The reference test that confirms the rnva-

sion phenotype of a bacteriologically identified gram-

negative bacillus is the capacity of the isolate to induce

an acute keratoconjunctivitis in the guinea pig's eye,

following inoculation in the conjunctival sac of a droplet

at a concentration of 108 cfu/ml. This test is also known

as the Sereny test (Sereny 1957). This reference test

tends to be abandoned because it causes a long, painful

disease in infected animals, to the profit of in vitro

assays using cultured epithelial cells such as HeLa cells.

TREATMENT OF SHIGELLOSIS

The early clinical phase of shigellosis is often character-

ized by an episode of watery diarrhea that may persist
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and eventually represent most of the observed sympto-
matology. When such symptomatology occurs in infants
and young children, it may require oral rehydration
therapy. Intravenous fluid replacement may be required
in the most severe cases. The mild diarrheal forms of
shigellosis are not generally recognized as such and
consequently are not given antibiotics. In the case of
dysentery, antibiotics should be administered. Bacillary
dysentery is actually one of the few instances among
enteric infections for which antibiotics are indicated
(Levine 1986). Orally-administered absorbable anti-
biotics such as ampicillin and sulfamethoxazole-trime-
thoprim are the molecules of choice, as well as nalidixic
acid. There is, however, increasing resistance to these
'first-line' antibiotics, particularly in S. dysenteriae L.
This makes fluoroquinolone ciprofloxacine the drug of
choice in areas of multiresistance, although its cost
makes its use difficult in the most impoverished regions.
Multiresistance in Shigella is currently causing a major
crisis in highly endemic areas and in the course of S.
dysenteriae 1 epidemics, particularly in the context of
humanitarian disasters such as refugee camps. This
critical situation legitimates renewed efforts for the
development of a vaccine.

PREVENTION OF SHIGELLOSIS

Interruption of disease transmission

Transmission of shigellosis is efficiently interrupted by
public health measures avoiding contact with contami-
nated feces. When clean water and good sanitary condi-
tions are available, safe disposal of excreta, food protec-
tion, and person-to-person protection by hand washing,
and elimination/protection against flies are efficient
preventive measures. In impoverished, endemic areas,
effective prevention is more difficult and requires a
more global approach that includes both the construc-
tion of infrastructures (i.e. construction of latrines) and
social interventions. Considering the technical difficulties
and costs inherent to this approach, education remains
the priority in prevention: encouraging avoidance of
fecal contamination and promoting breast feeding are
cost-effective measures.

Both epidemiological and experimental evidence indi-
cate that Shigella infection elicits subsequent protective
immunity against a similar serotype (Ferreccio et al. 1991).
In addition, the experimental challenge of North-Amer-
ican volunteers initially infected by S. sonnei or S. flexneri
2a showed 75 percent protection when this challenge was
carried out with the homologous serotype (Herrington
et al. 1990; Kotloff et al. 1995). Additional experimental
evidence in macaque monkeys (Formal et al. 1991) and
epidemiological observations in human populations
(Cohen et al. 1992) emphasize the fact that protection
against Shigella infection is serotype-speciflc. Passive

protection of subsequently challenged volunteers with

bovine colostrum containing high titers of antibodies
(essentially secretory IgA) directed against the Shigella O-

antigen (Tacket et al. 1992), and experimental evidence

that passively administered monoclonal IgA also directed

against the somatic antigen, protect against murine lung

infection following an intranasal challenge (Phalipon et al.

1995), strongly suggest that protection against Shigella

infection is largely achieved at the mucosal surface by

secretory IgA directed against the somatic antigen, thus

conflrming the sero-dependence of protection. Recently,

O-antigen specific secretory IgA have been shown to

achieve mucosal protection through their capacity to carry

out immune exclusion of shigellae from the epithelial

surface via their trapping and elimination in the mucus

(Phalipon etal.2002).

It remains, however, to evaluate the possible role of

serotype-specific serum IgG in immune protection.

These antibodies may transudate at the site of colonic

invasion/inflammation and become bactericidal by acti-

vating the complement and/or acting as opsonins

(Robbins et al. 1992). This issue of secretory IgA

mediating immune exclusion versus serum IgG

mediating bactericidal activity at the sites of mucosal

invasion is of primary importance because it supports

the rational for vaccine development that is dominated

by one alternative: live attenuated strains administered

orally versus polysaccharide conjugate administered

parenterally.

Initial attempts at protecting against shigellosis were

based on whole-cell killed preparations administered

parenterally. These attempts were unsuccessful, thus

leading to the concept that parenteral immunization

could not provide efflcient protection against shigellosis,

and that for a disease that remained essentially local,

mucosal immunization with live-attenuated, orally admi-

nistered vaccine candidates represented a better option.

In the mid-1960s, initial attempts using multiple oral

doses of a streptomycin dependent (SmD) strain showed

encouraging results, thus providing the proof of concept

for this approach. In addition, these studies conflrmed

the sero-dependence of protection (Mel et al. 1971).

According to this principle, over recent years, atte-

nuated strains have been genetically engineered on

rational bases by knocking out bacterial genes encoding

either metabolic pathways that are essential for the

survival of bacteria in the tissues, such as aro, gua or thy

mutants, or factors that are essential for the pathogeni-

city/virulence of the microorganism, such as icsA, or a

combination of both (Phalipon and Sansonetti 1995).

Several of these live vaccine candidates are currently

under clinical trial. They do show protection in North-

American volunteers (Coster er al. 1999), although these

encouraging data need to be assessed in endemic areas,
particularly in the pediatric population.

Alternatively, a sub-unit parenteral vaccine composed

of purified-detoxified S. sonnei LPS conjugated to a



References 1395

protein toxoid has shown 70 percent homologous protec-

tion in the course of a S. sonnei ottbreak occuring

among immunized Israeli military recruits (Cohen et al.

1996).
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DEFINITION AND BACKGROUND

Salmonellae are organisms that conform to the defini-
tion of the Enterobacteriaceae. Most strains are motile.
Apart from a few exceptions that form acid only, they
produce acid and gas from glucose and mannitol, and
usually also from sorbitol; they ferment sucrose or
adonitol rarely, and rarely form indole. Acet-
ylmethylcarbinol is not formed. They do not hydrolyze
urea or deaminate phenylalanine, usually form H2S on
triple sugar iron agar, and use citrate as sole carbon
source. They form lysine and ornithine decarboxylases.
The many serotypes in the group are closely related to
each other by somatic and flagellar antigens and most
strains show diphasic variation of the flagellar antigens.
Salmonellae are primarily intestinal parasites of verte-
brates; they are pathogenic for many species of animals,
giving rise to enteritis and to typhoidlike diseases. The
G + C content of their DNA is 50-53 mol% and the
type species is Salmonella enterica.

The genus Salmonella was originally created by
medical bacteriologists to include organisms that gave
rise to a certain type of illness in humans and animals
and were related to one another antigenically. Later it
became clear that salmonellae had many common
biochemical characters. Now more emphasis is placed on
biochemical activity than antigenic structure in their
definition. Individual strains atypical in one or more
biochemical tests usually have so many other biochem-
ical characters in common with other salmonellae that

there is little difflculty in classifying them. An organism
which, on biochemical grounds, appears to be a salmo-
nella will usually possess one or more antigens in
common with other salmonella types but the possession

of salmonella antigens is itself insufficient for an organ-
ism's inclusion in the group.

The genus Salmonella includes not only the familiar

serotypes that are pathogens of mammals but also other
serotypes formerly considered to be biochemically aber-
rant types. It is now considered to comprise two species:
S. enterica and Salmonella bongori. There are six subspe-
cies of S. enterica, the most important of which is S.
enterica stbsp. enterica (subspecies I) which includes the
typhoid and paratyphoid bacilli and most of the other
serotypes responsible for widespread disease in
mammals. Members of the other five subspecies (II-VI)

are, in the main, parasites of cold-blooded animals or

are found in the natural environment.

NOMENCLATURE

The terminology introduced by early workers accorded
specific rank to each antigenically distinguishable

salmonella type. The species names given were gener-

ally descriptive of the disease or the host with which
the serotype was associated, and were sometimes
incorrect. Thereafter, the convention was established
that each new type should be named after the place in
which it was first isolated. Whereas the flrst oublished
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table contained some 20 serotypes, each considered to

be a species, the current number is 2 399 (Popoff et al.

199s).

However, they are no longer accorded specific status

because more modern taxonomic techniques (Le Minor

et al. 1982a, b) suggested that all serotypes of

Salmonella probably belonged to one DNA-hybri-

dization group within which seven subgroups were

identified; and, following the strict rules of the Bacter-

iological Code, Le Minor et al. (1986) correctly

proposed the name Salmonella choleraesuis for the

only genospecies of Salmonella. That same name,

however, had long been used to designate a salmonella

serotype and its use was likely to lead to errors of

interpretation by clinicians and others unfamiliar with

the complexities of bacterial nomenclature. To avoid

such confusion, Le Minor and Popoff (1987) requested

that the name of this species be changed from ,1.

choleraesuis to S. enterica, an epithet never before

used to designate a salmonella serotype, and that

proposal has been generally adopted (Ewing 1986; Old

1992; Popoff and Le Minor 1992). The seven DNA-

hybridization subgroups were designated as subspecies:

S. enterica stbsp. enterica, salamae, arizonae, diari-

zonae, houtenae, bongori, and indica (Le Minor and

Popoff 1987). However, the DNA-DNA hybridization

studies of Le Minor and colleagues (1982a, 1986)

suggested that DNA subgroup Y (5. enterica subsp.

bongori) had evolved significantly from the other six

subspecies. Results from multilocus enzyme electro-

phoresis (MLEE) studies supported that observation

and the elevation of S. enterica sttbsp. bongorl to the

level of species as S. bongori was proposed (Reeves

et al.  1989).

Because names of serotypes escape the strictures of

the Bacteriological Code, they have no more nomen-

clatural ranking than phage type or biotype designa-

tions and are no longer given specific status (Popoff

and Le Minor 1992). Serotype names should be given

in roman (not italic) type as, for example, serotype

(ser.) Typhimurium. Furthermore, only serotypes of

slbsp. enterica ate still named; serotypes of other

subspecies of S. enterica and of S. bongori are no

Ionger named but designated by their antigenic

formulae. Designations such as Salmonella ser. Typhi-

murium, Salmonella Typhimurium or even simply

Typhimurium are convenient for use in clinical situa-

tions and indicate, furthermore, that the named sero-

type is a member of subsp. enterica. This practice will

be followed in this chapter.

Subtypes of serotypes recognized by phage typing or

biotyping should not be named as if they were serotypes.

Thus, the names of salmonellae (e.g. 'S. java') distin-

guishable from established serotypes by biotype char-

acters only should not be perpetuated and most have

been deleted from the Kauffmann-White scheme of

serotypes (Popoff and Le Minor 1992).

PHENOTYPE

Morphology

The morphology of salmonellae is similar to that of

other enterobacteria. With the exception of Gallinarum-

Pullorum, they are motile by peritrichous flagella.

Nonmotile strains may be isolated from clinical cases.

Most salmonellae form common fimbriae and most

fimbriate strains (80 percent) possess type-l flmbriae

associated with mannose-sensitive adhesive properties

(Duguid et al. 1966; Duguid and Old 1980). These

fimbriae are composed of fimbrillin subunits (MW c.

2l kDa) containing a high proportion (40 percent) of

hydrophobic amino acids. Failure to form type-1

fimbriae is the rule in some serotypes, e.g. Paratyphi A,

Gallinarum-Pullorum and is unusual in others, e.g. Para-

typhi B, Typhi and Typhimurium (Duguid et al. 1975;

Duguid and Old 1980,1994). Strains of Gallinarum-Pull-

orum form type-2 fimbriae which are morphologically

and antigenically like type-L fimbriae but nonadhesive

(Duguid et al. 1966; Crichton et al. 1989; Duguid and

otd 1994).

Some strains of serotypes such as Enteritidis and

Typhimurium that are usually type-1 flmbriate produce

thin fimbriae (<3 nm diameter) the presence of which

renders them O-inagglutinable (Rohde e{ al. 1975).

Originally described as nonadhesive, they agglutinate

tannic acid-treated red blood cells (Adegbola et al.

1983) and behave like type-3 fimbriae commonly present

in Klebsielleae and Proteeae (Old and Adegbola 1985).

Other kinds of thin fimbriae produced by strains of

Enteritidis include 'SEF 14KDcr' fimbriae which, unlike

type-3 fimbriae, are nonhemagglutinating; thin aggrega-

tive f,mbriae may also be produced by Enteritidis strains

(see Clegg and Swenson 1994). About one-third of

strains of sttbsp. arizonae and diarizonae and a few

strains of subsp. salamae also produce thin fimbriae

which, though they agglutinate tanned red blood cells,

are probably not type-3 fimbriae (see Adegbola et al.

1983).

Strains of serotypes Salinatis and Sendai produce

mannose-resistant and eluting hemagglutinins

(MREHA) which, though common in Escherichia coli

(Duguid et al. 1955), are rare in salmonellae. MREHA

production by Salinatis and Sendai is associated with

thin (3.6 nm diameter) and thick (13.6 nm diameter)

fimbriae, respectively (Old et al. 1989; Yakubu et al.

1989).

Cultural characters and growth
requirements

Salmonellae grow over a wide temperature range from 7

to 48'C, at pH 4-8 and at water activities above 0.93
(Baird-Parker 1991). Under special conditions, they may
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prol i ferate at <4'C (d'Aoust 1991) and withstand
extremes of pH <4 (Foster 7992). ln aerobic and anae-
robic conditions, salmonellae grow readily on ordinary
media, producing colonies indistinguishable from those
of other Enterobacteriaceae. Simple carbon compounds
can be used as a source of carbon and energy and a wide
range of nitrogenous compounds as nitrogen source on
first isolation or after adaptation. Most salmonellae are
prototrophic and grow in minimal salts medium with a
suitable carbon source. Auxotrophic serotypes adapted
to a single host species (see above) will grow on a
minimal medium supplemented with appropriate growth
factor(s) Auxotrophic strains of prototrophic serotypes
are not uncommon, e.g. c. 7 percent of Typhimurium
strains (Duguid et al.  1975).

Some serotypes of salmonellae, particularly Paratyphi
B, produce mucoid colonies best developed at low
temperature, low humidity, and high osmolarity
(Anderson and Rogers 1963). The presence of a mucoid
surface layer, the M antigen of Kauffmann, inhibits O
and H agglutinability. Because the M antigen is identical
in all salmonella serotypes and is like the colanic acid
materials of other Enterobacteriaceae, it is unimportant
diagnostically. The 'mucoid-wall test' is positive with
most strains of Paratyphi B that cause enteric fever
(Kauffmann 1966).

Susceptibil i ty to chemical agents

Many observations on the resistance of salmonellae to
different chemical substances have been derived from
attempts to devise enrichment and selective media for
the isolation of salmonellae from samples containing
other coliform bacilli. The use of dyes, particularly
those of the triphenylmethane group, as inhibitors has
been well defined since the early 1900s when malachite
green and later brilliant green were used. Brilliant

green-containing media are useful for the isolation of
most serotypes other than Typhi. RV medium, a modi-
fication by Vassiliadis et al. (1981) of the original
Rappaport medium, in which the concentration of
malachite green was reduced to 0.004 percent w/v, is
considered superior to other enrichment media. Tetra-
thionate broth, especially the modiflcation of Kauff-
mann-Miiller containing brilliant green and 0.018 tr
tetrathionate, is useful for a wide range of serotypes
including Dublin, but not for Typhi which is best recov-
ered through selenite broth.

Many salmonellae multiply at 43"C and incubation of
enrichment media such as selenite or RV broths at that
temperature is recommended for the isolation of salmo-
nellae. Solid media containing bile salts or pure sodium
deoxycholate, often in the presence of other inhibitory
substances, are generally used as selective plating media.
Bismuth sulfite agar, often recommended for Typhi, is
perhaps even more useful for the detection of lactose-
fermenting salmonellae. Many other media based on the
action of yet other inhibitory substances have been
devised though few are in use today. For a discussion of
the use and choice of these media and modifications of
those described above, the authoritative review of
Fricker (1987) is invaluable.

Biochemicglgctivjtil __
The common biochemical characters of the salmonellae
are shown in Table 54.1. Although most strains conform
closely to this pattern, there are several exceptions; no
organism should, therefore, be excluded on the result of
a single test. The usual reactions include:

o fermentation of glucose, maltose, mannitol, and
sorbitol with the production of acid and gas

o absence of fermentation of sucrose, salicin, and
adonitol

Table 54.1 Biochemical differentiation of species and subspecies of Salmonella

Subspecies of S. enterica

Reaction

ONPG

Gela t inase

Galacturonate
Growth in KCN
Malonate

Dulc i to l

Mucate

d-Tartrate
'y-G I utamyltransferase

B-G lucuronidase
Sa l ic in
Sorbitol

enterica

+

o

+

salamae arizonae diarizonae houtenae indica

d

S. bongori

+

f

f

+

+

d

J

d

J

+

+

+

o

+

+

f

J

+

+

d

+, >90 percent of strains positive; , >90 percent of strains negative; d, some strains positive, others negative
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failure to produce indole, to hydrolyze urea or to

deaminate phenylalanine and

a positive methyl red reaction and a negative Voges-

Proskauer reaction.

It should be noted, however, that members of subsp.

houtenae acidify salicin and that strains of subsp. indica

do not acidify sorbitol (Table 54.1). Gas is not formed

by Typhi, biotype Gallinarum or by occasional strains of

other serotypes; maltose is usually not fermented by

biotype Pullorum strains; and Typhisuis does not

ferment mannitol. Occasional strains have been

recorded that form acid from lactose, sucrose or raffi-
nose, produce indole, hydrolyze malonate or split urea.

Some of these atypical properties are plasmid mediated

(Le Minor et al. 1974; Buissidre er al. 1977). The positive

reaction to the methyl red test, and the negative reac-

tions to the phenylalanine and Voges-Proskauer tests

appear to be constant. Other biochemical characters are

variable, and some of them are the means by which S.

enterica is subdivided into subspecies (Table 54.1).
Within subsp. enterica there are several types that depart

from the usual pattern; Table 54.2 shows the reactions of

five of them, and other examples will be found in the
description of individual types at the end of this chapter.

Most salmonellae grow with citrate as the sole carbon

source though important exceptions include Typhi, Para-

typhi A, Typhisuis and Sendai and biotype Pullorum

strains of serotype Gallinarum. Most salmonellae also
give a positive reaction for H2S in triple sugar iron agar,

but exceptions include strains of Paratyphi A, Choler-

aesuis (sensu stricto), Typhisuis, Sendai, Abortusequi,

and Berta, as well as a few strains of Typhi. Liquefaction
of gelatin, which may be slow or rapid, is characteristic

of members from all subspecies other than enterica and

S. bongori (Table 54.1). Nearly all salmonellae produce

arginine dihydrolase and lysine and ornithine decarbox-
ylases but not glutamic acid decarboxylase. Notable

exceptions are Typhi and biotype Gallinarum strains
which fail to decarboxylate ornithine, and Paratyphi A,

which does not attack lysine. Fermentation of organic

acids is common; most salmonellae of sttbsp. enterica

rapidly attack d-tartrate, citrate, and mucate though

there are exceptions. Several types, notably Paratyphi A,

Sendai and most enteric fever-causing strains of Para-

typhi B are d-tartrate negative.

Screening media for the simultaneous detection of

several biochemical reactions are widely used in the

routine identification of salmonellae. On triple sugar

iron agar they show H2S production and absence of

fermentation of lactose, sucrose, and salicin; on lysine

iron agar they show the production of H2S and lysine

decarboxylase. The use of screening media is time-

saving when appropriately controlled. For further infor-

mation about the biochemical reactions of salmonellae,

see Ewing (1986).

Antigenic structure

The antigens used to define the serological types of

salmonellae include:

o the O antigens, heat-stable polysaccharides that form

part of the cell wall lipopolysaccharide (LPS)

a the H antigens, heatlabile proteins of the flagella

that in salmonellae have the almost unique character

of diphasic variation and
o surface polysaccharides that inhibit the agglutinability

of the organisms by homologous O antisera, of which

the Vi antigen of Typhi is the most important

example.

The O polysaccharides have a core structure that is

common to all enterobacteria and side chains of sugars

attached to the core determine O speciflcity. Salmo-

nellae may be classified into 'chemotypes' each of which

contains organisms with the same sugars in their side

chains. Chemotypes may include salmonellae with

different O antigens and in many cases also E. coli

strains of several O groups and other enterobacteria, but

the organisms are serologically distinct because of differ-

ences in the sequence of sugars in the side chains, parti-

cularly at the distal end. Minor cross-reactions between

salmonella O serogroups, and between the O antigens of

salmonellae and other members of the Enterobacter-

iaceae, are quite common. The traditional method of

detecting salmonella O antigens is by the agglutination

of heated suspensions of organisms by rabbit antisera

Tabf e 54.2 Btochemical reactions of some Salmonella serotypes of subsp enterica (subsp l)

Reaction'

Gas from sugars
Uti l izat ion of ci trate
HzS

Lysine decarboxylase
Ornithine decarboxylase

Moti l i ty

Most serotypes Typhi Paratyphi A Choleraesuis

r + +
- o

+ W

+ + - +

Gall inarum" Pullorum"

+ +

f

f

+

, Negative reaction; +, positive reaction; d, delayed positive reaction; w, weakly positive in triple sugar iron medium
a) For aberrant reactions of other serotypes, see text
b)  Gal l inarum and Pul lorum are biotypes of  serotype Gal l inarum
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raised against boiled organisms; known cross-reactions
are removed by suitable absorption of the sera.

Some of the H antigens of Salmonel/a are also found
in Citrobacter; they comprise a large number of factors
arranged in different combinations in the different sero-
types. In most salmonellae the flagellar antigens exist in
two alternative phases; to identify a serotype completely
it is necessary to determine the antigenic factors present
in both phases. For information about the practical iden-
tification of serotypes, the reader should consult refer-
ence publications (Kauffmann 1966; Ewing 1986; Popoff
and Le Minor 1992). An up-to-date list of salmonella
serotypes can be obtained from most national salmo-
nella centers. Kelterborn (1967,1987) gives a compre-
hensive account of the first isolation and geographical
distribution of nearly 2 000 serotypes. Additions to the
list of officially recognized serotypes are published
annually (see Popoff et al. 1995).

ANTIGENIC NOTATION

The antigenic formula consists of three parts, describing
the somatic O antigen, the phase-1 H antigen and the
phase-2 H antigen, in this order. The three parts are
separated by colons, and the components of each part by
commas. The somatic O antigens are given Arabic
numerals. The phase-1 H antigens are designated a to z,
a series that is complete except for j. H1 antigens
described after z are designated as z with subscripts, e.g.
21 to zs3. The phase-2 H antigens are designated by
Arabic numerals (I-12), but phase 2 may also contain
antigenic components of the e series or one of the z
series. Some H antigens are phase-specific, others
appear in both phases.

Certain somatic factors are present in some members
only of a particular serotype. For example, the O factor
5 is absent from many strains of Paratyphi B; this is indi-
cated by placing the factor within a square bracket in
the antigenic formula (see Table 54.4, p. 1415). Some
somatic factors are underlined; this is because they are
determined by the presence of a phage (see below), e.g.
O factor 1 in Typhimurium and the factors 15 and 15,34
in Anatum (Table 54.3).

The Kauffmann-White diagnostic scheme

Primary subdivision is into O serogroups, each of which
shares a common somatic antigen. Where more than one
O antigen is present, one of them is the major O antigen
and is regarded as determining the group to which the
strain shall be allocated. O serogroups were formerly
designated by letters of the alphabet and some groups
were subdivided into subgroups. In this chapter,
however, each O serogroup is designated by its char-
acteristic O factor(s) with the letters formerly used to
designate the O serogroups shown in parentheses (see
Table 54.4). The series of O antigens numbered 01-67
is not continuous because some O antisens were

originally assigned to bacteria that proved subsequently

not to be salmonellae. Again, some of the 67 O antigens

are minor antigens (e.g. O12), which have no discrimina-

tory value; others (e.g. 05) arise by chemical modifi-

cation of a known major O antigen or are determined by
phage conversion. Thus, only 46 O serogroups are
defined by the 67 O antigens described (see Lindberg

and Le Minor 1984; Popoff and Le Minor 1992).

The serotypes classified in the scheme include
members of all subspecies and of S. bongorl. An anti-
genic scheme was developed independently from the
Kauffmann-White scheme for the characterization of

salmonellae of subspp. arizonae and diarizonae when
they were considered to belong to a separate genus

('Arizona') distinct from Salmonella. It is convenient

and sensible to designate the serotypes of all subspecies

of Salmonella by one set of symbols. Hence, the
'Arizona' formulae have been deleted from the scheme
(Popoff and Le Minor 1992). In the Kauffmann-White

scheme, only antigens of diagnostic value are cited. For

most purposes a simplified version of the scheme, based
on only 12 O, 18 H sera, and the Vi serum, gives suffi-
cient information for routine diasnostic identifications
(see Ewing 1986).

The distribution of 2 399 known salmonella serotypes

among the different subspecies is: enterica (l 416),

salamae (477), arizonae (94), diarizonae (3I7), houtenae
(66), indica (10), and S. bongori (19) (Popoff et al.
1995). The majority (96.5 percent) of the serotypes of
slbsp. enterica belong to 6 O serogroups (O4-O1,3,19)

and the rest are scattered throughout the remaining

serogroups. Most of the serotypes from subspecies other
than enterica belong to higher O serogroups 011-67,
some of which also contain serotypes of enterica. Sero-
types in subspp. arizonae and houtenae and S. bongori
are monophasic.

VARIATION IN THE O ANTIGENS

Rough mutant strains can be classifled in a series from
Ra, which lacks the O-specific side chains only, through
Rb to Re which show a progressive loss of sugar consti-
tuents from the core. Agglutinability in the presence of

0.3 percent w/v auramine and heat-stability tests are
considered particularly suitable for the differentiation of
smooth from rough forms. Although the different rough

forms behave similarly in these tests, rough strains of

chemotypes Ra-e show steady gradation in their sensi-
tivity to antibiotics, detergents, and dyes. Rough varia-

tion occurs rarely in nature but is common in strains

maintained through many generations on ordinary

laboratory media.

Lysogenic conversion

The specificities of O antigens may be modifled in the
process of lysogenic conversion by phages, which geneti-

cally determine subtle changes in the chemistry of the
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Table 54.3 lllustration of the Kauffmann-White scheme of seroloqical classification

H antigens

O serogroupu

2 (A)
4 (B)

7 (Cr )

8 ( C 2  C a )

9 ( D r )

3 ,  1 0  ( E 1 )

1 ,  3 ,  19  (E4)

1 1  ( F )

13  (G)

6 ,  14  (H)

1 6  ( r )

18  (K)

21 (L)

43 (u)
48 (Y)
60-
o  l -

Serotypeb

Paratyphi A

Paratyphi B
Stanley

Schwarzengrund

Sai  n tpau l
Derby

Agona

Typh imur ium

Bredeney

Brandenburg

Heide lberg

Cho leraesu is
Paratyphi C
Livingstone

Montevideo
Thompson

Virchow

I nfa nt is

Mbandaka

Muenchen

Newport
Hadar

Typhi
Enteri t id is

D u b l i n

Panama

Gal l inarum
Anatum

Senftenberg

Rub is law

Kedougou
VI

t l
l l l a

i l tb

IV

i l tb

i l tb

O antigens'

1 ,2 , ' t2

1,4,151,12

1,4,1s1,12,27
1,4,12,27

1,4,1s1,12

1,4,1s1,12

1 , 4 , 1 2

1,4,1s1,12

1,4,12,27

1,4,1s1,12,27
1,4,1s1,12

6,7

6,7[Vi]

6 ,7 ,14

6,7 ,14
6,7 ,14

6,7

6 , 7 , 1 4

6,7 ,14

6,8
6,8,20

6,8
9 ,12 [V i ]

1 , 9 , 1 2

1,9,121vi1
1 , 9 , 1 2

1 , 9 , 1 2

3,10 , t1  s l , [1  s ,34 ]

1 , 3 , 1 9
1 " 1
't ,13,23

1,6 ,14 ,25

1 6
1 8

2 1
43

48

60
o l

Phase 1

A

B
D

D

e,h

f,g
f,g,s

I

t , v

t ,v

R

c
D
g,m, IP ] ,s

K

R

R

Zrc

D

e,h
Zrc

D
g , m

s ,p

e,n

s,Is],t
R
I

A
g,Im],Is], t

7+,zzz
I

zq,zzz
7zs

R

K

Phase 2

[1 ,s ]
1 ,2
I , Z

1 ,7
't,2

11,21
11,21
1 ,2
't,7

€, I t ,Z1  5

1 , 2
1 , 5
1 , 5
t ,w
11,2,71
1 , 5
1 ,2
1 , f ,

Q , N , Z 6

't,2

1 ,2
e,n,x

11,71

1 , 5

t , o

e,n,x

e,n,x

le,n,xl

't,5,7

Q,t l ,X,Z6

1,s, l7l

a) Some serogroups were formerly designated by letters indicated in parentheses
b) Serotypesof  S enter ica subsp enter icaarenamed; othersaredesignatedbyant igenicformulaonly inothersubspecieso+S enter ica ( l l .sa/amae; l l la ,
arizonae; lllb, diarizonae; lV, houtenae', andVl, indica) and in 5 bongod (V)
c) Somatic factors associated with phage conversion are underlined, e 9 1 4 ['x'] Antigen 'x' not present in all strains of serotype

repeating unit of the polysaccharide (see Lindberg and
Le Minor 1984). The new specificities appear in salmo-
nellae within minutes of their infection with phage. The
presence of factor 01 in serotypes of groups 02,4, and
9 is associated with lysogenizationby phages such as P22
whereas other phages determine 01 in higher
serogroups such as O13, 40, 42, and 51; not all 01
factors, however, e.g. that in group 01,3,19 (Table 54.3),
are phage determined.

The sequential conversions by phages e15 and e34 of

serotypes of serogroup 03,10 (formerly E1) resulted in

the appearance of new specificities designated, respec-

tively, 3,15 and 3,15,34. On the basis of what were minor

changes in the structure of the repeating unit of the

antigen 03,10, special serogroups (formerly E2 and E3)

were established and the sequentially lysogenized

variants of serotypes of serogroup E1 were given new

serotype names. Thus, when Anatum (3,10:e,h:1.6) was
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lysogenized with phage e15 it became Newington (3,
15:e,h:1,6), which in turn, when lysogenized by e34
became Minneapolis (3, 15, 34:e,h:1,6). The serotype
Anatum is now designated as 3,10[15],[15, 34]:e,h: l ,6 and
its variants are not named. Although serotype names for
the lysogenized variants of extant serotypes have been
deleted from the current list of Salmonella serotypes
(Popoff and Le Minor 1992), not all Salmonella refer-
ence laboratories have adopted that protocol. Phage
conversions responsible for many other O antigen modi-
fications are of little or no diagnostic significance.

Plasmid conversion

The first observation of changes in the specif,cities of O
antigens of Salmonella resulting from plasmid conver-
sion was made with regard to O54. The serotype Tonev
(2L,54:b:e,n,x) contains a small plasmid, loss of which
results in failure to express factor O54; thus, the plas-
midless variant becomes (21:b:e,n,x), i.e. Minnesota of
group O21 (Popoff and Le Minor 1985). Although
strains of the other 12 serotypes of serogroup O54
contain plasmids similar to that of Tonev, plasmidless
variants not expressing O54 could be derived from only
eight of them; the latter O54- variants were indis-
tinguishable from serotypes already classified in other O
serogroups. Some serotypes of serogroup O54, therefore,
should be deleted from the scheme: thus. if Minnesota
could be redefined as 21, 54:b:e,n,x in a style analogous
to that used for lysogenized variants, the serotype Tonev
could be suppressed. But some problems remain. With
the loss of expression of O54 by Winnipeg (54:e,h:1,5), a
new factor (O8) not normally expressed by that serotype
appears and it is thereby converted to Ferruch
(8:e,h:1,5). Neither of these serotypes, however,
produces the other's O-determining antigen, i.e. strains
of serotype (8,54:e,h:1,5) have not been described in
nature. Thus, Winnipeg should be retained as well as the
names of four other serotypes from which O54 variants
have not yet been derived. The heterogeneous group
O54 has been retained provisionally in the current
scheme (Popoff and Le Minor 1992).

Form variants may show complete or partial loss of O
antigen, e.g. somatic antigen 05 is not present in all
cultures of Paratyphi B or Typhimurium and, hence, is
designated as [5] (Table 54.3).

VARIATION IN THE H ANTIGENS

Most serotypes of Salmonella (of subspecies other than
arizonae and houtenae and ,S. bongori) show the
phenomenon of diphasic variation, i.e. they express
alternately two kinds of flagella with different antigenic
specificities. Typhimurium, for example, produces
flagella of antigenic specificity i in phase 1 and of specifi-
city 1,2 in phase 2. Salmonellae switch phases at char-
acteristic frequencies and the transition can be induced
in the laboratory by their cultivation in semi-solid agar

containing antiserum against phase-l or phase-2 flagellar

antigens. Thus, growth of phase-2* Typhimurium in the
presence of H-antiserum 1,2 induces transition to phase

1 and selects bacteria expressing flagella of i specificity.

The major components of the flagellar fllaments are

highly antigenic proteins called flagellins which are

encoded by twi independent, chromosomally located
genes ffiiC) (phase 1) andfljB (phase 2). Salmonellae in
phase 1 express flagellin of the fliC gene and in phase 2

express flagellin of the fljB gene along with an asso-

ciated repressor of the phase-l gene (coded by the fljA
gene). The regulation of the phase switching is complex

but depends on a recombinational event involving a

specific invertible sequence of DNA (970 bp long) that

contains the promoter region of the phase-2 operon.

With this invertible sequence in one orientation, the
promoter is correctly positioned to allow reading of the

fljB gene along with the repressor (from fljA) that

switches off the phase-1 gene. In its other orientation,

the phase-2 gene cannot be read, the repressor of phase-

1 gene is not formed and so flagella with phase-l anti-
genicity are formed. The invertible region also deter-

mines the frequency of inversion and, hence, of phase

variation and functions essentially as a 'flip-flop' switch;

it is related, therefore, to similar sequences involved in

other phase-variable systems (see Silverman and Simon

1980).

Some serotypes of Salmonel/a are usually monophasic,

expressing in nature flagella of only one phase, e.g. Para-

typhi A (I,2,12:a: -). The growth of Paratyphi A in the
presence of H antiserum induces flagella with antigens

1,5 characteristic of phase 2. Thus, in the Kauffmann-

White scheme Paratyphi A is written 1,2,12:a:lI,5l

(Table 54.4). On the other hand, when Abortusequi
(4,I2: - :e,n,x), a natural serotype monophasic in phase 2,

is cultivated in the presence of H antiserum, e,n,x,
variants with phase-l flagella of specificity a are selected

that are monophasic in phase 1, and as stable as the
naturally occurring phase-2 monophasic strain; it

requires culture in H antiserum a to induce reversion to

the common phase-2 only type. Natural serotypes fixed

in one H phase are known to be associated with muta-

tions linked to regulatory genes.

Other serotypes, such as Typhi (9,12:d: -), appear to

be monophasic and most populations encode flagellin of
phase 1 with d antigenic speciflcity. Culture of Typhi in

the presence of H antiserum d selects variants with a

different phase-1 specificity of the j type. These

uncommon phase-l (R-phase) variants occasionally arise

in nature, e.g. some Typhi populations from Indonesia

form a variant phase-1 j allele which arises as a result of

a deletion of a portion of 261 bp from the central region

of the phase-l flagellin gene (Frankel et al. 1989). An
interesting example of R-phase H antigens arising in

nature (Guin6e et al. 1981) comes from a series of
isolates in Indonesia in 1979-80 from patients who had

authentic typhoid fever, were biochemically typical of
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Typhi, but were unreactive in the H antisera d and j (R)
previously associated with Typhi. These isolates
possessed a new flagellar antigen 266, thought to be
encoded by a phase-2 locus (Selander et al. 1990b), and
when they were grown in the presence of H antiserum
266, gave rise to variants with the d or j specificities
usually associated with the phase-1 flagella of Typhi.
This is important diagnostically because that strain of
Typhi, which is restricted to Indonesia, was Vi unreac-
tive and gave negative reactions in the Widal test with
standard d suspensions.

New f lagel lar ant igens

Comparison of the nucleotide sequences of the phase-1
flagellin locus (flC) of strains of five serotypes - Para-
typhi A (specificity a), Choleraesuis (c), Muenchen (d),

Typhimurium (i), and Rubislaw (r) - showed that the
terminal parts of the genes are highly conserved (Wei

and Joys 1985, 1986) probably because of their impor-
tance in polymerization and secretion of the flagellin
proteins. The central region of the gene is highly vari-
able with marked differences in length and sequence and
yet without impairment of flagellar motility; the central
region of the gene, which determines the major anti-
genic epitopes of the flagellin exposed in the flagellar
surface, is subject to little or no functional constraint.
Do new flagellar antigens arise, therefore, by random
mutational drift in these flagellin genes? If so, then
variations in their nucleotide sequences might be
expected even among strains within a serotype.

When the central regions of the genes coding for
phase-1 flagellin of i specificity were sequenced for six
strains of Typhimurium of different genetic backgrounds
(i.e. of different electrophoretic types (ET) as judged by
MLEE), they were invariant (Smith and Selander 1990).
Similarly, the sequences of the central parts of the
phase-l flagellin of strains of serotype Heidelberg with
antigenic specificity of the r type were also invariant
(Smith et al. 1990). Thus, the fliC genes are not evolving
by sequence drift at unusually high rates.

The serotypes Heidelberg (1,4,[5]12:r:1,2) and Typhi-
murium (1,4,[5112:.i:1,2), which are indistinguishable
other than by their phase-1 flagellins, are genetically
close (genetic distance 0.2, as determined by MLEE),
yet the fliC alleles (r and i) show considerable diver-
gence with a 19 percent nucleotide sequence difference
(Selander and Smith 1990). Likewise, strains of Typhi-
murium and Muenchen (which have a genetic distance
of only 0.22 despite belonging to different O serogroups)
showed a 50 percent difference in the nucleotide
sequence in the fliC genes coding for phase-1 flagellins
of antigenic types i and d.

By contrast, the sequences of the fliC genes coding for
phase-1 flagella of antigenic specificity i in serotypes
from different subspecies (Typhimurium in enterica and
an O48* serotype in arizonae) that are distantly related

(genetic distance of 0.72) showed, at the chromosomal

level, a small difference of 2.2 percent in their phase-l

(i) alleles; likewise strains of serotypes Muenchen and

Typhi (with a genetic distance ot 0.47) had phase-1 (d)

alleles that differed in nucleotide sequence by only L.3

percent (Smith et al. 1990). The existence of flagellin

genes that are almost identical in serotypes that are
genetically unrelated is best explained by the horizontal

transfer of these genes; their recombination after

transfer provides an explanation of new flagellar anti-

gen combinations. Phage mediated transfer of genetic

material, demonstrated for salmonellae by Zinder and

Lederberg (1952) seems the most likely method.

Triphasic strains

Occasional strains of Salmonella are found in nature that

express three or more antigenically distinct kinds of

flagella (Ewing 1986). It has long been known that when

triphasic serotypes, such as Montgomery or Salinatis
(now deleted from the Kauffmann-White scheme), were

grown in H antiserum d, normal diphasic variants

(11, : a:e,n,z 1 5, and 1,4,12, 27 :e,h:e,n,z 6, respectively) were

obtained from which the third flagellar antigen type d

was irreversibly lost (Edwards et al. 1957). Genetic

analysis has shown that a triphasic variant of serotype

Rubislaw has, in addition to the phase-1 (fIiC) and
phase-2 (fljB) genes (r and e,n,x, respectively) of

Rubislaw, a third flagellin gene (flpA) carried on a large
plasmid (Smith and Selander l99l). The gene flpA
contained a central region coding for a phase-1 antigen
(d) coupled with a phase-2 promoter. In phase 2, the

triphasic variant expressed its real phase-2 flagellin
(e,n,x) and one (d) normally associated with phase-1

flagella. Growth of the triphasic isolate in the presence

of H antiserum d gave a diphasic variant indistinguish-

able from Rubislaw expressing the normal phase-1 and 2

flagellar antigens (r:e,n,x) of that serotype; the flpA gene

had been completely deleted from the plasmid (Smith

and Selander 1991). When the deletion of the flpA gene

from the plasmid was incomplete, an antigenic variant

O of the d allele was formed in variants that were still

triphasic. The existence of similar large plasmids

carrying phase-l flagellin (d) genes in distantly related

triphasic serotypes (including Salinatis) in different

Salmonella subspecies is strong evidence that horizontal

transfer of flagellar genes has occurred. With their

subsequent recombination new flagellar antigens are

formed (Selander and Smith 1990; Smith and Selander

1997).

Nonmotile strains of salmonellae may occasionally be

found with flagella that are antigenically and morpholo-

gically like those of the motile parent strains. The failure

of Mot-strains to rotate the flagella is thought to be

associated with defects in the mechanism of energy

transduction (MacNab 1987). Flagellate salmonellae may
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give rise to non-flagellate H- strains to which it is diffi-
cult to assign serotype names.

Strains of Gallinarum-Pullorum (1,9,12:. - : -) are
permanently nonflagellate salmonellae from which spon-

taneous reversions to motility have not been reported.
However, in transduction experiments they have been

shown to carry factors determining phase-1 flagellar

antigens of the g,m type, like serotype Enteritidis
(1.,9,I2:g,m: -). Sequencing studies have shown that the
phase-1 (fliC) flagellin gene in most strains of Galli-
narum is complete and identical to that of Enteritidis
(g,m), and that in strains from three other Gallinarum
ETs (Gal,2,2a) there was a stop codon (position 495)
towards the distal part of the gene (Li et al. 1993). On
the other hand, the sequence of the fliC gene of strains
of Pullorum from different ETs differed from that of
Enteritidis by having 2-3 nonsynonymous substitutions
in the central part of the gene and a synonymous
substitution at its end; thus, if ever expressed, the
flagellar specificities of Pullorum might well be other
than g,m (Li et al. 1993). Similarly, the few strains of
Gallinarum-Pullorum analyzed seem to have complete
genes encoding the flagellar-hook protein (flgK) that
are similar to that of Enteritidis. Thus, the genetic

basis of the nonmotility of these strains is as yet unclear
but it has been speculated that it is due to a mutation
in a gene (e.9. fliA) of the flagellar regulon (Li et al.
1993).

Vi antigen

Vi is a capsular polysaccharide of o-(1-4)-linked N-
acetyl-o-galactosaminouronic acid, variably acetylated
at C2lC3 positions (Daniels et al. 1989); it prevents

immune serum mediated killing, is antiphagocytic (by

inhibiting binding of C3b and antibodies to LPS),

and increases resistance to peroxide. The rate of

synthesis and cell-association properties of Vi are
determined by structural (viaB) and functional (vla,4)

elements at distinct chromosomal sites (Makela and
Stocker 1969).

Felix and Pift (1934) demonstrated that Typhi strains
cultured from the blood of patients with typhoid fever
were inagglutinable in 09 serum, showed that the viru-
lence of O-inagglutinable strains of Typhi was greater

for mice than O-agglutinable strains and proposed the
name Vi (virulence) antigen for the implicated surface
structure. The virulence and protective roles of Vi were
established by the following observations:

o Vi* strains of Typhi (and Paratyphi C) have a lower
LD50 for mice than Vi- strains

o active immunization with Vi from Typhi, or other
serotypes, protects mice against subsequent challenge
with Typhi (but not Paratyphi C)

o a higher incidence of disease, including bacteremia
and fever, is seen in volunteers challenged with Vi*
Tvohi strains than with Vi strains

o isolates of Typhi and Paratyphi C from the blood of

patients with typhoid or enteric fever are invariably

Vi* and

o Vi vaccine prepared under nondegrading conditions

gives excellent protection in controlled trials in areas

with high attack rates of typhoid fever (see Felix and

Pirt 1934; Robbins and Robbins 1984; Tacket et al.

1986; Klugman et al. 1987; Daniels et al. 1989).

Vi is produced by strains of three salmonella sero-

types - Typhi, Paratyphi C, and Dublin - that are

genetically distant. The presence of vla genes in all but a

few (c. 1 percent) strains of Typhi and Paratyphi C

suggests that Vi is a property long established in these

serotypes; by contrast, production of Vi by Dublin

strains is restricted to Du1, a clone of limited geogra-

phical distribution, that may have acquired it recently by

horizontal transfer of vla genes (Selander et al. 1990b).

Strains rich in Vi form opaque colonies but the amount

of Vi present in different strains and serotypes varies

considerably; thus, continued laboratory culture of Vi*

strains may lead to loss of Vi production. Again, isolates

of Paratyphi C, 50 percent of which are phenotypically

Vi-, produce less Vi per cell than Typhi, release it more

rapidly into the medium and show a higher frequency of

reversion from Vi* to Vi- than Typhi (Daniels et al.

1989). Rare strains of Citrobacter freundii produce large

amounts of cell-associated Vi identical to that of Typhi

and Paratyphi C (Daniels et al. 1989) and so are ideal

sources of Vi antigen and useful for the preparation of

Vi antiserum (Ewing 1986). An invertible insertion

sequence located within viaB is responsible for variable

expression of Vi by C. freundii strains (Snellings et al.

1981) .

In the absence of positive cultures from patients with

typhoid fever, other methods are needed to confirm the

diagnosis. The detection of serum antibodies to LPS,

flagella, and Vi antigens forms the basis of the long-

established Widal test. A rapid immunoblotting proce-

dure with Enteritidis LPS and Muenchen flagella has

been developed that provides same-day diagnostic

results (Chart et al. 1995). The performance of this and

other established tests for Vi has been reviewed (Chart

1995). Speciflc DNA probes to detect the Vi genes have

also been developed (Rubin et al. 1989) and a nested

polymerase chain reaction (PCR)-based technique

specific for the viaB gene of the Vi pathogenicity island

has also been developed (Hashimoto et al. 1995).

However, this technique has never been applied in the

clinical setting and in any event would be only of limited

use in detecting infections caused by Vi-negative strains.

More recently, a second nested PCR based on the fliC
gene has been evaluated (Kumar et al. 2002). Although

this PCR test has shown an increased sensitivity in iden-

tifying the presence of S. Typhi in previously negative

blood cultures, its applicability in the field setting needs

to be evaluated.
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FIMBRIAL ANTIGENS

Only one of the five type-1 fimbrial antigens described

in Salmonella is common to the type-l fimbriae of all

Salmonella serotypes (Duguid and Campbell 1969;

Duguid 1985); that common antigen is also present on

the type-l fimbriae of C. freundij but not on those of

other Enterobacteriaceae (Duguid 1985; Adegbola and

Old 1987). Type-1 fimbrial antibodies, which may be

produced by a majority of typhoid patients and vacci-

nees (Brodie 1977), are responsible for many of the false

positive reactions obtained in Widal tests (Duguid 1985).

Type-3 fimbriae are commonly formed by many

Enterobacteriaceae but not by E. coli and by only a few

serotypes of Salmonella (Adegbola and Old 1983; Old

and Adegbola 1985; Clegg and Swenson 1994); the type-

3 fimbriae of. Salmonella, Enterobacter, Klebsiella, and

Yersinia belong to a single antigenic group, distinct from

those of other Enterobacteriaceae (Old and Adegbola

1985). Type-3 fimbriae, when present, render salmo-

nellae O-inagglutinable but may be removed by heating

at 100'C for 2.5 h (Rohde et aI.1975).

The ability of many of the novel types of fimbriae

described in Salmonella (see Clegg and Swenson 1994)

to mask other antigens and to give false positive results

in serotyping tests is unknown. Nevertheless, considera-

tion of the fimbriation status of salmonellae is impor-

tant and much of the earlv work in this area needs

reassessment.

Molecular aspects

Both the O-antigen and H antigen gene clusters of S.

enterica have been subjected to extensive molecular

characterization over the last decade (Jiang et al. 1991;

Liu et al. 1991; Curd et al. 1998; Wang et al. 2002).

These differences have been exploited for the develop-

ment of a serogroup-specific PCR assay for serogroup

0'.6, 14 (Fitzgerald et al. 2003), and it is understood that

further PCR assays for other serogroups are under

development (Fields et aI.2002).

POPULATION STRUCTURE AND TYPING

Population structure

Phenotypic methods such as serotyping, phage typing,

biotyping, and antibiogram typing (R-typing) are conve-

nient for the primary discrimination of Salmonella

strains and have yielded useful markers for highlighting

epidemic strains in epidemiological studies. They do not,

however, provide a ready means for the genetic analysis

of population structure in Salmonella.
The work of Selander and colleagues, who pioneered

the study of clonal relationships and evolutionary struc-

ture of many species of medically important bacteria,

used MLEE analysis to estimate the genetic distances

among Salmonella serotypes (Selander et al. 1986;

Selander and Musser 1990). Their studies conflrmed that

the population structure of Salmonella is clonal and that

many common serotypes, e.g. Typhimurium, are mono-

phyletic, i.e. represented by one, or a few, genetically

similar clones probably derived from a common

ancestor, that are distributed world wide and are resi-

dent on the same branch of the salmonella phylogenetic

tree. That flnding explains why serotyping is so useful in

the epidemiological analysis of monophyletic serotypes.

Other (c. 25 percent) serotypes are polyphyletic and

comprise clones that are genetically distant and found

on different branches of the phylogenetic tree; clones of

these polyphyletic serotypes, e.g. Derby, often show

distinct geographical distributions and/or host assocra-

tions.

Other aspects of population structure of Salmonella

that emerged from these genetic-based MLEE studies

include the following:

a strains of the same serotype, e.g. Paratyphi B, may

belong to genetically distant groups

o strains of different serotypes, e.g. Heidelberg and

Typhimurium, may be genetically indistinguishable

I salmonellae causing typhoid and enteric fevers in

humans are phylogenetically distant, implying that

convergent evolution of the properties of host adapta-

tion and invasiveness occurred recently in these

human-adapted serotypes and

o the lineages of serotypes adapted to avians and other

animals may be close.

Furthermore, used in conjunction with comparative

nucleotide sequencing, particularly of the fliC gete,

MLEE has shown that the H1 flagellins of genetically

similar serotypes may be extensively divergent, whereas

serotypes from diverse chromosomal backgrounds, even

of different subspecies, may have closely similar nucleo-

tide sequences for the highly polymorphic central region

of the H1 gene. These observations suggest that recom-

binational events and horizontal gene exchange of both

O and H genes among different lineages of Salmonella

are likely to have been important mechanisms for the

generation of new serotypes.

Multi locus sequence typing (MLST), which is

targeted at comparing sequence diversity at multiple,

conserved housekeeping genes (Maiden et al. 1998), has

recently been applied to seven housekeeping genes in a

collection of 26 isolates of S. Typhi collected from

diverse geographical locations (Kidgell 2003). The

results confirmed earlier flndings from MLEE typing

(see above) and conclusively demonstrated the exis-

tence of four sequence types of S. Typhi from distinct

geographical areas as well as providing an estimate of

the age of the organism (ca. 50 000 years old) (Kidgell

er al. 2002). The study also demonstrated that MLST

may form the basis for a molecular typing scheme for

S. Typhi.
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Serotyping

BACTERIOPHAGE TYPING METHODS

The underlying principle of phage typing is the host
specificity of bacteriophages and on this basis several
phage-typing schemes have been developed for sero-
types of clinical or epidemiological importance.

Typhi

The first phage typing scheme based on the principle of
phage adaptation was that developed for the differentia-
tion of Typhi (Craigie and Yen 1938); in this scheme
progressive adaptations were made of Vi phage II,
which is specific for Vi (capsular) antigen of Typhi
(Felix and Pitt 1934), is highly adaprable and shows a
high degree of specificity for the last strain on which it
has been propagated. The extraordinary adaptation of
Vi phage II is due in part to the selection of sponta-
neously occurring host-range phage mutants by the
bacterium and in part to a nonmutational phenotypic
modification of phage by the host strain. The mechan-
isms underlying the Vi type specificity of Typhi have
been discussed fully elsewhere (Anderson and Williams
19s6).

The method of Vi phage typing was standardized in
'1.947 

(Craigie and Felix 1947) and with further adapta-
tions of Vi phage II, a further 95 types were defined and
internationally recognized bringing the total number of
Vi phage types to 106 (Edelman and Levine 1986). Vi
phage typing is now the internationally accepted method
for differentiation of Typhi and the scheme is used in
specialized WHO-approved reference centers world
wide. The types most widespread and abundant
throughout the world are E1 and A, followed by B2, CI,
D1, and F1; other less common types are found that are
prevalent temporarily or permanently in some countries
only, or even within certain geographical areas within a
country (Jegathesan 1983). The value of the Vi phage
typing method was demonstrated, for example, by inves-
tigations of the sudden appearance in the UK in 1990 of
multiresistant strains belonging to Vi phage type M1 and
associated with patients recently returned from Pakistan
(Rowe et al. 1990). Subsequently, multiresistant strains
of Vi phage type E1 have been associated with patients
returning from India (Rowe et al. 1995), where strains of
type E1 have caused numerous outbreaks since 1990
(Prakash and Pillai 1,992). Again Vi phage typing has
linked outbreaks in several countries in the Arabian
Gulf to immigrant workers from the Indian subcontinent
(Wallace et al. 1993; Mirza et al. 1996).

A serious limitation of the usefulness of Vi phage
typing is that one type, usually A or E1, may be so
common rn a country as to limit the usefulness of epide-
miological information. Several attempts have been
made to overcome this problem: members of common

phage types have been further discriminated by

biochemical tests, by the use of a battery of unadapted

O phages (Nicolle et aI. 1954) and, more recently, by

various molecular methods, e.g. insertion sequence (IS)

200 for Vi phage types EL and M1 (Threlfall et al.

1993c) and pulsed field gel electrophoresis (PFGE)

(Thong et al.7994; Connerton et al. 2000).

Other serotypes

ln contrast to the phage typing scheme for Typhi, which

is based primarily on adaptations of bacteriophage Vi II,

phage typing schemes for other serotypes depend to a

limited extent on phage adaptability and, for the most

part, are based on patterns of lysis produced by serologi-

cally distinct phages isolated from a variety of sources.

In addition to Typhi, other serotypes for which
published phage typing schemes are in routine use in the

UK and include: Paratyphi B (Felix and Callow 1943,

1951), Typhimurium (Callow 1959; Anderson 1964),

Hadar (de Sa et al. 1980), Enteritidis (Ward et al. 1987)

and Virchow (Chambers et al. 1987). More than 50

phage types are now recognized in the Enteritidis

scheme, the value of which was realized on an interna-

tional scale following the global pandemic of Enteritidis

from the late 1980s to the early 1990s. For the Typhi-

murium scheme, 232 phage types were designated
(Anderson et al. 1977b) and a further 40 types have

been recognized subsequently. Supplementary schemes

have been developed in several countries to discriminate

Typhimurium strains untypable by conventional typing

schemes. Again, phage typing schemes have been devel-

oped, as required, for several other serotypes which

became predominant in particular areas, e.g. a phage

typing scheme for Agona was developed in the UK in

the 1980s when isolations of Agona were at a high level

(Ward L.R., unpublished), but the scheme was not put

into effect until 1995 following an international outbreak

associated with a contaminated kosher snack imported

into the UK and the USA from Israel (Anonymous

1995). Phage typing schemes for Enteritidis and Typhi-

murium used in different countries of the EU have now

been rationalized as part of an international collabora-

tive venture for salmonella surveillance (Fisher et al.

1994; Fisher 1999). More recently, attempts have been

made to develop DNA-based phage typing for Typhi-

murium, utilizing 84 phage-type specific markers

revealed by fluorescent amplified fragment length poly-

morphism fingerprinting (FAFLP) of 46 Typhimurium

isolates of Australian origin (Hu et al. 2002). It is
possible that this method may be used for the develop-

ment of a microarray-based molecular phage-typing

scheme for this and other serotypes.

It is important to realize that phage types cannot

always be regarded as indicative of clonality because
phage type conversions may result from the acquisition

of both plasmids (Anderson and Lewis 1965; Anderson
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et al.1973; Threlfall et al. 1978; Barker 1986; Frost et al.
1989) and bacteriophages (Threlfall et al. 1980; Rankin
and Platt 1995).

Biotyping

Subdividing common salmonella serotypes according to

their biochemical characters is sometimes of value in

epidemiological investigations. In many serotypes there

are few biochemical tests in which significant numbers of

strains behave differently and so the number of identifi-

able biotypes is small. But, when available, biotyping is

a useful adjunct to phage typing for it can subdivide a

large group of untypable strains or members of common
phage types (as in Typhi).

Its usefulness has been greatest in studying the epide-

miology of infections with Typhimurium for which

Duguid et al. (1975) developed a biotyping scheme

based on the use of 15 biochemical characters. Thirty-

two potential primary biotypes were deflned by the
possible combinations of positive and negative reactions

in the five tests most discriminating for this serotype: D-

xylose, m-inositol, L-rhamnose, d- and lee-tartrates;
primary biotypes were designated by numbers (1-32)

and full biotypes by appending to these numbers letters

which indicated results in ten secondary tests. To date,

representatives of 24 primary and 184 full biotypes have

been identified. In different studies the system has

afforded a high degree of discrimination and the biotype

characters have proved remarkably stable (Duguid et al.

1975; Anderson et al. 1978; Barker and Old 1979,1980,

1989; Barker et al. 1980; Old and Barker 1989; Wray

et al.  1987).

When biotyping was used in conjunction with phage

typing, each system complemented the other and

combined data allowed chancterization of 574 different
'phage biotypes' among >2 000 strains of Typhimurium

(Anderson et al. 1978). Strains of several phage types

could be subdivided by biotype; thus, strains of phage

type L4l included representatives of three distinct, yet

stable, biotypes 1f, 9f, and 31bd (Barker and Old 1979),

probably reflecting the acquisition of the same phage

type-determining character by different biotype lines of

the serotype. Furthermore, strains of several biotypes

were found that had diversifled in phage type by acquisi-

tion of different phage type-determining characters.

Combined phage type-biotype studies help:

o to determine with greater confidence the flne rela-

tionships among strains

a to characterize variants that arise from a strain in the

course of its epidemic spread and

a to indicate likely phage type interconversions
(Anderson et al. 1978; Barker et al. 1980; Barker
1 e86)

Modifled versions of the Typhimurium biotyping
scheme have been successfully applied to the

epidemiology of other salmonella serotypes: Agona
(Barker et al. 1982), Livingstone (Old et al. 1994;
Crichton et al. 7996), Montevideo (Reilly et al. 1985)

and Paratyphi B (Barker et al. 1988). Regrettably,
despite its undoubted discriminatory ability, biotyping is

now rarely used and in many laboratories has been
superseded by a range of DNA-based molecular
methods.

Molecular typing methods

A range of molecular typing methods based on char-

acterization of the genotype of the organism by analysis

of plasmid and chromosomal DNA has now been devel-

oped either to supplement the more traditional pheno-

typic methods of typing (serotyping, phage typing,

biotyping) or, in some cases, as methods of discrimina-

tion in their own right. Molecular typing methods based

on the characterization of plasmid DNA and which have

been used for the differentiation of Salmonel/a include

plasmid profile typing, plasmid fingerprinting and the

identification of plasmid mediated virulence genes. By

contrast, more recent methods have sought to identify

small regions of heterogeneity within the bacterial chro-

mosome. Five chromosomally based methods have been

used for Salmonella: ribotyping; random cloned chromo-

somal sequence (RCCS) typing; insertion sequence (IS)

200 typing; PFGE; and PCR-based methods such as

random amplified polymorphic DNA typing (RAPD),

enterobacterial repetitive intergenic consensus typing

(ERIC-PCR), repetitive extragenic palindromic element

typing (REP-PCR), amplified fragment length poly-

morphism flngerprinting (AFLP), and variable number

of tandem repeats fingerprinting (VNTR). The flrst

three methods use DNA-DNA hybridization to identify

restriction fragment length polymorphisms (RFLP)

following detection of single or multicopy gene

sequences across the bacterial genome; the fourth

method (PFGE) is a modification of conventional

agarose gel electrophoresis (AGE) that permits analysis

of the whole bacterial genome on a single gel. The PCR-

based methods are based on amplification of specific

DNA sequences by PCR to produce characteristic

groups of fragments dependent upon the origin of the

template DNA. A detailed review describing these

methods and their applicability for salmonella epide-

miology is available (Threlfall et al. 1994a).

The methods used most extensively in support of

epidemiological investigations of Salmonella are plasmid

typing, ribotyping, RCCS typing, 15200 flngerprinting

and, more recently, PFGE and AFLP f,ngerprinting.

PLASMID TYPING

Many wild-type strains of salmonellae carry plasmids

differing in both molecular mass and number. Plasmid

typing, based on the numbers and molecular weight of

plasmids after extraction of partially purified plasmid
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DNA and AGE, has been used for differentiation within
serotypes, e.g. Muenchen (Taylor et al. 1982b), Gold-
coast (Threlfall et al. 1986a), and Berta (Threlfall et al.
1992c), and phage types (Wray et al. 1987; Hampton
et al. 1995; Lawson et al. 2004), but is restricted to
strains of serotypes possessing plasmids and is of limited
use in serotypes in which the majority of isolates contain
only one plasmid. Thus, until recently, plasmid profile
typing has been of only limited value in Enteritidis
(Erdem et al. 1994), in which the majority of isolates
carry a single plasmid of 38 000 kDa (Helmuth et al.
1985). However, since the year 2000, an increasing
number of S. Enteritidis phage types have carried one or
more plasmids in addition to the 3 800 kDa serotype-
specific plasmid, and together with PFGE, this property
has been exploited in investing numerous outbreaks in
the UK in 2002 and 2003. The sensitivity of the plasmid
profile typing may be increased by cleaving plasmid
DNA with a limited number of restriction endonucleases
and the resultant plasmid 'fingerprint' may be used to
discriminate between plasmids of similar molecular mass
(Platt et al. 1986). On this basis a hierarchical plasmid
fingerprinting scheme has been proposed (Platt et al.
1986). As with plasmid profile typing, the use of plasmid
fingerprinting is restricted to plasmid-carrying strains;
furthermore, carriage of multiple plasmids may make
the interpretation of results extremely difficult.

CHROMOSOMALLY BASED METHODS

For salmonellae that do not carry plasmids or possess
only serotype-specific plasmids (SSP), it may be neces-
sary to use chromosomally based methods such as ribo-
typing which has been used for differentiation within
serotypes, e.g. Dublin (Chowdry et al. 1993) and Typhi
(Altwegg et al. 1989), and within phage types, e.g. Typhi
(Grimont and Grimont 1986). However, ribotyping
alone is not highly discriminatory and, in general, it is
used in combination with other genotypic methods such
as 15200 fingerprinting.

Observations of heterogeneity in chromosomal restric-
tion enzyme-generated fragment patterns may be
enhanced by the use of randomly cloned sequences of
chromosomal DNA as single-stranded gene probes and
this method of typing, originally developed in the USA
by Tompkins and colleagues (1986), provided a method
for the differentiation of strains of Typhimurium but was
of limited use for Dublin and Enteritidis.

A third RFLP-based method is that of insertion
sequence typing. Insertion sequences belong to a class of
mobile genetic elements which contain only those genes
necessary for their own transposition. In particular, the
Salmonella-specific 708 bp insertion sequence 15200
(Lam and Roth 1983) has been shown to be distributed
on conserved loci on the chromosome of many Salmo-
nella serotypes with copy numbers ranging from one to
25 (Gibert et al. 1990). In some serotypes, identification

of the number and distribution of IS200 elements in the
genome has provided a method of discrimination

suitable for epidemiological investigations. In particular,

IS200 fingerprinting has been used for discrimination
within serotypes such as Brandenburg (Baqriar et al.
1994), Infantis (Pelkonen et al. 1994), and Heidelberg
(Stanley et al. 1.992) for which phage typing schemes are
not available and which do not contain extra-
chromosomal plasmid DNA. However, when applied to
serotypes that can be subdivided by phage typing, 15200

fingerprinting appears to be of more limited value; thus,
in Enteritidis the method deflned only three clonal
lineages among 27 phage types and did not differentiate
within phage types (Stanley et al. 1991). For both Typhi-

murium and Paratyphi B biotype Java, preliminary

studies have suggested that 15200 flngerprinting may be

as discriminatory as phage typing for some investigations
(Ezquerra et al. 1993; Stanley et al. 1993), a finding
recently exploited in the typing of Paratyphi B strains of
biotype Java from a large outbreak of human infection
in France, caused by contaminated goats' milk cheese
(Desenclos et al. 1996).

Although the RFLP-based methods described above
provide fingerprints that are easy to interpret and repro-
duce, ribotyping, RCCS typing, and 15200 flngerprinting

may be nondiscriminatory. Furthermore, in the case of

15200 fingerprinting, not all serotypes possess these

elements. By contrast, PFGE, a variation of conven-

tional AGE that uses alternation between two field
orientations to separate linear DNA fragments of a
magnitude ranging from >6 000 to <10 kb, can provide a
fingerprint of the whole genome. This rriethod is being
used increasingly for the fingerprinting of Salmonella,
and has provided subdivision within both serotype, e.g.
Typhi (Thong et al. 1994), Newport (Ward et aI. 2002),

Stanley (Kirk et al.2004) and phage type, e.g. Enter-

itidis PT 4 (Powell et al. 1994,1995), S. Typhimurium
DT 104 (Lawson et aI.2004). Since the mid-1990s PFGE
has been used for characterization of a strain of Agona
PT 15 responsible for an international outbreak of

salmonellosis in at least four countries (Threlfall et al.
1996b) and for the discrimination of a strain of S.
Newport responsible for an outbreak of salmonellosis in
England and Wales in 2001 associated with the
consumption of contaminated salad vegetables origi-
nating in Spain (Ward et al. 2002). When combined with
ribotyping and 15200 flngerprinting, a genotypic method

'was also provided for the subdivision of strains of
Panama isolated in several countries over an extended
period of time (Stanley et al. 1995).

The use of PFGE for the subtyping of S. enterica (and

several other enteric pathogens) has now been standar-
dized in the USA and has been developed into a
national network - PulseNet - for the molecular
subtyping of various S. enterica serotypes and also
Escherichia coli Ol57:.Hi (Swaminathan et al. 2001). In
Europe, a nine country network (Salm-gene) has been
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established targeted at harmonizing PFGE and other
molecular methods for the subtyping of S. enterica

within human Salmonella reference laboratories within

the European Union (Peters et al. 2003). The harmo-

nized PFGE method is compatible with those used in

PulseNet and the long term objective will be to develop

a major international network on a global scale, invol-

ving both human and veterinary laboratories, for the

standardized molecular subtyping of S enterica. The
power of this method, coupled with its potential for

international standardization, has been exploited in the

identification of an outbreak of multiresistant S. Typhi-

murium, DT 104b epidemiologically associated with

contaminated lettuce in five European countries and
Iceland in the summer of 2000 (Lindsay et al. 2002;

Crook et al. 2003), and more recently, in an outbreak of

S. Stanley and S. Newport in three continents associated

with peanuts originating from China (Kirk et aL.2004).

In both outbreaks the electronic exchange of gel profiles

obviated the necessity for the exchange of strains

through the postal system, and resulted in the rapid
implementation of effective intervention strategles.

The three PCR-based methods RAPD, ERIC-PCR,

and REP-PCR have all been used experimentally for

differentiation within both serotypes and phage types.
However, results are not yet sufficiently reproducible for

widespread use in large-scale outbreak investigations. In

contrast, AFLP appears to have considerably more
potential, both for outbreak investigations and for

exploring phylogenetic relationships within S enterica.

"Fluorescent amplified fragment length polymorphism

fingerprinting (FAFLP), which utilizes digestion of
genomic DNA with two restriction enzymes followed by
ligation of specific oligonucleotide adapters and PCR

amplification of specific subsets of fragments using one
fluorescently-labeled primer and an unlabeled primer

designed to prime from the ligated adapter sits, has been

critically evaluated in comparison to PFGE (Lindstedt

et al. 2000). The method has subsequently been

exploited both for outbreak investigations (Lindsay et al.

2002; Scott et al. 2001; Lawson er al. 2004), and for

exploring the genetic structure of the SARA, SARB,

and SARC Salmonella reference collections (Scott et al.
2002) and various S. Typhimurium phage types (Lan

et al. 2003). Single-enzyme amplified fragment length
polymorphism fingerprinting (SAFLP), which follows

the same principles as FAFLP but utilizes only one

enzyme and does not involve the incorporation of a

fluorescin label (Peters and Threlfall 2001) is a more

simple method possibly more suited for day-to-day use
in the reference laboratory setting, and has also been

used both independently of, and also in conjunction with

PFGE, in outbreak investigations (Sood et al.2002).
VNTR is based on the presence and subsequent iden-

tification of units of repeated DNA elements in the
genome. Such elements, known as VNTRs, range

from about 10 to 100 base pairs (bp). Following the

publication of the S. Typhimurium LTz genome
(McClelland et al. 2001) VNTR flngerprinting has been
experimentally applied to the subtyping of S. Typhi-
murium DT 104 (Lindstedt et al. 2003). Further evalua-
tion of the method in a range of different serotypes is
required before this method can be used for outbreak
investieations.

Outer-membrane protein and
I i popolysaccharide profi les

Analysis of outer-membrane protein (OMP) patterns

has demonstrated considerable homogeneity among

strains within each of the serotypes Choleraesuis,

Heidelberg, Infantis, Panama, and Typhimurium; by

contrast, a limited degree of heterogeneity was observed

within Dublin and Enteritidis, with a few strains lacking

one major OMP (Helmuth et al. 1985). Because of the

limited heterogeneity observed, it is unlikely that OMP

typing can be used in epidemiological investigations.

However, it has demonstrated that some strains of

Typhimurium are deficient in OMP F and, because of

this deficiency, show low-level resistance to a range of

antibiotics, including ciprofloxacin, resulting from

decreased uptake of the respective antibiotics through

cell wall porins.

Analysis of LPS content, though not a useful tool for

subdivision within a serotype, has proved useful in inves-

tigating changes of phage type within certain serotypes;

thus, irreversible loss of the ability to synthesize LPS

accounts for the conversion of PT 4 to PT 7 in Enter-

itidis strains (Chart et al. 1989).

EPIDEMIOLOGY

Habitat

Salmonellae are primarily intestinal parasites of humans

and many animals, including wild birds, domestic pets,

and rodents; they may also be isolated from their blood

and internal organs. They are found frequently in

sewage, rivers, and other waters and soil in which they

do not multiply significantly. Under suitable environ-

mental conditions, they may survive for weeks in waters

and for years in soil. They have been isolated from many

foods, including vegetables and fruit, used by humans

(Rampling 1990; Report 1993) and are important

contaminants of animal protein-feed supplements.

Some serotypes are adapted to specific hosts, e.g.

Abortusovis, Gallinarum, Typhi, and Typhisuis are

confined respectively to sheep, fowl, humans, and swine

(or closely related species). The majority, however, are

ubiquitous serotypes inhabiting a wide range of hosts.

Members of subsp. enterica predominate among

mammals; those from other subspecies are isolated infre-

quently from, and are rarely pathogenic for, humans and
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other mammals. Serotypes from subspp. salamae,
arizonae, diarizonae, and houtenae are commonlv found
in the intestinal tract of cold-blooded animals.

Susceptibil i ty to antimicrobial agents

Until about 1960, nearly all salmonellae were sensitive
to a wide range of antimicrobial agents but since L962
resistance, frequently plasmid mediated, has appeared in
salmonellae world wide. The relative importance of anti-
biotic resistance, and the serotypes in which it occurs,
differs from country to country. For example, in devel-
oped countries in Western Europe such as the UK,
resistance is common in serotypes associated with
bovine animals, e.g. Typhimurium, but is relatively
uncommon ln serotypes associated with poultry, e.g.
Enteritidis. It must also be realized that within Typhi-
murium, resistance may be concentrated in a relatively
few phage types, often associated with bovine animals,
e.g. deflnitive phage types (DT) 29,204c, and 104, whilst
remaining uncommon in phage types associated with
poultry, e.g. DTs 9, 10, and 12 (Palmer and Rowe 1986;
Frost et al. 1995). By contrast, in many developing
countries resistance is found in several serotypes that
are almost invariably linked to severe outbreaks of
salmonellosis in humans without obvious animal
involvement (for review, see Rowe and Threlfall
1984).

DEVELOPED COUNTRIES

The question of whether antibiotic resistance in non-
typhoidal salmonellas associated with food animals is a
human public health problem in developed countries
has been a contentious issue since the late 1960s. In the
UK, following concern about the increasing incidence
of multiresistance (to four or more antimicrobial
agents) in strains of salmonellae, particularly Typhi-
murium DT 29 in humans and bovine animals
(Anderson 1968), the Joint Committee on the Use of
Antibiotics in Animal Husbandry and Veterinary Medi-
cine (the Swann Committee) recommended in 1969 that
certain therapeutic antibiotics, at that time widely used
in food animals without prescription, should be avail-
able only on prescription (Anonymous 1969). A further
recommendation of the Swann Committee was that
certain antibiotics should be reserved specifically for
prophylaxis and therapy and should not be used for
growth promotion. By 1970, DT 29 had disappeared
from bovine animals in Britain and for the next 6 years
<8 percent of isolations of Typhimurium from cattle
and 3 percent of isolations from humans were multi-
resistant (Rowe and Threlfall 1984). However, from
7975 to the mid-1980s there was a substantial upsurge
in the occurrence of multiresistant Typhimurium strains
in humans and food animals, particularly calves. The
phage types involved were different from those that

caused outbreaks in the 1960s, with the related DTs
204, 193, and 204c predominating (Threlfall et al. 1978,

1980, 1985). A feature of this outbreak was the sequen-

tial acquisition of plasmids and transposons coding for a
wide range of antimicrobial agents, e.g. ampicillin (A),

chloramphenicol (C), gentamicin (G), kanamycin (K),

streptomycin (S), sulfonamides (Su), tetracyclines (T),

and trimethoprim (Tm). The acquisition of resistance

by strains of these phage types seemed to coincide with

the introduction and use of at least some of the anti-
microbial agents in attempts to combat infections in

calves by Typhimurium strains resistant to an increasing

range of antibiotics (reviewed by Rowe and Threlfall

1984). This epidemic also provided the flrst conclusive

evidence of the introduction and use, in calf husbandry,

of a veterinary aminoglycoside antibiotic (apramycin)

giving rise to resistance to gentamicin, a related anti-

biotic which is used for treating severe systemic infec-

tions in humans (Threlfall et al. 1985, 1986). Over the

next 5 years the incidence of drug resistance in both

human and bovine isolates of Typhimurium continued

to rise (Ward et al. 1990; Threlfall et al. 1993a), and

the Expert Group on Animal Feedingstuffs (The

Lamming Committee) recommended not only that anti-

biotics giving cross-resistance to those used in human
medicine should not be used as growth promoters, but
also that their prophylactic use in animals should be

reconsidered (Anonymous 1992a).

Since 1991 there has been a further substantial

increase in the incidence of both resistance and multiple

resistance in Typhimurium strains in England and
Wales. In 1994, 78 percent of isolations from humans

were resistant to at least one antimicrobial agent and 62
percent were multiresistant (Frost et al. 1995). Of parti-

cular importance in this increase in the incidence of

multiresistance in Typhimurium since 1991 has been an

epidemic in cattle and humans in England and Wales of
multiresistant (MR) strains of DT 104 of R-type

ACSSuT. In contrast to DTs 29, 204c, and 193, in S.
Typhimurium DT 104 the ACSSuT resistance genes are
inserted in the chromosome (Threlfall et al. 1994a). MR

S. Typhimurium DT 104 of R-type ACSSuT was first

identified in the UK in the early 1980s from gulls and

exotic birds. With the exception of a small outbreak in

Scotland in the mid-1980s there were no isolations from
humans until 1989, by which time MR S. Typhimurium

DT 104 had also been isolated from cattle. Over the

next 5 years this strain became epidemic in bovine

animals throughout the UK (Anonymous 1998).

However, in contrast to previous epidemic MR phage

types such as DTs 29,204,193, and 204c, which were for

the most part confined to cattle, MR DT 104 has also
become common in poultry, particularly turkeys. pigs,

and sheep (Anonymous 1998). Human infection with

MR S. Typhimurium DT 104 has been associated with

the consumption of chicken, beef, pork sausages, and
meat paste (Wall et al. 1994), and to a lesser extent with
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occupational contact with infected cattle (Wall et al.
199s).

Although some variants have been identified, when
studied by PFGE the majority of MR S. Typhimurium

DT 104 are characterized by a distinctive Xbal-gener-

ated macrorestriction fingerprint (Ridley and Threlfall

1998; Prager et aI. 1999; Lawson et aL.2004). Over the
last 4 years this particular clone has caused outbreaks of
infection in food, animals, and humans in numerous
E,uropean countries and as far afield as South Africa, the

United Arab Emirates, and the Philippines. In 1996,
infections with MR DT 104 were recognized in cattle
and humans in North America, both in Canada and the
USA (for reviews, see Threlfall 2000,2002).

Of particular concern has been the resistance of the

organism to a wide range of therapeutic antimicrobials.
Furthermore, in some countries there have been reports
of an apparent predilection of the organism to cause
serious disease (Wall et al. 1994; Miller 1997; Mglbak
et al. 1999; Helms et aL.2002). However, a study in the
UK of over 70 000 salmonella infections in the 3 year
period 1994-96 demonstrated that MR S. Typhimurium
DT 104 appears no more invasive than other common
serotypes and phage types in terms of isolations from

blood culture in comparison to fecal isolations (Threlfall

et al.  1998).

Genetic analysis has demonstrated that in MR S.
Typhimurium DT 104 of R-type ACSSuT, the complete
spectrum of antibiotic resistance is chromosomally
encoded (Threlfall et al. 1994a). Investigation of a selec-
tion of resistant strains by PCR demonstrated integron

hot spots in two copies as two discrete bands of approxi-

mately 1.0 and 1.2 kilobases (kb). Direct nucleotide
sequencing of the individual amplicons indicated that
the 1.0 kb gene product was the eflzyme ANT (3')-1a,

responsible for resistance to streptomycin (and also to

spectinomycin); the 1.2 kb amplicon contained the gene

bla Pl, encoding the B-lactamase CARB-2 (PSE-1) and
the sull gene coding for resistance to sulfonamides
(Ridley and Threlfall 1998; Sandvang et al. 1998). It is
particularly noteworthy that all isolates of MR DT 104
of the R-type ACSSuT phenotype have contained the
same gene cassettes irrespective of source (food, animal,
or human), or country of origin. Subsequent studies
have demonstrated that the genes for chloramphenicol
and tetracycline resistance are grouped between the
ampicillin/sulfonamide and streptomycin/spectinomycin
(SSp) integrons described above (Briggs and Fratamico
1999; Casin et al. 1999). Antibiotic resistance in MR DT
104 of R-type ACSSuT is therefore comprised of a
sequence of approximately 1.4 kb, containing the A/Su
and SSp integrons, and intervening plasmid-derived

genes coding for resistance to chloramphenicol and
tetracyclines (Briggs and Fratamico 1999).

Since 1992, there has been an increasing number of
isolates of S. Typhimurium DT 104 which, as well as
possessing chromosomally encoded resistance to

ACSSuT, have also acquired plasmid mediated resis-

tance to sulphonamides and trimethoprim (R-type

ACSSuTTm) (Threlfall et al. 1996a, 1999b; Threlfall

2000). A further development in 1995 was the substan-

tial increase in multiresistant DT 104 exhibiting

decreased susceptibility to ciprofloxacin (MIC 0.250-

0.500 mg/l). This is of particular concern because cipro-

floxacin is regarded as the drug of choice for the treat-

ment of invasive salmonellosis in humans. In isolates of

multiresistant S. Typhimurium DT 104 with decreased

susceptibility to ciprofloxacin, this property is chromoso-

mally encoded. Amplification and sequencing of the

120 bp quinolone resistance determining region

(QnOn; in a panel of isolates of MR DT 104 of R-type

ACSSuTCp has identified two discrete base substitutions

at codon aspartate (Asp)-87 and further point mutations

at codons Ser-83 and Ala-119 fiust outside the QRDR),

all giving rise to decreased susceptibility to ciprofloxacin

(Ridley and Threlfall 1998). The most common mutation

in Asp-87 involved change from GAC (aspartate) to

AAC (asparagine). An identical mutation giving rise to

decreased susceptibility to ciprofloxacin has recently

been identified in a strain of MR DT 104 responsible for

an outbreak in Denmark in the summer of 1998, asso-

ciated with pork of Danish origin (Mplbak et al. 1999).

More recently the mutation in codon 87 from GAC to

GGC has been identified in isolations of MR S. Typhi-

murium DT 104 from humans, caltle, milk, and a milk

filter in a substantial outbreak in northwest Lancashire

in the summer of 1998 (Walker et al. 2000). This

outbreak was associated with a breakdown in on-farm

pasteurization. It is particularly noteworthy that the

fluoroquinolone antibiotic marbofloxacin had been in

use on the farm in the months preceding the outbreak,

and this may have contributed to the persistence and

dissemination of the multiresistant strain in the farm

envlronment.

The emergence and spread of MR DT 104 with

decreased susceptibility to ciprofloxacin in the UK

followed the licensing for veterinary use of the related

fluoroquinolone antibiotic enrofloxacin in November

1993 (Threlfall et al. 1998, 1999a). This antimicrobial has

subsequently been used extensively in both cattle and

poultry for treatment and prophylaxis. A consequence of

this has been the rapid development of resistance to

quinolones in strains of MR DT 104 from food-produ-

cing animals (Piddock and de Jong 1999). Such resis-

tance has been particularly apparent in strains of MR S.

Typhimurium DT 104 from turkeys but also in strains

from chickens and cattle (Davies et al. 1999). For

humans, the clinical signiflcance of decreased suscept-

ibility to ciprofloxacin is controversial. However, in the

outbreak in Denmark in the summer of 1998. four of 11

hospitalized patients did not respond to treatment with

ciprofloxacin and there were two deaths (M@lbak et al.

1999). This outbreak clearly demonstrates the potential

of MR DT 104 for causinq serious disease and the clin-
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ical consequences of decreased susceptibility to cipro-
floxacin in this epidemic strain.

Decreased susceptibility to ciprofloxacin is not just

confined to MR S. Typhimurium DT 104 in the UK. In a
study of over 27 000 of Salmonella isolates from cases of
human salmonellosis in ten European countries in the
year 2000, over 14 percent of isolates exhibited such
resistance. Furthermore, such decreased susceptibility
was observed in numerous serotypes and phage types
(Threlfall et al. 2003a). Although the use of fluor-
oquinolone antibiotics in humans cannot be totally
excluded, there is little doubt that such resistance is a
direct consequence of the use of such antibiotics in food-
producing animals in many countries in Europe. It
should be similarly realized that multiple resistance in
salmonellas in developed countries is not confined to S.
Typhimurium DT 104 and related strains. In Spain,
emergent multiresistant strains of S. enterica serotype

[4,5,I2:i-] have been associated with an increasing
number of human infections since the mid-1990s
(Guerra et al. 2000). Such strains have also caused infec-
tions in humans in the UK (Walker et al. 2001) and
Denmark. In these strains resistance has been mediated
by an unusual plasmid containing resistance genes
Iocated within a class 1 integron and also the spvA,
spvB, and spvC S. Typhimurium plasmid virulence genes
(Guerra et al. 2002). Similarly, in Greece, multiresistant
strains of S. Blockley have caused numerous infections
in humans since 1996 (Tassios et al. 2000). It should be
emphasized that although the most common presenta-
tion has been gastroenteritis, in infections caused by
both S. enterica serotype 14,5,12:i-l and S. Blockley, in
some cases patients have not responded to antimicrobial
treatment, possibly as a consequence of the wide resis-
tance spectrum of the organisms concerned.

In other developed countries, multiple antibiotic resis-
tance has been reported in a number of serotypes from
food animals. For example, in the USA, multiple resis-
tance has been reported in Saintpaul, Heidelberg,
Newport, and Typhimurium (Neu et al. L975; Holmberg
et al. 1984) and such resistance has often been attributed
to the use of antibiotics in animal feeds. In 2000 the first
reported case of domestically-acquired ceftriaxone-resis-
tant Salmonella in a case of human salmonellosis in the
USA involved the transmission of a resistant strain from
cattle to the child of a veterinarian, following treatment
of the infected herd with this antimicrobial (Fey et al.
2000). More recently closely-related strains of multidrug-
resistant S. Newport with plasmid-encoded resistance to
ceftriaxone have been associated with numerous infec-
tions in both cattle and humans in North America
(Rankin et al.2002), to become the third most common
serotype causing salmonellosis in man in the USA in
from 2000 to 2002. This organism commonly shows resis-
tance to ACSSuT with additional resistance to third-
generation cephalosporins mediated by the CMY-2 beta-
lactamase gene (Rankin et aI.2002; Carattoli et al. 2002;

Carattoli 2003). Spread of this strain has been linked to

the use of related third-generation cephalosporins in

cattle in the USA (Rankin et aL.2002).

As antibiotics are not recommended for the treatment

of mild to moderate salmonella-induced enteritis in

humans, it may be argued that in developed countries

drug resistance in nontyphoidal salmonellas is of little

consequence to human public health. However, anti-

biotics are used for the treatment of salmonellosis in

immunocompromised patients and sometimes for

treating particularly vulnerable patients; in such cases

treatment with an appropriate antibiotic is often essen-

tial and may be life-saving. Thus, it would appear that in

developed countries, and particularly in the UK, the

injudicious use of antibiotics in food animals has encour-

aged the spread and persistence of multiresistant salmo-

nellas in these animals. This has undoubtedly contrib-

uted to the overall occurrence of such strains in humans

and has also resulted in the appearance and spread of

strains resistant to antibiotics used for the treatment of

invasive disease in humans.

To combat the development of resistance in zoonotic
pathogens to such important drugs as the fluor-

oquinolones, it is hoped that such antimicrobials will

only be used in food animals when absolutely necessary.

In the UK, recommendations targeted at the develop-

ment of a coherent strategy aimed at reducing the veter-

inary use of antibiotics have recently been published by

the Advisory Committee on the Microbiological Safety
of Food (ACMSF), in their recent report on Microbial

Antibiotic Resistance in Relation to Food Safety (Anon-

ymous 1999).

DEVELOPING COUNTRIES

In developed countries, the most common presentation

in patients with salmonellosis is mild to moderate gastro-

enteritis. The disease is normally self-limiting with <2
percent of infections being extraintestinal (Threlfall et al.

1992b) and mortality is <0.5 percent. Nosocomial

outbreaks are uncommon and the majority of infections

are related to the consumption of infected food. The

majority of strains have food-animal reservoirs and the

most common serotypes involved are Enteritidis, Typhi-

murium, Hadar, and Virchow. By contrast, in developing

countries, particularly in South America, Africa, the

Indian subcontinent, and South East Asia, the most

common presentation is that of severe gastroenteritis

often accompanied by septicemia (up to 40 percent in

some outbreaks) and with up to 30 percent mortality.

The common pattern has been for several hospitals,

often situated many miles apart, to be involved. The

majority of outbreaks have occurred in neonatal and
pediatric wards, but community outbreaks in villages

and small towns have also been reported. The clinical

disease has been severe with enteritis frequently accom-
panied by septicemia. The main method of transmission
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Tabf e 54.4 Multiresistant salmonellae in develoaino countries

Serotype and phage type

Wienb

Typhimurium PT 208o
Johannesburgo

Oranienburg'

Typhimurium PT Ncb
Typh imur ium PT Unb
Typhimurium PT 661122D
Barei l lyo' '

Typh imur ium PT Unb

Typh imur ium PT Un
Senftenberg

Resistance patternsa

ACSSuT

ACSSuTTm

ACSSUT, ACGKSSuT

ACKSSuT

ACK5SuT

AC55uT

ACKSSuT
ACKSSuT, ACGKSSuT, ACG KSSuTTmNx

ACKSSuT

ACKSSuT, ACKSSuTFu, ACG K55uT,

ACGKSSuTTmNx

ACKSSuT, ACGKSSuTTm, ACG K55uTTmNx

ACKSSuT, ACGKSSuTTm, ACG KSSuTTmNx,
ACCtGSSuTTmNx

Years

1970-84

1974-84
1974-78

1974-86

1 976-80
1 976-80

1978-84
1 986-92
1978-94

1986-2002

1996-2002

Country/area

Northern Afr ica

Southern Europe, India

Middle East

South Afr ica

lndonesia

Kenya

L iber ia
Ind ia

Ind ia

Ind ia

Turkey
Ind ia

Nc, not-conforming; Un, untypable
a) Resistance to:  A,  ampic i l l in j  C,  chloramphenicol ;  Ct ,  cef t r iaxone; Fu,  furazol idone; G, gentamicin;  K,  kanamycin;  Nx,  nal id ix ic acid/decreased
susceptibility to ciprofloxacin; 5, streptomycin; Su, sulfonamides; T. tetracycline; Tm, trimethoprim
b) Outbreak
c) Sooradic

is by person-to-person spread either in hospitals or in
the community. The strains involved are invariably
multiresistant, often with resistance to up to nine anti-
microbial agents. A disturbing development in recent
years has been an increase in the incidence of multi-
resistant strains with high-level resistance to nalidixic
acid (MIC: >100 mg/l) and with reduced susceptibility to
ciprofloxacin (MIC: 0.1 mg/l cp 0.0075 mg/l for nalidixic
acid-sensitive strains). This has been particularly evident
in countries such as India (Lewin et al. 1991) particularly

for S. Typhimurium (Lewin et al. 1991), but also for ,S.
Senftenberg (Gupta et al. 1999). Examples of outbreaks
caused by such multiresistant strains are shown rn
-table 

54.4.

With the exception of resistance to furazolidone and,
since 1990, to nalidixic acid coupled with decreased
susceptibility to ciprofloxacin, resistances are invariably
plasmid encoded. A particular property of the majority
of these multiresistant strains is the possession of a
plasmid of the Flme incompatibility group coding not
only for multiple resistance but also for production of
the hydroxamate siderophore aerobactin, which is a
known virulence factor for some enteric and urinary
tract pathogens. These plasmids, flrst identified in Typhi-
murium DT 208 which caused numerous epidemics in
many Middle Eastern countries in the 1970s (Anderson

et al. 1977a), were subsequently identified in a strain of
Wien responsible for a massive epidemic that began in
Algiers in 1969 but spread rapidly thereafter through
pediatric and nursery populations in many countries
throughout North Africa, Western Europe, the Middle
East, and eventually the Indian subcontinent over the
next 10 years (Le Minor 1,972; McConnell et al. 1979;

Casalino et al. 1984). Fyne plasmids have also been
identified in several unrelated phage types of

Typhimurium that have caused substantial outbreaks in

Africa (Kenya, Liberia), India, and Turkey (Frost et al.

1982) (Table 54.4). A 30 year retrospective molecular

study of this group of plasmids, from strains of S. Typhi-

murium from several countries. has demonstrated that

the plasmids have evolved through sequential acquisition

of integrons carrying different arrays of antibiotic resis-

tance genes (Carattoli et al. 2001'; Carattoli 2003).

Although not clinically proven, the epidemiological

evidence strongly suggests that possession of the Fyme

plasmid has contributed to the exceptional virulence of

these epidemic clones.

SALMONELI.A TYPHI

An appropriate antibiotic is essential for the treatment
of patients with typhoid fever; until the mid-1970s, chlor-
amphenicol was the undisputed drug of choice.
Although a few sporadic isolations of chloramphenicol-
resistant Typhi had been reported before 1970 (see
Anderson and Smith 1972), the first epidemic caused by
a chloramphenicol-resistant strain occurred in Mexico in
1.972 (Anonymous 1972; Olarte and Galindo 1973). At
about that same time. a second substantial outbreak
occurred in India (Paniker and Vilma 1972) and rn the
succeeding 5 years outbreaks were reported in several
other countries, notably Vietnam, Indonesia, Korea,
Chile, and Bangladesh (Anderson 1,975). A feature of all
chloramphenicol-resistant strains from outbreaks in
Mexico. the Indian subcontinent, and South East Asia
was that, although the strains belonged to different Vi
phage types, resistance to chloramphenicol was encoded
by a plasmid of the H1 incompatibility group, and was
often found in combination with resistance to strepto-
mycin, sulfonamides, and tetracyclines (R-type CSSuT)
(Anderson 1975; Threlfall et al. 1991). Since 1989,
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outbreaks caused by Typhi strains resistant to chlor-
amphenicol, ampicillin, and trimethoprim, and with
additional resistances to streptomycin, sulphonamides,
and tetracyclines (R-type ACSSuTTm), have been
reported in many developing countries, especially Paki-
stan and India (Threlfall et al. 

'1,992a; 
reviewed by Rowe

et al. 1997). Multiresistant strains have also caused
outbreaks in Bangladesh (Albert et al. 1991), several
countries in South East Asia (Tinya-Superable et al.
1995) and in both north and South Africa (Coovadia

et al. 1992; Mourad et al. 1993). The recent emergence
in developing countries of Typhi strains with resistance
to trimethoprim and ampicillin has caused many
problems because, since 1980, these antibiotics had been
used extensively for the treatment of patients infected
with chloramphenicol-resistant Typhi strains (Mandal

1ee1).
Without exception, in all outbreaks involving multi-

resistant Typhi so far studied, the complete spectrum of
multiple resistance has been encoded by plasmids of the
H1 incompatibility (Inc) group (Rowe et al. 1991; Threl-
fall et al. 1992a). However, although resistances in
outbreak and endemic strains of S. Typhi are encoded
by Inc Hr plasmids, evolutionary diversity within this
compatibility group has been observed in such plasmids
from multiresistant strains from Vietnam over a 10 year

time period in the 1990s (Wain et al. 2003).
In the UK, resistance to chloramphenicol was rarely

encountered unti l  1990 (Rowe et al.  1987,1990), but
since then Typhi strains resistant not only to chlor-
amphenicol but also to trimethoprim and ampicillin have
been isolated with increasing frequency. The majority of
these strains have been isolated from travelers with a
history of recent return from countries where multi-
resistant strains have either caused outbreaks or have
become endemic. In all multiresistant Typhi strains
isolated in the UK since 1990, resistance to chlor-
amphenicol, ampicillin, and trimethoprim, together with
resistance to streptomycin and sulphonamides
(ACSSuTTm) has been encoded by plasmids of the H1
incompatibility group.

Because multiresistant S. Typhi is now endemic in
many developing countries and is also common in trave-
Iers returning to developed countries, ciprofloxacin is
generally used for the treatment of typhoid in both
developing and developed countries (Anand et al. 1990;
Mandal 1991). It is therefore a concern that multi-
resistant Typhi strains with plasmid-encoded resistance
to chloramphenicol, ampicillin, and trimethoprim and
additional chromosomal resistance to ciprofloxacin have
been reported both in the UK (Rowe et al. 1995) and in
outbreaks of infection in several developing countries,
including Tajikistan (Murdoch et al. 1998) and Vietnam
(Parry et al. 1998). In the Taiikistan outbreak, which
occurred in 1996-97, 50 000-60 000 cases of typhoid
fever were reported (Mermin et al. 1999). In the UK, 23
percent of over 200 isolates in 1999 exhibited such

resistance (Threlfall and Ward 2001) and in a recent

study of over 400 strains isolated from patients in 10

European countries in the 3 year period 1999-2001.,

between 20 and 26 percent exhibited decreased suscept-

ibility to ciprofloxacin, often in combination with resis-

tance to chloramphenicol, ampicillin, and trimethoprim

(Threlfall et al. 2003b). Although the MIC of these

strains to ciprofloxacin was below the anticipated serum

level for this antimicrobial following administration at

recommended doses. treatment failures have been

increasingly noted (Threlfall et al. 1999c). In such cases,

third-generation cephalosporin antibiotics such as

ceftriaxone or cefotaxime have been suggested as
possible alternatives (Parry et al. 1998; Threlfall et al.

1999c). In strains with decreased susceptibility to cipro-

floxacin. four different mutations have been identified in

gyrA in a study of 17 different strains from five coun-

tries (Walker et al. 2003), confirming that such strains

were not clonal either in respect of phage type or of

ciprofloxacin susceptibility.

Azithromycin, a macrolide antibiotic, has also been

evaluated for the treatment of infections caused by

multiresistant typhoid, with encouraging results (Wallace

et al. 1994). However, more clinical trials are required

before this antibiotic can be recommended for first-line

treatment ahead of such antimicrobials as ciprofloxacin

and ceftriaxone.

SALMONELTA PARATYPHIA

Infections caused by S. Paratyphi A, although in general

not as severe as typhoid fever, may also require anti-

microbial intervention before the results of susceptibility

tests are available. A substantive increase in S. Para-

typhi A with decreased susceptibility to ciprofloxacin has

also been reported in India since the late 1990s
(Chandel et al. 2000). As with S. Typhi, a similar

increase in strains of S. Paratyphi A with decreased

susceptibility to ciprofloxacin isolated from patients

from ten European countries between 1,999 and 2001 has

also been observed (Threlfall et al. 2003b).

NOTES ON SELECTED SEROTYPES OF
SALMONELLAE

Subspecies I

AGO NA (1,4,12;F,G,S: [1,2])

Rarely isolated before 1969, this serotype was imported
into the USA and many European countries in contami-
nated Peruvian flshmeal. which was used in animal feed
stuffs. Agona soon became entrenched in pigs and
poultry (Lee 1.974; Turnbull 1979) and by 1971, an
animal-food cycle independent of imported products was
established, e.g. in the UK (Palmer and Rowe 1986).
Thereafter, Agona was soon present in the top ten sero-
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types isolated from humans in the UK and elsewhere; its
subsequent decline remains unexplained (Le Minor et al.
1985; Palmer and Rowe 1986). The combined use of
phage typing and biotyping revealed little type diver-
gence (Barker et al. 1982). A different phage typing
scheme recognizing 38 phage types (LR Ward, unpub-
lished) was used to investigate an outbreak of Agona

that occurred in the UK from late 1994 to early 1995,

associated with a kosher, savory peanut-based snack
imported from Israel. All isolates from cases in the UK
and from others in Israel, Canada, and the USA and
from the snacks, belonged to PT 15 (Anonymous 1995).
The clonal identity of the outbreak strain was confirmed
by PFGE (Threlfall et al. 1996b).

MLEE has shown that the serotype is monophyletic;
all isolates of Agona examined belonged to one clone
(Reeves et al.  1989; Boyd et al.  1993). Of the three

distinct lineages of serotype Derby (1,4,[51,12:f,g:[1,2])

(Beltran et al.  1988), one (De31) is more closely related
in ET to that of Agona (Ag1) (from which it differs in

only four of 26 enzyme loci) than to those of the other
Derby clones (De1, De13) (Boyd et al.  1993).

CHOLERAESUIS (6,7:C:1,5)

This swine-adapted serotype commonly causes enteritis
in pigs but may be isolated occasionally from other
animals including humans, e.g. in the UK from 1981 to

1990 there were only 27 isolations from humans, 74
percent of which were invasive (Threlfall et al.1992b).
About 50 percent of recorded human infections are
associated with prolonged pyrexia; over one-third result
in localized pus formation and 20 percent are fatal
(Saphra and Winter 1957). Common pyemic manifesta-

tions include pneumonia, septic arthritis and osteomye-
litis, meningitis, and endocarditis. Choleraesuis grows

better in brilliant green-containing media than in sele-
nite broth or on MacConkey or deoxycholate agars.
Traditionally three biotypes (Choleraesuis, Decatur, and
Kunzendorf) have been recognized (see Table 54.5),
each containing different components of the H1 antigen
factors c1 3. Two other salmonella serotypes with the
same antigenic formula as Choleraesuis are still retained

in the Kauffmann-White scheme (Popoff and Le Minor
1992): Typhisuis and Paratyphi C. Typhisuis too is swine

adapted but may occasionally be isolated from other

animals including humans in whom the clinical presenta-

tion is like that of Choleraesuis (Saphra and Wasser-

mann 1954). Typhisuis grows poorly on ordinary media,

produces gas sparsely, and is distinguishable biochemi-

cally (Table 54.5); among salmonellae it is unusual in

being mannitol nonfermenting and lysine decarboxylase-

negative. Most strains of the human-adapted Paratyphi

C are difficult to distinguish from Choleraesuis and

Typhisuis but produce Vi antigen, which, however, is

rapidly lost on laboratory culture; Paratyphi C strains

(Vi* or Vi-) give a positive result with a viaB-specific

probe (Selander et al. 1990b).

Analysis by MLEE indicates a very close genetic rela-

tionship among most clones of Choleraesuis, Typhisuis,

and Paratyphi C. Most (82 percent) strains of Choler-

aesuis belong to one dominant clone (Cs1) and all but

two clones of Choleraesuis form a tight genetic cluster

to which Typhisuis clones (Ts1, Ts2) also belong

(Beltran et al.  1988; Selander et al.  1990b). About 90

percent of Paratyphi C strains belong to clones Pc1 and

Pc2 which, with most other Pc clones, also cluster in this

same lineage; it has been suggested that the major

clones of Choleraesuis, Typhisuis, and Paratyphi C

shared a common, invasive ancestor from which they

evolved with a shift to human hosts by Paratyphi C

(Selander and Smith 1990). However, some clones of

Choleraesuis (Cs6,13), Typhisuis (Ts3), and Paratyphi C

(Pc4) are distantly related to the above major genetic

group (Selander et al. 1990b). Furthermore, the three

clones representative of biotype Decatur (Dt1-3) are

distantly related to those of serotype Choleraesuis

(Selander et al. 1990b); yet Decatur has been subsumed

into Choleraesuis (Popoff and Le Minor 1992).

DUBL| N (1,9,12 [Vi ] :G,P: -)

Dublin is highly host-adapted to cattle but other animals

including humans are sporadically infected. In Britain, it

is the second most common serotype in cattle (Anon-

ymous 1994a,2002). In infected calves, it causes severe

diarrhea, whereas in adult cattle it is responsible for

septic abortion associated with a 70 percent mortality

and prolonged carriage by surviving animals. Human

infections are relatively uncommon in the UK, e.g. only

Tabfe 54.5 Biochemical reactions of salmonellae of antiqenic formula 6.7 c:1,5

Fermentation of

Serotype

Choleraesuis

Choleraesuis

Choleraesu is
Paratyphi C'
Typh isu is

Biotype

Cho leraesu is
Ku nzendorf

Decatu r

Arabinose Trehalose Dulcitol Production of H2SMucate

+

+

+
+

++/
+

+

+/
+

-, Negative reaction (in 5 days); +, positive reaction (in 2 days); +/ , some stra ns are positjve, others negative
a) Most  st ra ins are Vi*  but  product ion of  Vi  is  rapid ly lost  on subcul ture
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430 human isolations in England and Wales between
1981 and 1990 (Threlfall et al. 1992b), but are more
common in other parts of Western Europe such as
France (Le Minor et al. 1985). Numbers of human infec-
tions, particularly in western states of the USA,
increased steadily after 1964, especially among elderly,
debilitated male patients in whom mortality (35 percent)
was high (Taylor et al. 1982a). Human infection often
follows the consumption of raw milk and large milk-
borne outbreaks have been described (Small and Sharp
1979). There is a high incidence of bloodstream invasion;
thus, 25 percent of isolates from humans in the UK were
from blood (Threlfall et al. 1992b); abscess formation in
bones and joints has also been noted.

Of three closely related clones (Du1, Du3, Du4)
recognized by MLEE, 82 percent of strains belong to
Du1 which is globally distributed (Beltran et al. 1988;
Selander et al. 1,992). Gene probing reveals that viaB
genes are confined to clone Du3, restricted in its distri-
bution to France and the UK; whether clones Du1 and
Du3 differ in type or severity of infection in humans
or animals is unknown (Selander et al. 1992). Both
MLEE and sequencing of fliC genes show that Dublin is
closely related to Enteri t idis, (1,9,I2:g,m:[1,7]),  part icu-
larly to clonal lineage SECLIII, and that Rostock
(1,9,I2:g,p,l: -) is identical by MLEE to Du1 (Selander

et al. 1992; Li et al. 1993; Chowdry et al. 1993). Most
wild-type strains carry a large (52 000 kDa) serotype-
specific plasmid (SSP) implicated in virulence for
BALB/c mice, not required for blood invasion in
humans and of uncertain status in bovine infections
(Manning et al. 1986; Heffernan et al. 1987). Most
strains (96 percent) require nicotinic acid for growth.
Some biotype diversification is present (Walton 1972;
Fierer and Fleming 1983), but molecular techniques
have been necessary for the typing of Dublin strains (see

Liebisch and Schwarz 1996). Among human isolations in
the UK, two clones (SdRI, SdRII) of identical 15200
profile were identified on the basis of ribotyping; it has
been suggested that strains of ribotype I may be asso-
ciated with invasive disease in humans whereas those of
ribotype II are associated only with noninvasive disease
(Chowdry et al. 1993). Strains formerly assigned to clone
Du2 belong to a new serotype (1,9,I2:g,m,p: -) distantly
related to Dublin (Selander et al. 1992\. Non-motile
strains of Dublin (1,9,12: - : -), indistinguishable by
MLEE from Du1, carry a plasmid (52 000 kDa) the
restriction pattern of which is the same as that of wild-
type Dublin strains (Seland,er et al. 1992).

ENTERITI DIS (1,9,1 2:G,M tl1,7l)

This serotype usually causes food poisoning in humans,
but known complications include severe septicemia and
pyemic conditions such as spinal meningitis and subcuta-
neous abscesses, as described, for example, among
Liberian infants among whom very high mortality rates

(45 percent) were noted in children <1 year old
(Hadfleld et al. 1985). Enteritidis is commonly among

the top three serotypes from humans in many countries

world wide (Rodrigue et al. 1990; Schroeter et al.1994);

in the UK, for example, reported isolations increased 16-

fold in the period I98I-94 (Threlfall et al. 1994c; Frost

et al. 1995), Enteritidis accounting for 54 percent of all

salmonellae isolated from humans in 1995 (Anonymous

1996). Its main reservoir is in poultry flocks, poultry

meat, and contaminated eggs being important vehicles

of human infection (Coyle et al. 1988; Cowden et al.

1989a, b; de Louvois 1993,1994). Primary differentiation

of strains is best achieved by phage typing; the scheme

of Ward et al. (1987) with 11 phages originally recog-

nized 32 types and has now been extended to include 16
phages recognizing >80 distinct types (Ward L.R.,

unpublished). The unprecedented epidemic of Enter-

itidis in the UK and several other western European

countries in the late 1980s and early 1990s was caused by

a strain of PT 4 which spread in poultry flocks, selected

by environmental pressures associated with poultry

husbandry. An unusual feature of the epidemic was the

transovarian spread of the strain in the avian host
(Humphrey et al. 1989; Timoney et al. 1989). In other

countries epidemics were caused by strains of other
phage types: PTs 8 and 13 in the USA (Rodrigue et al.

1990), PT 6a in Greece (Vatopoulos et al. 1994), and PT

1 in several eastern European countries; other PTs asso-

ciated with poultry and poultry products are 7, Ja,23,
24, and,30 (Threlfall et al. 1993b).

The largest number of isolations of PT 4 was recorded

in 1993 in the UK. when L7 371 infections were identi-

fied (Wall and Ward 1999). There has been a dramatic

decline since 1997. with around 6 700 isolations of PT 4
identified in 1999 (Anonymous 1999). The reasons for

this decline are multifactoral. Several codes of practice

for the control of salmonellas in chickens have been in

operation in the UK since 1993. There have also been

many improvements in the poultry industry in infection

control and hygiene at breeding sites, and vaccination

against S. Enteritidis started in breeder flocks in the UK
in 1994 and in layer flocks in 1998 (Ward et al. 2000;

Davies and Breslin 2003). Nevertheless, Enteritidis still

remains the most common serotype from humans in the

UK and in 2002 and 2003 there have been an unprece-

dented number of outbreaks of infection caused by
phage types other than PT 4 (Anonymous 2003). The

reasons for this are not fully understood but it is possible

that the importation of infected eggs into the UK from

other countries in the EU may be a contributory factor
(O'Brien et al. 2004).

Despite its predominance, the overall level of anti-

microbial resistance in Enteritidis in the UK is relatively

Iow in comparison to S. Typhimurium (15-19 percent in

l98l-94), and multiple-drug resistance in isolates from

food animals or humans is rare (Threlfall et aL. 1993a;

Threlfall et al. 2003c). Further discrimination within
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major PTs has been obtained by the use of molecular

techniques.

Enteritidis is polyphyletic and clone En2 is distantly

related to other ETs of this serotype, except in its fliC
gene sequence (Beltran et al. 1988; Li et al. 1993). The

dominant clone En1 is closely related to clones of the

cattle-adapted serotype Dublin (Du1,3) and to the

avian-adapted types Gallinarum and Pullorum (Boyd

et al.  1993: Li et al.  1993).

G A L L I N A R U M  ( 1 , 9 , 1 2 :  - :  - )

Two distinct entities, distinguished by biotyping and by

causing different pathologies in their avian hosts (Blax-

land et al. 1956), are recognized within this nonmotile

serotype. Bioserotype Gallinarum is the agent of fowl

typhoid, a septicemic disease of young and adult birds,

usually spread by contaminated food or water. In natural

infections, mortality is high. Bioserotype Pullorum

causes an acute diarrheal illness in chicks; adult birds

may be chronically infected but remain healthy. Spread

occurs by transovarian transmission to eggs in carner

hens. Now uncommon in the UK and USA, these

bioserotypes have been prevalent since the 1970s in

Africa, Asia, and South America (da Silva 1985).

Sporadic cases occur in humans and other animals. The

virulence plasmids of both types are similar in size and

structure (Barrow and Lovell 1989), but the mechanisms

responsible for different diseases in avian hosts are

unknown. Whereas Gallinarum strains grow well on

ordinary enteric media, brilliant green-containing media

are recommended for Pullorum strains, some of which,

however, are very sensitive to brilliant green and bile

salts. Pullorum, but not Gallinarum, strains exhibit
phase-variable expression of antigen 0122 subfactor.

Most Gallinarum strains belong to PT 2 of Lilleengen

(1952); the phage-typing scheme of Anderson (1964)

recognizes 13 phage types of Pullorum. Gallinarum

strains are remarkably homogeneous in biotype: they are

anaerogenic, ferment dulcitol and maltose promptly and

are ornithine decarboxylase-negative (Crichton and Old

1990). At least five biotypes of Pullorum are recognized

(Crichton and Old 1990).

MLEE analysis has shown that both Gallinarum and

Pullorum are monophyletic and closely related to Enter-

itidis (Li et al. 1993). Only five ETs were identified for

Gallinarum strains, most (93 percent) of which belonged

to the globally distributed clone Ga2. By contrast, Pull-

orum strains showed greater evolutionary divergence

with seven ETs identified. The dominant global Pull-

orum clone (Pu3 and its variants) contained 61 percent

of strains; clones Pu2 (26 percent strains) and Pu4 (13

percent) were apparently restricted to the UK and

Germany, respectively (Li et al. 1993). These groupings

are in agreement with findings from ribotyprng, 15200
proflles and PFGE (Olsen et al. 1996). The existence of

a hybrid type, dulcitol-positive, and rhamnose-negative

like Gallinarum but gas-producing and ornithine decar-
boxylase-positive like Pullorum (Crichton and Old
1990), was confirmed by the presence of a unique ET
(Ga/Pu1) closer in overall genetic structure to Galli-
narum than to Pullorum (Li et al. 1993). The kind of

disease produced by strains of GalPu1 is not known. All
three lineages are thought to have been derived by loss
of motility and independent host adaptations to birds,
from a motile Enteritidis-like ancestor of broad host
range.

HADAR (6,8:Z1s:E,N,X)

Rarely isolated before 1971, Hadar became one of the
prevalent serotypes isolated from humans in many coun-

tries in the 1970-80s (Le Minor et al. 1985; Palmer and
Rowe 1986; Reilly et al. 1988; Farmer 1995), its sudden
epidemic spread being attributed to its introduction via

contaminated feed supplements to turkey flocks; its
major reservoir, in the UK, for example, is turkeys
(Anonymous 1992b) with ducks and geese increasingly
affected (Anonymous 1.994a). Hadar remains a common
serotype in the UK, accounting for c. 2 percent of
salmonella isolations from humans in 1994-95 (Frost

et al. 1995). The phage-typing scheme of de Sa et al.
(1980) has been expanded and currently 62 P-ts arc
recognized, using nine typing phages; PTs from humans
and turkeys are similar (Palmer and Rowe 1986). Resis-
tance to antimicrobial agents has increased dramatically
in Hadar isolates in the UK from 2 to 90 percent in the
period 1981-94 and 13 percent of strains were multi-
drug-resistant (pattern, ACST); since 1991, the incidence
of decreased susceptibility to ciprofloxacin increased
from 0 to 48 percent (Threlfall et al. 2003c). This

increase is probably linked to the licensing of enro-
floxacin for use in food production animals in the UK in

the early 1990s. MLEE indicates that Hadar is a mono-
phyletic serotype (Reeves et al. 1989).

HEIDELBERG (1,4, [5] ,1 2:R:  1,5)

Consistently ranked among the top ten serotypes
isolated from humans in different countries in Europe

and in the USA (Le Minor et al. 1985; Reilly et al. 1988;
Threlfall et al. 1992b; Farmer 1995), Heidelberg usually
causes gastroenteritis but is occasionally associated (3.3
percent of cases) with bloodstream invasion. It is well
entrenched in poultry, particularly turkeys, in the UK
(Anonymous I992b).

Epidemiological and phylogenetic groups of Heidel-
berg have been distinguished by IS200 proflling; the

copy number of 15200 varied from four to six with at

least one insertion site being serotype-speciflc (Stanley

et aL.1.992). Seven unique, stable IS200 fingerprints iden-
tified clones: one was associated with human infections,
a second comprised strains from chicken sources and a

third was derived from that chicken clone; in addition,
there were four minor clones. Clones could be further
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subdivided by plasmid analysis showing, for example,
that all chicken isolates carried a unique (23 000 kDa)
plasmid of the Inc X group (Stanley et al.1992). Popula-
tions of Heidelberg have been shown by MLEE to
comprise eight ETs which form a single cluster of closely
related genotypes; most (87 percent) strains belong to
the globally dominant clone He1 (Beltran et al. 1988).
This monophyletic serotype is a member of a large
phylogenetic complex to which Typhimurium, Saintpaul,
(some clones of) Paratyphi B/Java, and Muenchen also
belong (Beltran et al.  1988,1991).

INFANTIS (6,7,14:R: 1,5)

The primary reservoir of this serotype is poultry but it
has spilled over to cattle in some countries (Anonymous
1992b; Pelkonen et al. 1994). Infantis features regularly
in the top ten prevalent serotypes isolated from humans
in many developed countries (Le Minor et al. 1985;
Reilly et al. 1988; Pelkonen et al. 1994), and there is
some evidence of an enhanced propensity to cause inva-
sive disease with 4.3 percent of strains isolated from
extraintestinal sites (Wilkins and Roberts 1988). A
phage-typing scheme for Infantis (Kasatiya et aL. 1979)
has not been widely applied. Again, resistance to anti-
microbial agents is rare and few (18 percent) strains
have plasmids (Pelkonen et aL.7994).

Thus, primary strain discrimination of Infantis has
been molecular based. A study in Finland, where
Infantis is the most common serotype identified from
cases of food poisoning in humans, showed that most
Infantis isolates had 3 (97 percent of strains) or >4 (71.
percent) copies of IS200. Used together with ribotyping,
IS200 profiling identified 15 different genotypes and
clearly differentiated between isolates from humans and
other animal sources of infection; all strains from
domestic, and most (96 percent) imported, cases of
Infantis infection in humans belonged to genotypes
distinct from those strains entrenched in oomesuc
broiler chickens and cattle (Pelkonen et al. 1994).
MLEE analysis has identified four clones and showed
that 96 percent of isolates belong tci a predominant,
globally distributed clone (In1). The serotype may be
polyphyletic; only one isolate of an aberrant clone (In3)
of uncertain status did not cluster with the other (99
percent) strains (Beltran et al. 1988; Boyd et al. 1993).

MONTEVIDEO (6,7,14:G,M [P],S:[1,2,7])

Serotype Montevideo is recognized as a cause of serious
illness in sheep (Sharp et al. 1983) in which it is the
second most commonly isolated serotype in the UK; it is
also common in poultry but less so in cattle (Anon-
ymous 1994a). Montevideo is less commonly isolated
from human cases in Scotland than in England and
Wales; it is also regularly among the top ten serotypes
from humans in the USA (Farmer 1995).

Biotyping recognized two major biogroups, the distri-

bution of which was different in parts of the UK.
Biogroup 10di was predominant in all animal species in
Scotland but only in sheep in England and Wales;
biogroup 2d, on the other hand, was responsible for
almost all infections in humans, poultry, and cattle in
England and Wales but for only one-quarter of human
infections in Scotland (Reilly et al. 1985). MLEE recog-
nized two genotypically distinct ETs in this mono-
phyletic serotype (Boyd et al. 1993).

PANAMA (1,9,12:L,V :1,51

This serotype was rarely isolated in the UK before 1938.
Imported dried-egg products were responsible for its
establishment in pigs which, with pig-meat products,

remain a major source of human infection; nevertheless,
Panama is now isolated from a wide variety of animals
in the UK (Anonymous I992b). For many years it has
ranked in the top ten serotypes isolated from humans in
the UK (Lee 1974; Turnbull 1979; Threlfall et al. 1992b)
and elsewhere (Le Minor et al. 1985; Stanley et al.
1995). In humans, there is evidence of an above-average

ability to cause infections in blood and other extra-
intestinal sites (Wilkins and Roberts 1988; Threlfall et al.
r992b).

The phage typing scheme of Guin6e (1969) differ-
entiates only eight PTs and is of limited value epidemio-
logically. IS200 profiling, which shows that four (of 7-9)
loci are conserved among all strains, is considered to be
the most appropriate genotyping method (Stanley et al.
1995). Although a high degree of discrimination has
been achieved and many individual genotypes identified
when IS200 profiling is used with plasmid analysis, these
techniques have not yet been applied to epidemiological

investigations. MLEE analysis recognized 13 clones, the
predominant one of which (Pn1) contained 75 percent of
strains (Selander et al. 1990b). Clones of the mono-
phyletic Panama are closely related to those of the poly-
phyletic serotype Miami (1,9,12;a;1,5) (Selander and
Smith 1990; Selander et al. 1990b).

PARATYPHI A (1,2,122A:[1,5])

This serotype, host-adapted to humans, is an important

cause of enteric fever in Asia, the Middle East, Africa,
and South America (Report 1982); it is infrequently

isolated from animals and occurs naturally in the H1
phase. Among salmonellae of subsp. I, it is unusual in
being H2S-negative, xylose nonfermenting and often
anaerogenic (Ewing 1986). It is auxotrophic and, hence,
unable to utilize citrate as sole carbon source in
Simmons's medium, and is unreactive with other organic
acids (see Table 54.3).

Of four clones recognizedby MLEE, 2 (Pal, Pa3) are
widely distributed (Selander and Smith 1990; Selander
et al. 1990b). Serotype Sendai (I,9,12:a:1,5), a rare cause
of enteric fever, resembles Paratyphi A in its biochem-
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ical properties, auxotrophy and in its host adaptation to
humans; it is, however, aerogenic, ferments xylose and
possesses O factor 9 rather than 02. The immunodomi-
nant sugars of factors 02 and 9, the O antigens of which

are otherwise identical, are paratose and tyvelose,
respectively; gene rfbJ, encoding cytidine 5'-diphosphate
(CDP)-tyvelose epimerase which converts CDP-paratose
to CDP-tyvelose, is active in strains of serogroup 09 but
is present in a mutant form in strains of serogroup 02
(Verma and Reeves 1989). Four clones of Sendai (Se1-

4) identified by MLEE are closely related to those of
Paratyphi A (Selander et al. 1990b). Serotype Miami
(1,9,I2:a:1,5), though antigenically like Sendai, differs

from it in being prototrophic, in not forming a flmbrial

MREHA and in causing gastroenteritis rather than

enteric fever. Strains of Miami are genetically diverse
and are more closely related to serotype Panama
(1.,9,12:1,v:1,5) which also causes gastroenteritis, than to
Paratyphi A or Sendai. Two clones of Miami (Mi1 and
Ml2) are adapted to, but not invasive for, humans. Sero-
type Miami is not a biotype variant of Sendai and is

correctly distinguished from Sendai in the Kauffmann-
White scheme (Popoff and Le Minor 1992). The possible

derivation of Paratyphi and Sendai from a Panama-like

ancestor would have involved both a restriction in host

range to humans and acquisition of invasiveness poten-

tial (Selander and Smith 1990).

Within S. Paratyphi A the increasing occurrence of

strains with decreased susceptibility to ciprofloxacin,

often associated with infections not only in patients in

the Indian subcontinent but also with patients returning

to developed countries, is becoming a major problem for

the first-line treatment of infections (Chandel et al. 2000;
Threlfall et al. 2003b).

PARATYPH I B (1,4 151,12:8:1,2)

Paratyphi B is also known as Schottmuelleri, but this
synonym is rarely used now. The phage typing method

of Anderson (1964) differentiates 55 phage types and
the biotyping scheme of Duguid et al. (1975) 56 full

biotypes (Barker et al. 1988); used together, they
provide excellent strain discrimination for epidemiolo-
gical studies (Old and Barker 1989). Two groups of

strains exist:

1 some cause enteric fever in humans, are rarely

isolated from animals, usually form a mucoid (slime)

wall at room temperature and 90 percent are d-

tartrate nonfermentin g @.T- )
2 others cause gastroenteritis in humans, are also

isolated from animals and food, do not form a slime

wall and are usually d-tartrate fermenting (r/T*), i.e.

are of biotype Java.

Cases of gastroenteritis occur sporadically but a few

large, food-borne outbreaks have been reported, e.g. in

the UK in 1988 (Anonymous 1994b) and in France in

L993 (Desenclos et al. t996). In this latter outbreak,

which was associated with contaminated goats' milk

cheese, the symptoms were those of gastroenteritis and

the implicated strain was of PT var. 3, which in the UK

is normally associated with Java. Thus, it seems likely

that the French outbreak was caused by strains of

biotype Java, and not of Paratyphi B which is associated

with paratyphoid illness in humans. Since 2002, there has

been a massive increase in dT* Paratyphi B (biotype

Java) in the Netherlands, with concomitant human infec-

tions. The majority of strains have been drug-resistant

(van Pelt et al. 2003). Infections with similar strains

possibly associated with imported poultry from the

Netherlands have also been recorded in Scotland

(Brown et al. 2003). The above findings clearly indicate

the present confusion in nomenclature, which is impor-

tant to resolve international comparisons of salmonella-

associated disease. Discrimination between strains of

dT (paratyphoid-like) and dT* (biotype Java. non para-

typhoid-like) strains of S. Paratyphi B can be facilitated

by MLEE, PFGE, 15200 fingerprinting, and more

recently, by the presence of the sopE, sopD, and sopEl

virulence genes (Prager er at.2003).

Of 23 ETs recognized by MLEE (Selander et al.

1990a, b), only three are signiflcantly represented in

natural populations: 89 percent of dT- strains belong to

clone Pbl, and 84 percent of dT* strains (Java) belong

to clones Pb3 and Pb4. The traits of adaptation to

humans and ability to cause enteric fever have evolved,

probably recently, in only one clone (Pb1) which is glob-

ally distributed but otherwise phenotypically similar to

the clones that cause gastroenteritis and are of broad

host range (Selander et al. 1990a, b). The serotype is

polyphyletic. Thus, clones Pb1',2, and 3 are genetically

close; but the four variant ETs of clone Pb5 (comprising

monophasic strains) and clones Pb4, 6, atd 7 are geneti-

cally closer to strains of Heidelberg, Saintpaul, and

Typhimurium, from which they differ antigenically in HL

only, than to clones Pb1,,2, and 3 (Selander and Smith

1990).

TYPHI (9,12 [Vi ] :d:  )

This human-adapted serotype is estimated to cause
annually l22l million cases of typhoid fever in humans
and up to 700 000 deaths (Thong et al. 1994; Ivanoff
1995; Mirza et al. L996; Pang et al. 1998). With appro-
priate antimicrobial therapy, mortality is reduced from
30 to <1 percent. Multidrug resistance in Typhi strains
has become a problem in many countries but is less so tn
Africa and South and Central America (Mirza et al.
1996). Ciprofloxacin is now the antibiotic of choice for
multidrug-resistant strains, although the efficacy of this
antimicrobial is rapidly becoming eroded. Children
infected with drug-resistant strains are iller for longer
periods and have higher mortality than those infected
with drug-sensitive strains (Bhutta et al. 1991). Strains
are homogeneous in biotype.
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Primary discrimination of Vi* strains is best achieved
by phage typing (Craigie and Yen 1938; Anderson and
Williams 1956) which recognizes 106 PTs; Vi strains
may be discriminated by PFGE. The number of 15200
loci varies from ten to 25 (Gibert et al. 1990); whilst
IS200 profiling may distinguish between drug-resistant
and sensitive strains within common PTs, such as E1 or
M1, it is less discriminating than phage typing, e.g. the
type strains of the commonest PTs (E1, Ml, and A)
have identical 15200 profiles (Threlfall et al. 1993c,
1994e). Among Typhi strains from Indonesia, some (16
percent) express an H1 flagellar antigen of type j

resulting from a deletion in the central antigen-deter-
mining part of the H1-d gene; others express a 266
flagellar antigen, thought to be an H2 locus (Guin6e
et al. 1981; Frankel et al. 1989; Selander et al. 1990b).
Typhi strains of type 9,12,[Vi]:j:- are associated with
milder clinical illness in older patients and are less
motile and less invasive for HEp-2 cells in vitro than
Typhi strains of type 9,12,[Vi]:d:- (Grossman et al. 1995).

Two clones were identilied by MLEE: Tp1 (83
percent) was dominant worldwide and 

-tp2 (16 percent)
was found in Africa, particularly in Senegal; dual infec-
tions with Tpl, Tp2 were observed in some patients in
Senegal (Selander et al. 1990b). Indonesian strains,
whether of H type d, j or 266, belonged to Tp1. A very
few (<1 percent) Typhi strains that do not have vi
antigen genes are otherwise of similar MLEE profiles to
Vi* strains of Tp1, Tp2. As measured by MLEE, Typhi
strains are genetically distant from other salmonellae,
including other serotypes that are host-adapted and/or
invasive (Selander et al. 1990b).

Studies by Thong et al. (1997), have demonstrated
that the genome size of S. Typhi isolates can differ by as
20 percent, which is suggestive of a large number of
insertions and deletions. The gene sequence is also vari-
able due to rearrangements caused by homologous
recombination between rRNA genes (Liu and
Sanderson 1995; Echeita and Usera 1998; Ng et al.
1999). The recent sequencing of the genome of a
multiple drug-resistant strain of S. Typhi, isolated from a
patient in Vietnam (Parkhill et al. 2001), has thrown
new light on the genome structure of this important
pathogen and will undoubtedly reveal much more about
the fundamental structure of this important organism as
well as resulting in significant advances in the develop-
ment of molecular-based techniques for the diagnosis of
typhoid fever.

TYPH I M URI U M (1,4,[5], 12:l:1,21

Typhimurium is one of the top three serotypes isolated
world wide over many decades from humans, domestic
and wild animals, foodstuffs, and the environment, with
cattle and poultry important sources of infection for
humans (Palmer and Rowe 1986). In the UK, multiple-
drug resistance (MDR) to >4 antimicrobial agents has

increased 12-fold in isolates from humans in the period

l98l-94 (Frost et al. 1995) and in 2000, 82 percent of
isolates were drug-resistant of which > 70 percent were

multiresistant (Threlfall et al. 2003c); since 1980 the

majority of isolates from bovine hosts showed MDR

which also increased in pigs and, to a lesser extent, in
poultry (Threlfall et al. I993a). In strains of types preva-

lent from 1981 to 1990, e.g. DTs 204, 204c, and 793,

MDR was plasmid mediated (Threlfall et al. 1986,

1,994b). Since 1992, a particular cause for concern in the

UK has been Typhimurium of DT 104, which is

currently endemic in cattle and has caused many human

infections. Broad spectrum MDR in strains of DT 104 is

chromosomally located (Threlfall et al. 1994b, I996a),

and additional chromosomal resistance to quinolones

has been found in poultry isolates (Frost et al. 1995). In

2OOl, a major outbreak of MDR DT 104 in England and

Wales was epidemiologically associated with contami-

nated lettuce (Horby et al. 2003). Additional discrimina-

tion within Typhimurium phage types can be achieved

by biotyping (Duguid et al. 1,975; Anderson et al. 1978;

Barker and Old 1979, 1980); their combined use is

highly discriminatory and provides excellent strain char-
acterization for epidemiological purposes (OId and

Barker 1989). However, these methods have now been

to all intents replaced by molecular methods, of which

PFGE has become the 'gold standard'for discrimination

within phage types (see above).

Detailed genetic studies of the main biotype markers

identified major clones, e.g. the FIRN (fimbriation-,

inositol- and rhamnose-negative) group (OId and

Duguid 1979; Barker and Old 1989). Additional strain

discrimination within the serotype or phage types can be

achieved, where needed, by molecular methods (see

Threlfall and Frost 1990; Threlfall et al. 1994a). MLEE

analysis of natural populations has identified 17 closely

related clones in this monophyletic serotype that cluster
with clones of Heidelberg, Saintpaul, and Paratyphi B/

Java (Beltran et al. 1988, 1991; Selander and Smith 1990;

Selander et al.  1990a. b).

Sequencing of the genome of S. Typhimurium strain
LT2 (McClelland et al. 2001) has increased our under-

standing of the fundamental structure of this organism

and should lead to major advances both in diagnosis and
typing as well as contributing to an understanding of the

factors contributing to the pathogenicity of the organism
in humans and food production animals.

VIRCHOW (6,7:R:1,2)

Before 1975, this serotype accounted for <L percent of
isolations from humans in the UK but during 198I-94 it
became the third commonest serotype, accounting for 9
percent of human isolations (Frost et al. 1995). A phage-

typing scheme (Chambers et al. 1,987), based on 13
phages and distinguishing 57 phage types (Torre et al.
1993), is the method of choice for primary strain discri-
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mination; however, six phage types (PTs 8,31,26,21,19,

and 2, in ranking order) accounted for 62 percent of all

isolates in 1992 (Threlfall et al. 1993a). This phage-

typing scheme has now been extended and 68 types are

recognized using L5 phages (Ward L.R., unpublished).

For further discrimination within major phage types,

plasmid profiling is better than 15200 sequence distribu-

tion (Torre et al. 1993), although as with Typhimurium,

PFGE has become the method of choice for subdivision

within phage type. Poultry, particularly chicken, is a

major source of infection for humans (Reilly et al. 1988;

Threlfall et al. 1993a).

There has been a significant increase (16-71 percent)

in drug resistance in Virchow between 1981 and 1999

with many (9-19 percent) strains showing multiple

resistance to >4 antimicrobial agents (Threlfall et al.

1993a, 2000; Frost et al. 1995). Phage types in which

resistance was common included PT 19 associated

with poultry imported from France; in contrast,

multiple-drug resistance was less common in home-

produced poultry (Torre et al. 1993; Threlfall et al.

2003c). Quinolone resistance has emerged in different

phage types, possibly associated with the use of enro-

floxacin. Diverse studies have shown that among nonty-

phoidal salmonellae, Virchow has a high potential for

invasion in humans with high incidences of isolations

from blood (Mani et al. 1974; Todd and Murdoch 1983;

Wilkins and Roberts 1988; Threlfall et al. 1992b).

Hence, the emergence of resistance to the likely ther-

apeutic drug of choice in invasive Virchow infection

causes much concern.

Although the vast majority of salmonellae recov-

ered from humans in developed countries are

serotypes from subsp. I, e.g. 99.73 percent of 67 767

isolates in France in a period of 4 years (Le Minor

et al. 1985), evidence increasingly suggests that some

serotypes from other subspecies may be pathogens

of humans and animals and these will now be

considered.

Subspecies l l

The biochemical characters for identification of S.

enterica sttbsp. salamae are given in Table 54.1. The O

and phase-l H antigens of most of the 477 serotypes

described are similar to those of serotypes from subsp.

enterica (Rohde 1965; Popoff and Le Minor 1992). Most

retrospective studies have confirmed their rare occur-

rence in humans; thus, only 27 isolates of serotypes of

subsp. II were found among 81 936 isolates, mostly from

humans, reported in different surveys, e.g. Central

Africa before 1960 (see Schrire et al. 1987), Malaysia

1973-82 (Jegathesan 1984) and France 1980-83 (Le

Minor et al. 1985). The main reservoirs of this subspe-

cies are healthy or diseased reptiles and diverse cold-

blooded animals (Rohde 1965).

The first indication that strains of subsp. II might be

found more often in human populations closely asso-

ciated with the indigenous fauna of remote areas in

some countrles came from Iveson et al. (L969) in

Western Australia. More recently, a relatively high

frequency (6.4 percent) of isolation of subsp. II strains

from humans was evident in southern Africa in the

period 1979-84 (Schrire er al. L987). Many isolates were

from patients with symptoms of gastroenteritis or dysen-

tery and, whilst most of them occurred sporadically,

some clustering of cases was noted, e.g. of the former

serotype Mobeni from children in an institutional

outbreak. Isolates belonged to 203 serotypes, 45 of them

newly described types present in both Namibia and

South Africa. Schrire et al. (1987) speculated that a

combination of poor conditions of hygiene and contam-

ination of food and water supplies by wild animals

contributed to the greater frequency of human infections

with strains of subsp. II and also to the widespread

presence of so many exotic serotypes in humans in that

regron.

Subspecies l l la and l l lb

The members of these two subspecies (previously desig-

nated as Salmonella subgenus III ot'Arizona hinshawii')

are now named S. enterica subsp. arizonae (monophasic

strains) and S. enterica subsp. diarizonae (d;phasic

strains); 94 and 317 serotypes, respectively, have been

identified (Popoff et al. 1995). The biochemical proper-

ties helpful in their identification are presented in

Table 54.2. Soon after their first isolation from reptiles

in western states of the USA, it became clear that they

were an important cause of diarrheal illness in turkey

poults, with spread traced from farm to farm and infec-

tion transmitted by hatchery eggs (see Edwards et al.

1959). As avian pathogens, particularly of chickens and

turkeys, they are still of worldwide economic impor-

tance. The major serotype of subsp. arizonae in turkeys

for 30 years has been 1-8:za,\2i; but other serotypes

(18'.za,zy'.- and 53;za,z7-), formerly important in

turkeys, are now rarely isolated from them (Edwards

et al. L956; Weiss et al. 1986). The serotypes present in

other avian species are not necessarily those prevalent in

turkeys. For example, in earlier surveys, serotype

40.za,z7'.- of subsp. IIIa was responsible for 50 percent

of chicken infections but was rare in turkeys (Edwards

et al.  1956).

Epidemiological surveys in Australia have indicated

that the distribution of serotypes of these two subspecies

in reptiles, both captive and wild, is similar and not

influenced by their proximity to humans (Iveson et al.

1969). Again, there are subtle differences in the sero-

types carried by different reptilian species (Weiss et al.

1986) and wild snakes are known to yield more

commonly strains of serotypes from arizonae than diari-
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zonae (Edwards et al. 1956; Weiss et al. 1986). Reptiles
remain an important reservoir of these subspecies
(Weiss et al. 1986). Consumption of rattlesnake meat or
powder is an unusual source of extraintestinal infections
in patients with chronic medical conditions includine
AIDS (Noskin and Clarke 1990).

Members of these subspecies are often considered
uncommon human pathogens, but reports of their invol-
vement in serious human illness are not new (Edwards
et al. 1959). In a survey in the USA over 30 years (Weiss
et al. 1986), 374 isolates of human origin included repre-
sentatives of 71 serotypes; the four most common were
one from svbsp. arizonae (18:za,zj2-) and three from
diarizonae (61:1,v:1,5,7; 61:k:1.5,7; and 60:r:e,n,x,215);
together they accounted for 55 percent of all human
isolates. Serotypes l9'.za,z2- and 21..9,251'.- from arizonae
and 61:k:1,5,7 from diarizonae were isolated more
commonly from extraintestinal than intestinal sites and
accounted for 50 percent of all extraintestinal isolates.
Weiss et al. (1986) suggested that strains of these three
serotypes are more invasive than other serotypes of
these two subspecies and that they are associated with
higher mortality in, and have enhanced virulence for,
humans. The proportion of these isolates giving rise to
serious septicemic and pyemic illnesses is greater than
for most other salmonella types (see Johnson et al.
1976). ln a survey in the UK over 25 years (Hall and
Rowe 1992), 66 isolates of human origin included repre-
sentatives of 29 serotypes; the most common was
6l:l,v:1,5,7 which was also the commonest from terra-
pins. Many (35 percent) patients had a history of foreign
travel. However, 4'L percent of UK patients were chil-
dren of <4 years of age, many of whom had not been
abroad and for whom contact with terrapins or other
reptiles, especially pet snakes, was a potential source of
infection (Hall and Rowe 1992). In the UK series, only
two patients had extraintestinal infections.

Differences in the frequency with which individual
serotypes occurred in humans over the years probably
reflect corresponding adaptations of individual serotypes
in different animal hosts. Thus, serotype 1,8:2a,42..-, the
prevalent one in turkeys for several decades, is now the
most common type found in humans (Weiss et al. 1986)
from whom it was absent 30 years ago (Edwards et al.
1956). Outbreaks of hurnan infection are predominantly
food-borne (Edwards et al. 1959), and important sero-
types prevalent in domestic animals like cattle
(61:l ,v:1,5,7) and sheep (18..2a,42.; 61 :1,v,:1,5,7; 61:k:1,5,7)
are also frequently isolated from humans.

Subspecies lV-Vl

Most of the 66 serotypes of S. enterica subsp. houtenae
(subsp. IV) belong to high O serogroups and are usually
isolated from cold-blooded animals, particularly in the
tropics, and from the inanimate environment. Available

evidence suggests that they are isolated infrequently
from humans in developed countries (Le Minor et al.
1985). Ten serotypes of S. enterica subsp. indica (subsp.
VI) and 19 serotypes of S. bongori (Reeves et al. 1989),
formerly designated as S. enterica stbsp. bongod (subsp.
V), have been defined (Popoff et al. 1995). The
biochemical properties of these three groups are
detailed (see Table 54.2); however, information about
their epidemiology is sparse.

PATHOGENICITY AN D DISEASE

Natural infections

Salmonellae cause disease in a wide range of species of
vertebrates; most of the serotypes pathogenic in
mammals and birds belong to subsp. L Broadly
speaking, the disease may present in three ways. First, a
few host-adapted serotypes habitually cause systemic
disease in their hosts. When the manifestations of
systemic disease are mainly septicemic, as is usually the
case with typhoid and paratyphoid bacilli in humans, the
clinical picture is one of enteric fever with an incubation
period of 10-20 days, but with outside limits of 3 and 56
days depending on the infecting dose (Mandal 1979).
Diarrhea, starting 3-4 days after onset of fever and
lasting, on average, 6 days, may occur in 50 percent of
cases of typhoid fever and is more common in younger,
than in older, children or adults (Roy et al. 1985); intest-
inal symptoms, however, may be absent or insignificant.
Second, certain other serotypes - Blegdam, Bredeney,
Choleraesuis, Dublin, Enteritidis, Panama. and Virchow
in humans and Gallinarum in adult fowl - are also inva-
sive but tend to cause pyemic infections and to localize
in the viscera, meninges, bones, joints, and serous
cavities. Third, most other salmonellae, the ubiquitous
serotypes found in a number of animal species, tend to
cause an acute, but mild, enteritis with a short incuba-
tion period of 1248 h, occasionally as long as 4 days.

Nevertheless. these distinctions are not clear-cut.
Local abscesses and even pyemia may develop occasion-
ally as a late complication of a diarrheal disease. Sero-
types that usually cause enteritis in healthy adults may
cause septicemia or pyemic infections in young or
elderly patients. The incidence of laboratory-confirmed
salmonellosis in AIDS patients is 20-100 times that in
the general population (Angulo and Swerdlow 1995). In
American states with a high incidence of AIDS, the
proportion of salmonella isolations from blood among
men 2549 years of age increased from 2.8 percent
before the HIV epidemic (1978-82) to I4.2 percent in
1983-87, with Enteritidis, Typhimurium, and Dublin
being more opportunistically invasive than other sero-
types (Levine et al. 1991). Recurrent nontyphoidal
salmonella septicemia (RSS) has been included as an
AlDS-defining illness since 1987. Typhimurium,
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generally associated with enteritis in humans, may give

rise to more severe disease in other hosts. Again, the

typhoid bacillus, often considered to cause mild and

atypical infections in children, will give rise to severe

infections with high mortality in children whose previous

health and nutrition have been poor (Scragg et al. 1969).

Convalescent patients may continue to excrete salmo-

nellae, usually in the feces or urine but from other sites

after pyemic infections, Iong after clinical cure. Asymp-

tomatic persons may also harbor salmonellae unknow-

ingly. Both remain potentially infectious for weeks or

months and some become life-lons excreters.

Experimental studies and virulence
determinants

Extremely large doses of typhoid bacilli given orally or

intravenously to chimpanzees produce an illness closely

resembling typhoid fever in humans (Gaines et al. 1968)

though the incubation period is shorter and ulceration of

the lymphoid tissue of the small intestine does not occur.

In mice and other small laboratory animals, oral admin-

istration of Typhi does not give rise to typhoid fever;

when injected in small doses, there is no evidence that

Typhi multiplies freely in their tissues. With some viru-

lent strains of Typhi, it is necessary to inject >107 bacilli

into the mouse peritoneum to cause death; but similar

doses of killed bacilli will cause a purely toxemic death.

Fatal infections may, however, be produced in mice

when smaller doses (102-107 bacteria) are given intra-

peritoneally with agents such as gastric mucin that

depress host resistance. Typhi, therefore, is not an inva-

sive pathogen for small laboratory animals; its failure to

cause disease in these species may result from its

inability to compete successfully for iron essential for its

growth (O'Brien 1982).

Typhimurium infection in the mouse is, however, a

useful model for typhoid fever in humans. Orally admi-

nistered organisms pass rapidly through the mouse intes-

tine with only a small proportion found in the large

intestine after the first few hours. Bacteria infect the

ileal mucosa and Peyer's patches and spread thereafter

to the draining lymph nodes. Typhimurium is resistant

to killing by phagocytic cells and spreads through the

lymphatics to form infective foci in the spleen and liver

(Carter and Coll ins 1974).

INVASIVE INFECTION

The factors responsible for the virulence of salmonellae

are still ill-defined, although factors contributing to the

virulence of different serotypes for food production

animals are becoming more clear. The following sections

summarize our understanding of the complex interac-

tions between different salmonella serotypes, their hosts

and host cells. Molecular techniques have helped to

elucidate some of the critical steps in these host-

pathogen interactions and to identify genes involved.

The ability of salmonellae to invade, survive, and repli-

cate within eukaryotic cells is essential for successful

infection. Salmonellae possess several factors which

contribute to the disease process; these virulence-

promoting factors are generally conserved among

species, as are the mechanisms by which bacteria

interact with the host cell. Such factors facilitate entry

into (invasion of) nonphagocytic cells, survival in the

intracellular environment and replication within host

cells (for reviews, see Finlay et al. 1992; Guiney et al.

lees).
After oral ingestion of organisms in sufficient numbers

to promote onset of disease, the next stage in the disease

process is penetration of the intestinal epithelium'

Transmission electron microscopy has revealed that

invasive salmonellae interact with the well-defined apical

microvilli of epithelial cells, thereby disrupting the brush

border. Once these cells have been penetrated, the

bacteria are enclosed in membrane-bound vacuoles

within the host cytoplasm. Virulent salmonellae sunive

and multiply within these vacuoles, eventually laying

their host cells and disseminating to other parts of the

body. Salmonellae also depolarize epithelial barriers by

affecting the integrity of tight junctions between cells,

which has the result of promoting significant cytotoxic

damage to epithelial cells.

The induction of protein synthesis de novo is neces-

sary for invasion and is regulated by the microenviron-

ment (low oxygen), growth phase or the epithelial cell

surface. Only viable, metabolically active salmonellae

can adhere to host cell surfaces. Adherence is followed

almost immediately by internalization into host cells.

The bacterial genes necessary for salmonellae to enter

eukaryotic cells have yet to be fully characterized but at

least six different genetic loci appear to be involved and

an additional hyperinvading locus has been identifled

(Finlay et al.1992; Guiney et al. 1995).

Internalization of salmonellae thrciugh the apical

surface of epithelial cells is associated with disruption of

the eukaryotic brush border. After a lag period of about

4 h, invading organisms begin to multiply within the

vacuoles of host epithelial cells. For Typhimurium, it has

been demonstrated that this intracellular replication is

essential for pathogenicity. Salmonellae remain within

membrane-bound inclusions and their survival appears to

involve blockage of phagosome-lysosome fusion events.

The involvemenl of Salmonella pathogenicity island

(SPI)2 in the translocation of secreted effector proteins

into target epithelial cells in mice has been elucidated

(Wallis and Galyov 2000). More recently, the use of

signature-tagged mutagenesis has helped identify genes

in the SPI-2 in S. Dublin, responsible for the induction

of both systemic and enteric salmonellosis in calves

(Bispham et al. 2001). It is possible that such studies will

contribute to the development of effective vaccines for

the orevention of S. Dublin infection in cattle.
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SEROryPE-SPECIFIC PLASM IDS

Analysis of the plasmid content of salmonella strains
belonging to a range of serotypes of epidemiological
importance in humans and food animals has demon-
strated that some (but not all) serotypes possess plas-
mids of high molecular mass that may be regarded as
SSPs. Serotypes harboring such plasmids include Enter-
itidis, Typhimurium, Dublin, Choleraesuis, Pullorum,
and Gallinarum. In contrast. SSPs have not been identi-
fied in serotypes such as Virchow and Hadar, both of
which cause disease in humans, nor in Typhi. These
plasmids, which range in molecular mass from about
30 000 kDa (Choleraesuis) and 38 000 kDa (Enteritidis)
to 62 000 kDa (Typhimurium) (Helmuth et al. 1985), are
generally nonconjugative and do not carry easily identifi-
able phenotypic markers such as drug resistance.

The results of animal challenge experiments have indi-
cated that SSPs are involved in the virulence in their
host strains for certain strains of inbred mice, e.g.
BALB/c. Studies by Pardon et al. (1986) and Gulig and
Curtis (1987) have demonstrated that the 62 000 kDa
SSP of Typhimurium genetically determined its spread
beyond the small intestine to deeper tissues such as the
mesenteric lymph nodes or the spleen. They also
observed the attenuation of virulence of plasmid-cured
strains in parenterally inoculated mice.

Although SSPs from different serotypes possess
substantial regions of nonhomologous DNA, all possess
a highly conserved common region which carries salmo-
nella plasmid virulence (spr) genes (Gulig et al. 1993)
responsible for their virulence in mice (Williamson et al.
1988a). In Dublin, spy genes have been shown to be
clustered within an 8 kb SalI-XhoI restriction endonu-
clease fragment (Williamson et al. 1988b) and a homo-
logous region has been identified in the SSPs of Typhi-
murium, Enteritidis, Choleraesuis. and several other
serotypes (Williamson et al. 1988a). Within this region, a
highly conserved 3.5 kb HindIlI fragment has been
shown to have homology with the virulence regions of
the SSPs of Dublin and Enteritidis (Woodward et al.
198e).

Six spv genes within the common 8 kb SalI-XhoI frag-
ment have now been sequenced, namely spvR, spvA,
spvB, spvC, spvD, and spvE.'the spvE gene encodes a
13 kDa protein, the spvD gene a 25 kDa protein and the
spvC gene a 28 kDa protein, which is located both in the
outer membrane and the cytoplasm. The latter protein
has a demonstrable role in virulence, as it has been
shown that transposon insertion mutants in the spvC
gene of SSP result in a significant drop in the number of
Typhimurium isolated from the spleen of orally infected
mice. Moreover, only one-fifth of these mice died after
infection with an SSP transposon-attenuated strain as
compared to those infected with wild-type bacteria
(Norel et al. 1989). '[he 

spvB gene encodes a 65 kDa
protein of unknown function which is located both in the

outer membrane and the cytoplasm, and the spvA gene

a 28 kDa protein also of unknown function.
Although essential for the virulence of most strains

for certain strains of mice, the role of SSP virulence
plasmids in the pathogenesis of disease in humans and
other animal species is not clear. Results with cattle
have suggested that these plasmids are required for
bacteremia (Pardon et al. 1986) but not necessarily for
gastroenteritis. SSP-like plasmids have been shown to be
necessary for the intracellular survival of their host
organisms in mouse phagocytes (Buchmeier and Heffron
1991) and it has been suggested that they may enhance
survival of bacteria in extraintestinal infections in
humans (Fierer et al. 1992). However, studies have
demonstrated that for Enteritidis, the possession of an
SSP is not necessary for the induction of enteritis in
humans (Threlfall et al. 1994d). Likewise, similar SSPs
have not been identifled in certain phage types of Typhi-
murium isolated from cases of diarrhea in humans
(Brown et al. 1986).

TOXINS

Early evidence suggesting that food-poisoning salmo-
nellae of diverse serotypes produced 'enterotoxins' with
biological and antigenic properties of cholera-like (CT)

toxins (Sandefur and Peterson L977; Jiwa 1981; Finkel-
stein et al. 1983) could not be confirmed by other
workers (Wallis et al. 1986a; Clarke et al. 1988).

Other possible explanations for salmonella-induced
diarrhea in gastroenteritis invoke mechanisms involving
some kind of immune response in the intestine or salmo-
nella entry into enterocytes. Support for these latter
hypotheses comes from the following observations:

o interaction between salmonellae and inflammatory
cells leads to release of prostaglandins mediating fluid
secretion, which is reversible in monkeys by inhibitors
of prostaglandin synthesis (Gianella et al. 1977;
Gianella 1979)

o microscopy studies of experimental Typhimurium
infection show that fluid secretion is preceded by
extensive infiltration of inflammatory cells and that
cell damage, when it occurs, is limited to the tips of
the villi and shortened villi may lead to enhanced
secretion (Wallis et al. 1986b)

o salmonellae induce epithelial cells to secrete IL-8, a
potent chemoattractant of neutrophils which might
contribute to inflammation. cell damase and fluid
secretion and

o salmonella entry into epithelial cells in monolayers
brings about many biochemical changes including the
phosphorylation of epidermal growth factor (EGF)

receptor and activation via phospholipase A2 of leuko-
triene synthesis which may result in actin rearrange-
ments and disruption of the integrity of the tight junc-

tions on epithelial cells, with resultant cytotoxic damage
and fluid loss (Finlay et al. 1992; Pace et al.1993).
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There is, therefore, a range of mechanisms whereby

salmonellae might cause gastroenteritis and diarrhea
production may be multifactoral.

In both experimental and natural conditions, salmo-

nella infections may occur via the conjunctivae, by inha-

lation and by insect bites as well as by the oral route. No

attempt will be made here to describe in detail the infec-

tions in humans and other animals by other serotypes,

but some information will be found in the descriptions

of individual serotypes and also in earlier editions of this

book
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The bacteria of the genera Proteus, Morganella, and

Providencia belong to the tribe Proteeae in the family

Enterobacteriaceae. They have one biochemical char-

acteristic that distinguishes them from all other members

of the Enterobacteriaceae, with the exception of the

rare genera Tatumella and Rahnella: the ability to

deaminate oxidatively certain amino acids to the

corresponding keto acid and ammonia. Tests for pheny-

lalanine or tryptophan deaminase are the ones

commonly made and a rapid method for this reaction

has been devised (Giammanco et al. 1985). Members of

the tribe are also readily recognized by the red-brown,

melanin-like pigment they form when cultured under

aerobic conditions on media containing iron and an

aromatic L-amino acid, such as phenylalanine, trypto-
phan, tyrosine or histidine (Polster and Svobodova 1964;

Mtl ler 1985).

In addition, most strains of species of Proteus, Morga-

nella, and. Providencia share the following common but

not unique characteristics: motility, resistance to KCN
(except Prov. heimbachae), the ability to degrade tyro-

sine (except P. myxofaciens) (Sheth and Kurup 1975)

and an inability to acidify lactose, dulcitol, and malonate

or form arginine dihydrolase or B-galactosidase or

decarboxylate lysine (except for some M. morganii
strains). All are methyl-red positive and, except for
some Proteus spp., Voges-Proskauer negative.

PROTEUS

DEFINITION

Proteus spp. give a characteristic spreading growth

('swarming') on appropriate solid media, oxidatively

deaminate amino acids, hydrolyze urea but fail to acidify

mannose. The G + C content of the DNA is 38-

40 mol%.

The genus, named after the Greek deity Proteus who

had the ability to assume different shapes, presently has

five named species: Proteus mirabilis and Proteus

vulgaris (formerly known together as Proteus hauseri),

Proteus myxofaciens described by Cosenza and Podg-

waite (1966), Proteus penneri (formerly P. vulgaris

biotype 1) described by Hickman et al. (1982), and

Proteus hauseri (formerly P. vulgaris biogroup 3)

described by O'Hara et al. (2000) in honor of Gustav

Hauser who first described the genus (Hauser 1885). The

Proteus, Morganella, and Providencia

BERNARD W. SENIOR
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genus also contains three unnamed genomospecies
(O'Hara et al. 2000).

The type strain of P. mirabilis is ATCC 29906, NCTC
11938, CDC PR14; 9165-79. The type strain of P.
vulgaris is ATCC 29905, NCTC 13145, CDC 9166-79.
The type strain of P. penneri is ATCC 33519, NCTC
12737, CDC 1808-73. The type strain of P. hauseri is
ATCC 700826, CDC 1'732-80. The type strain of
P. myxofaciens is ATCC 19692, CDC 9338-'76.

MORPHOLOGY

After growth for 2448 h on solid media, most cells are
rods, 1-3 pm long by 0.4-0.6 pm wide, though short, fat,
coccobacillary forms are not uncommon. In young
cultures that are swarming (see section on Swarming) on
solid media, many of the cells are long, curved, and
filamentous, reaching 10, 20 and even up to 80 pm
in length. In older cultures, the organisms have no
characteristic arrangement: they may be distributed
singly, in pairs or in short chains. However, in young
swarming cultures, the filamentous cells tend to be
arranged concentrically like the isobars in a diagram of a
cyclone.

Except for nonflagellate variants and those with paral-
yzed flagella, all strains in young cultures are actively
motile by peritrichate flagella. The flagella are more
variable in shape than those of most other entero-
bacteria, normal and 'curly' forms sometimes being
found together on the same organism and even in the
same flagellum. The form of the flagellum is also influ-
enced by the pH of the medium. P. mirabilis has several
genes coding for flagella, but normally only one type of
flagellin, FlaA, a protein of 40 kDa is formed. However,
it may undergo antigenic variation as a result of sponta-
neous mutation and this may be an important survival
mechanism in vivo (Belas 1994).

Under appropriate cultural conditions, strains of
Proteus species form one or more of at least six different
types of peritrichous flmbriae. Some are associated with
virulence. Many have been purified and their genes
cloned. Some of the fimbriae can be distinguished
morphologically and by their hemagglutinating character-
istics. Among these, mannose-resis tant P r o t e us -\Ike (MRl
P), channelled, thick (7-8 nm in diameter) fimbriae and
mannose-resistant Klebsiella-like (MRiK). nonchan-
nelled, thin (4-5 nm in diameter) fimbriae are frequently
found in Proteus strains. By contrast, mannose-sensitive
(MS), channelled, thick (8-9 nm in diameter) fimbriae
are found only infrequently (Old and Adegbola 1.982
Adegbola et al. 1983; Yakubu et al. 1989). Other fimbriae
such as ambient temperature fimbriae (ATF) (Massad
et al. 1994a), Proteus mirabilis fimbriae (PMF) (Massad
et al. 1994b) and uroepithelial cell adhesin (UCA) (Wray
et al. 1986) are unable to agglutinate erythrocytes. A
given cell of most isolates will often bear more than one

type of fimbria and it is unusual to find a strain bearing
only MS, or MR/P fimbriae.

CU LTU RAL CHARACTERISTICS

Proteus strains grow well on ordinary media, but most
strains, particularly if grown at 22-30C, do not form
discrete colonies on nutrient agar. Instead they exhibit

spreading growth (see Swarming) even on the surface of
appropriate well-dried media. In nutrient broth, Proteus
gives rise to a uniform turbidity with a slight to
moderate powdery deposit and a faint ammoniacal odor.
A thin, fragile pellicle may develop in old cultures. In
minimal salts media, Proteus shows a requirement for
nicotinic acid.

A number of selective and indicator media have been
designed for Proteus and the other genera of the
Proteeae. That of Malinowski (7966) incorporates

alanine, potassium nitrate, and dyes so that the alanine
decarboxylating strains of the tribe give rise to blue-gray
colonies distinct in color from both other lactose non-
fermenters including Salmonella and Shigella spp.
(white-gray) and also Escherichia coli (red) which

cannot decarboxylate this amino acid. An infusion agar
containing bile salts, Iithium chloride, sodium thio-

sulfate, and sodium citrate inhibits the growth of almost
all enterobacteria, except Proteeae (Xilinas ef aI.1,975).

The medium of Hawkey et al. (1986) contains trypto-
phan and tyrosine and, to inhibit gram-positive bacteria,

clindamycin. Through oxidative deamination of trypto-
phan, and tyrosine degradation, strains of the Proteeae

form dark brown colonies surrounded by a clear area of
degraded tyrosine crystals.

Swarming

This is a characteristic feature of most isolates of
Proteus spp. in which a group of cells at the edge of a
developing microcolony migrate to an uninoculated area

of the medium. It is a good example of 'quorum sensing'
in which the initiation and regulation of transcription of
particular genes occurs only when a critical cell density
is reached. However, swarming is not unique to Proteus

and similar behavior can be found in some other
bacteria outwith the tribe. such as Serratia marcescens

and Vibrio parahaemolyticus. The process of swarming
growth in Proteus is exceedingly complex and probably

involves more than 50 genes. A simplified scheme of one
cycle of swarming in Proteus is presented in Figure 55.1.
During an incubation period of abolt2-4 h at 37'C, the
bacterial cell, which is in the form of a sparsely flagel-
late, short (2-4 pm) bacillus, referred to here as a vege-
tative cell, receives a number of signals. The signals
from the environment include, for example, its viscosity,
temperature, the presence of a solid surface, and the
composition and concentration of nutrients. The signals
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Extracel lular signals
e.g. surface contact, viscosity,
medium composit ion, agar
concentrat ion, temperature

Signal reception and transmission
e g. chemotaxis phosphorelay,

luxS (*), rsbA (**), lrp (***), unn
(#), flhDC (##), sidA (###)

Raft assembly and migration
e.g. cmf A(+), ccm A(++),

ce l l  dens i ty

Figure 55.1 Simplified scheme of some of the factors and genes involved in the cycle of swarming growth in Proleus For further
informationonpart iculargenessee. *Schneideretal 2002;"*Belasetal 1998;***Hayetal 1997;#Dufouretal 1998;##Furness
et al 1997; ###Belas et al , 1995, +Gygi and Hughes 1995, ++Hay et al 1999

from within and between the vegetative cells include,
among other things, growth rate, population density, and

the presence and concentration of particular peptides

and amino acids such as glutamine (Allison et al 1993)

and other key substances such as the quorum sensing
autoinducer 2 (AI-2), a derivative of furanone, produced

by luxS (Schneider et aI.2002). The signals are received

and transmitted between the vegetative cells by a variety

of mechanisms which may include a chemotaxis two-

component phosphorelay regulatory system, rsbA, a

two-component membrane sensor kinase that coordi-

nates the initiation of swarming (Belas et al. 1998), lrp a
global transcriptional regulator linking physiological

signals to swarmer differentiation (Hay et al. 1997),

flhDC the flagellar master operon that regulates the

synthesis of flagella and cell septation (Furness et al.

1997), umo genes which upregulate flhDC (Dfiour et al.

1998), and gidA which is involved in the initiation of

chromosome replication (Belas et al. 1995).

The consequence of the reception and transmission of

the many signals is the coordinate transcription of many

genes and the inhibition of transcription of others. This

results in the synthesis, assembly, and movement of

flagella, the de novo synthesis of qualitatively different

lipopolysaccharides and exopolysaccharides, the synth-

esis of an acidic capsular polysaccharide (Rahman et al.

n
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1999), alterations in membrane fatty acid composition
and fluidity, peptidoglycan synthesis, cell division, and
proteolysis of peptides (Belas et al. 1995; Fraser and
Hughes 1999; Gue et al. 2001). The cell now synthesizes
several hundreds of flagella and continues to grow in
length, but not in width, because septum formation and
cell division are inhibited, as are the synthesis of non-
agglutinating fimbriae (NAF) and mannose-resistant/
Proteus like (MR/P) pili (Latta et al. 1999). Eventually a
multinucleate, densely flagellate, nonseptate, elongated
cell 20-80 pm in length, known as a swarm cell, is
formed. The enzymic activity, antibiotic sensitivity, cell
wall permeability, lipopolysaccharide composition, and
response to amino acid attractants of the swarm cell
differ from those of the vegetative cell. The swarm cell
is also different from the vegetative cell in that it now
secretes virulence factors such as urease, hemolysin, and
protease (Allison et aL. 1,992a).

After a further lag period of about 3h at 37"C, a
series of events causes the swarm cells to migrate. The
process is not haphazard and it requires close contact
between swarm cells. This ultimately may facilitate
signalling between cells and coordinate flagellar action.
The swarm cells first align themselves in small groups
along their long axes. Mutant swarm cells which lack the
gene ccmA, for an integral membrane protein, develop
as curved cells and are unable to migrate, possibly
because they are not aligned along their long axes (Hay
et al. 1999). The swarm cells through cmfA secrete a
capsular polysaccharide (Gygi and Hughes 1995) which
may help to stabilize the group of swarm cells. Then by
multicellular interaction and signaling, probably influ-
enced by swarm cell density and age, there is the simul-
taneous and co-ordinated misration in unison with

swarm cells. They emerge from the edge of the colony in

small groups as rafts and, facilitated by the acidic poly-

saccharide which possibly creates a fluid environment by

extracting water from the agar beneath the swarm cells,

swarm a short distance before returning to the colony.
As the swarming period proceeds, the cells move out in
larger groups and travel further before returning. The

duration and extent of this swarming period is highly

variable according to the strain and the cultural condi-

tions. The swarming growth on a plate may eventually
appear as a uniform film of growth extending over the
whole plate (continuous swarming) or as a series of

concentric circles of growth around the point of inocula-

tion (discontinuous swarming; Figure 55.2). In discontin-

uous swarming, migration usually ceases after about 2 h

and the cells enter a period of consolidation during
which the swarm cells differentiate back to the vegeta-

tive short bacillary form by division at several positions

along the length of the swarm cell. The vegetative cells

then grow and multiply until such a time as swarm cell

formation is initiated again and the process is repeated.

This cyclical swarming and consolidation, which may

occur every 4 h or so, gives rise to the series of alter-
nating concentric circles of thick and thin growth over a
plate (Figure 55.2).

The cause of swarming has given rise to much spec-

ulation. Lominski and Lendrum (1942,1947) proposed

that swarming was the outcome of a negative chemo-

tactic response to metabolic products that accumulated
in agar in areas of high population density. They implied

that swarm cell formation was stimulated by the toxic
products. This theory may not be correct, for although

Proteus cells are believed to form toxic products (indeed

the antiswarming effect of charcoal has been attributed

Figure 55.2 Swarming growth given by Proteus strains: left, continuous swarming, right, discontinuous swarming (x0 75)
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to the adsorption of such compounds) that may lead to
the formation of filamentous cells, there is no evidence
that such filaments are true swarm cells capable of

swarming. By contrast, Williams and Schwarzhoff (1978)

believed swarm cell formation was not the result of the

effect of toxic compounds and that the movement of

swarm cells was a nonchemotactic event (Williams et al.

1976). Others disagree with both these views and believe

swarming to be a positive chemotactic response to dete-
riorating nutritional conditions. Swarm cells have
been found to be chemotactic and they respond to fewer
attractants than vegetative cells. Some attractants
are mutually exclusive and attract either swarm cells
(glutamine) or vegetative cells (glutamate). This may
indicate the presence of separate sensory components in
swarm and vegetative cells that are coupled to different
forms of motility rn Proteus (Allison et al. 1993). Today,
most regard swarming to be neither a response to starva-
tion nor an obligatory development stage, but rather a
means of maximizing biomass production and substrate
utilization.

Irrespective of the reasons for swarming, swarming is

an important, though not obligatory, development stage
which has a major bearing on Proteus pathogenicity. The

ability of Proteus to differentiate into a population of
swarm cells results in upregulation of their virulence
factors (Allison et al. 1,992a). They are now capable of
rapid migration over the mucosae of the bladder and the
ureter, which they ascend against a flow of urine and
mucus, and are enabled to infect and damage the kidney

as has been shown in vivo in mice (Allison et al. 1994).

In spite of these things, however, it is the

nonswarming cellular form which is predominantly seen
in the bladder, ureter, and kidney during ascending

urinary tract infection (Jansen et al. 2003). Antigenic

variation in the flagella of hyperflagellate swarm

cells which has been found in vitro, may permit resis-
tance to detection by the host immune system and
aid survival (Murphy and Belas 1999). Proteus swarming
is also associated with biofilm formation and the

encrustation and blocking of urinary catheters (Stickler

et al.  1998).

Anti-swarming agents

The swarming of Proteus may make it difficult to isolate

in pure culture other bacterial pathogens with which it is
present in clinical specimens. Many ways of inhibiting
swarming have been described. These include:

o physically restricting the movement of Proteus cells

by means of agar overlays or poured plates, or by

increasing the agar concentration to 3-4 percent w/v
o preventing the formation of or interfering with the

structure or activity of flagella through the incorpora-

tion into media of polyvalent H antisera, ethanol
5.5 percent, boric acid 0.1 percent, detergents, bile salts,

or other surface-active agents (Lominski and Lendrum

1942), or B-phenethyl alcohol (Kopp et a1.1966)

o retarding the cell growth rate by incorporating into

media growth inhibitors such as sulfonamide,

neomycin, chloral hydrate, barbiturates, sodium

azide. or purine bases.

Some anti-swarming methods act by mechanisms

which are as yet unexplained. Activated charcoal has

been found by Smith and Alwen (1966) to inhibit

swarming without affecting motility, but some compo-

nents of media, notably blood, make the charcoal inef-

fective. Swarming is inhibited in MacConkey agar by the

bile salts and in Wilson and Blair's medium by the

bismuth sulfite. Swarming rarely occurs in the absence of

electrolytes. Useful alternative anti-swarming media are

Lab-Lemco without added salt, and cysteine lactose

electrolyte-deficient (CLED) agar (Mackey and Sandys

196ti). Regrettably, many of these anti-swarming agents

are unsuitable for use when isolating certain pathogenic

bacleria. Some agents are toxic and prevent the growth

of delicate pathogens. Others make their recognition

difficult by altering the colonial morphology of the

organism or, by lysing red blood cells, preventing the

recognition and detection of hemolytic organisms.

One exceptional anti-swarming agent is p-nitro-

phenylglycerol, which at low concentrations inhibits the

formation of swarm cells without affecting the formation

or motility of flagella (Kopp et al. 1'966). It is also

without effect on red blood cells, the colonial

morphology of other organisms and their antibiotic

sensitivity and is nontoxic for a wide range of delicate

baclerial pathogens such as Neisseria gonorrhoeae
(Senior 1978).

Colonial appearances

Proteus strains form several sorts of discrete colony on

MacConkey agar; Belyavin (1951) described three of

these, which he designated phases. Phase A colonies

are smooth, 3-4 mm in diameter, with a beaten-copper

surface; morphologically they consist of regular bacil-

lary forms 5-6 x 0.5 pm which on other media give rise

to discontinuous swarming. Phase B colonies are

smaller, smoother, and more conical; they consist of

highly pleomorphic cells (coccobacilli, filaments, and

giant cells) that do not swarm on other media. Phase C

colonies are flat, rough, and larger than phase A colo-

nies. They consist of long filaments that give rise to

continuous swarming on other media. The dominant

type-specific O antigen is not found in phase B cells.

Phase variations A-B and A+C are reversible.

Coetzee and Sacks (1960) described five colonial

variants, three of which, Y, W, and Z, correspond to

Belyavin's phases A, B, and C, respectively. Cultures

arising from a single cell of one particular variant even-

tually gave rise to all the others.
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METABOLIC ACTIVITIES

The characteristic metabolic activity of Proteeae of
the oxidative deamination of certain amino acids
results in the formation of a keto acids. These have
strong iron-binding properties and they may function as
siderophores in the tribe because the Proteeae, unlike
others in the family Enterobacteriaceae, are unable to
form hydroxamate and catecholate siderophores
(Drechsel et al. 1993). All species within the tribe also
have the ability to degrade indole on prolonged incuba-
tion. It is important therefore, when indole formation is
to be used as an identifying characteristic, to use a stan-
dard medium such as tryptone and to read the reaction
after incubation for only 1 day (Mtiller 1986).

Early reports on the hemolytic activity of Proteus are
discrepant, probably because of variation in the culture
media, conditions of assay, and type of red blood cells
used. Sheep red blood cells are more sensitive than
human red blood cells. and mouse red blood cells are
relatively resistant, to hemolysins from P mirabilis
(Peerbooms et al. 1983). Two distinct hemolysins,
HpmA (Welch 1987) and HlyA (Koronakis et al. 1987)
are found in Proteus. HpmA is a 166 kDa calcium-inde-
pendent hemolysin and is produced by virtually all
strains of P. mirabilis, most strains of P. vulgaris, and
some strains of P. pennerl (Senior and Hughes 1988;
Swihart and Welch 1990). HlyA, a 110 kDa calcium-
dependent hemolysin, is less common in Proteu.s. It is
found in some isolates of P. vulgaris and P. penneri
(Koronakis et al. 1987; Senior and Hughes 1988; Senior
1993) and is very similar to the HlyA hemolysin of
Escherichia coli and Morganella morganii. Some strains
of P. vulgaris and P. penneri form both hemolysins. Both
HpmA and HIyA cause the lysis of a wide variety of cell
types in addition to erythrocytes, by forming cation-
selective pores in cell membranes. In P. mirabilis,
HpmA usually remains cell-associated. As a result,
strains of this species do not appear to be hemolytic on
blood agar when swarming is prevented. The calcium-
dependent hemolysin HlyA forms more obvious hemo-
lytic zones on blood agar (Senior and Hughes 1988).

EXTRACELLULAR PRODUCTS

Most strains of P. mirabilis, P. vulgaris, P. penneri, and
P. hauseri produce a unique E,DTA-sensitive metallopro-
teinase. It is thought to be an important virulence factor
because it can cleave at unique sites the heavy chain of
human IgA1, IgA2, IgG, and both free and IgA-bound
secretory component (Senior et al. 7987,1988; Loomes
et al. 1990, 1992; Almogren et al. 2003). Furthermore, P.
mirabilis protease causes degradation of the antibacterial
peptide LL-37 of the innate immune system (Schmidtchen

et aI.2002). Strains of P. mirabilis associated with urinary
tract infections also form hvaluronidase.

All strains of Proteus spp., with rare exceptions, form
potent urease enzymes whose genes have been cloned.
The nickel-containing cytoplasmic enzyme is chromoso-

mally determined and is inducible in Proteus. The

enzyme comprises a number of subunits (o, B, and y)

and in P. mirabilis is of the form o2, B4, y4 with a mass

of 212-250 kDa. The enzyme is determined by three

structural genes, ureA, ureB, and ureC and accessory
genes ureD, ureE, ureF, and urec. Transcription is

controlled by a repressor protein UreR which is specific

for urea. The urease of P. mirabilis hydrolyzes urea

between six and 30 times faster than that of Morganella

or Providencia spp. and this feature undoubtedly contri-

butes to the greater virulence of this organism than the

others for the urinary tract.

HABITAT

P. myxot'aciens has been isolated only from gypsy-moth

larvae (Porthetria dispar), but the other Proteus spp. are

widely distributed in nature and constitute an important
part of the flora of decomposing matter of animal origin.
They are constantly present in rotten meat and sewage,

and very frequently in the feces of man and animals.

They are commonly found in garden soil and on vege-

tables. In addition to their wide saprophytic existence,

strains of Proteus cause seotic infections in man and

animals.

LABORATORY ISOLATION AND
IDENTIFICATION

Proteus strains grow readily on a wide variety of media

in air over a wide temperature range below 42C, bttt

optimally at 34-37"C. For the isolation and identification

of Proteus, the specimen should be plated directly for

single colonies on either a medium that does not permit

swarming, such as MacConkey or CLED agar, or one of

the indicator and selective media referred to above.

Enrichment culture in tetrathionate broth before sub-

culture to solid media may be helpful. After overnight

incubation at 37"C, a single colony of gram-negative

pleomorphic bacilli that is oxidase-negative and unable

to ferment lactose should be suspended in a small

amount of nutrient broth to provide an inoculum for

mannose peptone water and for either a nutrient agar
medium enriched with r--tryptophan 1 percent and an

antiswarming agent (".g bile salts), such as that

described by Mi.iller (1985) or Senior and Leslie (1986),

or a similar medium enriched with r--phenylalanine 1
percent instead of tryptophan. After overnight incuba-

tion at 37'C, isolates belonging to the Proteeae form

colonies surrounded by a red-brown color on the
medium containing tryptophan and form a transient
green color after the addition of aqueous ferric chloride
L0 percent to the phenylalanine medium. Those that also

acidify mannose belong to the genera Morganella or
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Providencia and can be identified further by biochemical
tests according to Table 55.1 and the scheme rn

Figure 55.3. Those that do not acidify mannose are
strains of Proteus. Most of them swarm on nutrient agar

or blood agar at 30'C and degrade urea rapidly. They

are identified further according to the scheme in

Figure 55.3 by determining their ability to form indole

and ornithine decarboxylase, acidify maltose and xylose,

and degrade aesculin. Most isolates from human clinical
specimens are P. mirabills. They are more readily identi-

fied from swarming growth by being indole-negative and
forming ornithine decarboxylase and H2S. Media to

examine these reactions in combinations have been

devised (Senior 1997 a).

BIOCHEMICAL REACTIONS

All Proteus strains form acid from glucose and most
also form small amounts of gas. Unlike strains of

Morganella and Providencia, no strain of Proteus forms

acid from mannose, mannitol, adonitol, or inositol.

Lactose fermentation is rare and when present is

encoded by a plasmid acquired from outside the genus.

All species produce an inducible urease; this enzyme is

distinct from the urease of M. morganii and that of P.
penneri is unique from those of others of the tribe
(Senior et al. 1980; Rosenstein et al. 198L; Mobley et al.

1987). All strains are catalase-positive and oxidase-

negative. All species except P. myxofaciens form acid

from xylose and all except P. mirabilis form acid from

maltose. P. mirabilis is the only species in the genus to
produce ornithine decarboxylase, and together with

P. penneri (and P. myxofaciens), are the only indole-

negative species in the genus. Sucrose is acidilied by
most strains of all species except P. mirabilis in which

only about 15-20 percent strains are sucrose-positive.

P. myxoJaciens characteristically forms copious amounts

of slime in broth at 25"C and is the only species in

the tribe that fails to degrade tyrosine. Among the

indole-positive strains of Proteus, those that also

acidify salicin and degrade aesculin are strains of

P. vulgaris, whereas those that do not acidify salicin

or degrade aesculin are either strains of P. hauseri

or strains of genomospecies 4, 5, and 6 (O'Hara

et al. 2000). P. hauseri strains can be distinguished
from the latter in being unable to acidify rhamnose,

utilize acetate or Jordan's tartrate or form lipase or
DNase, whereas the genomospecies have the ability
to carry out one or more of these activities
(O'Hara et al. 2000). Growth on Simmons's citrate
medium is variable in some species but does not

occur with P penneri and P. hauseri strains. Most

strains of Proteus are methyl-red-positive, but only
P. myxofaciens and some P. mirabilis strains give a
positive Voges-Proskauer reaction when tested at

37"C.

SUSCEPTIBILITY TO PHYSICAL AND
CHEMICAL AGENTS

Proteus cells are readily destroyed by moist heat at

55'C for t h and by common disinfectants such as

phenolics or halogens. However, some strains isolated in

hospitals, particularly of P. mirabills, have a significant

resistance to chlorhexidine, of which as much as 800 mg/

I may be required to prevent multiplication (Stickler

2002).

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

The susceptibility of members of the Proteeae to concen-

trations of antibiotic attainable in the body is highly vari-

able. Some strains of Prov. stuartii, for example, have

resistance patterns as wide as any encountered in the

clinical laboratory but those of others, for example P.

mirttbilis, may well be very sensitive to a broad range of

antibiotics. Moreover, because the individual species of a

genus often differ widely in antibiotic susceptibility, accu-

racy in speciation of isolates is of great importance. With

this in mind. antibiotic sensitivities recorded in the litera-

ture should be read with caution. 'Indole negative

Proteus' usually refers only to P. mirabills strains and

excludes P. penneri strains: 'indole positive Proteus'

usually refers to collections of strains which may be

either P. vulgaris or P. hauseri or both and'Providencia

spp.' often refers only to Prov. stuartii.

All species of the tribe are resistant to nitrofurantoin.

This antibiotic is most active under acid conditions and

it has been thought that its inactivity on the Proteeae

was a consequence of the alkaline conditions which form

during growth of many of the members of the tribe.

Horvever, this may not be the complete explanation for

it does not explain the resistance to nitrofurantoin of

urease-negative species of the tribe like some Prov.

stuartii strains. Different strains of the Proteeae show

varying responses to tetracycline and this antibiotic is

uselul diagnostically, for example in biotyping M.

morganii isolates. However, apart from this, tetracycline

has little clinically useful activity in treating infections

with members of the Proteeae.

Strains of Proteus spp. have some unusual antibiotic

sensitivity characteristics. Thus, whereas most enter-

obacteria are susceptible to polymyxin B and colistin but

resistant to novobiocin, all Proteus spp. are resistant to

polymyxin and colistin and many, particularly strains of

P. vulgaris, are sensitive to novobiocin. No information

is available about the antibiotic susceptibility of P.

myxofaciens. However, this organism has never been

asscrciated with infection in man. In general, P. mirabilis

is the most sensitive species of the genus.

The sensitivity of Protetlt spp. to penicillins and

cephalosporins is complicated (Garrod et al. 1981) and is
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Lactose nonferment ing,  oxidase -ve,  "col i form" baci l lus

Tryptophan or phenylalanine deaminase +ve or formation of brown
pigment in a i r  on medium contain ing i ron and aromat ic amino acids

v

urease +ve (Proteus)
(adonitol -ve inositol -ve, xylose +ve *)

+ve indole -ve

Providencia rettgeri
(adonitol +ve, inositol
+ve, trehalose -ve)

Y

Providencia stuartii
(g lucose +ve no gas,

galactose +,  g lutamic acid
decarboxylase -ve)

P rov i d e n ci a ru sti g i a n i i
(galactose +ve, inositol -ve)

Figure 55.3 Scheme for identification of species in the tribe Proteeae: O, confirmatory reactions; 
'P 

myxofaciens is xylose -ve

determined partly by mechanisms of intrinsic resistance
and partly by whether they produce B-lactamases. Some
P. mirabilis strains are unique among the Proteeae in
being sensitive to amounts of benzylpenicillin that are
attainable in urine. These strains are also fully sensitive
to the extended spectrum penicillins, such as ampicillin,
and cephalosporins like cephaloridine, cephalothin,
cephalexin, and loracarbef. By contrast, P. vulgaris and
P. penneri strains are resistant to these antibiotics, but
are often sensitive to other cephalosporins such as cefe-
tamet, cefoxitin, and latamoxef (Penner et al,. 1,982:
Fuksa et al. 1984) as are strains of P. mirabilis. P.
vulgaris strains are characteristically more resistant to
cefamandole than other species in the Proteeae. They
are also exceptional among the Enterobacteriaceae ln
having an inducible B-lactamase (cefuroximase) that has
high activity against B-lactamase-stable cephalosporins
such as cefuroxime and cefotaxime. Most strains of
Proteus spp. are sensitive to cefixime, cefpodoxime,
cefdinir, and ceftazidime, but are resistant to cefsulodin.
It is important when interpreting the sensitivity of
'indole positive Proteus' to some of the newer oral

cephalosporins by the disk diffusion method, to exerclse

caution (Biedenbach and Jones 1994). Most P. mirabilis

strains are sensitive to cefepime and cefpirome.

N{ost strains of P. mirabills and P. vulgaris are very

susceptible to the acylureidopenicillins, such as azlo-

cillin, mezlocillin, and piperacillin, and the carboxy-

penicillins, such as carbenicillin and ticarcillin, whereas

P. penneri strains may be somewhat more resistant to

them (Hawkey et al. 1983). Most B-lactamase-producing
strains of Proteus spp. are sensitive to the carbapenems

imipenem and aztreonam. The susceptibility of strains of

Proteus to tetracyclines is variable, but that to chlor-

amphenicol is mainly species-dependent: most strains of

P. mirabilis and P. vulgaris are sensitive, but P. penneri

strains are chromosomally resistant (Hickman et al.

1982; Fuksa et al. 1984). Most strains of Proteus spp. are

susceptible to nalidixic acid and other quinolones

(Hawkey and Hawkey 1984) and also to the aminoglyco-

sides gentamicin, tobramycin, netilmicin, and amikacin.

However, from time to time strains may acquire plas-

mids encoding for resistance to some of these or to

trimethoprim and to other antibiotics to which they are

+ve ornithine or lysine decarboxylase or both -ve

Morganella morganii (indole +ve, urease
+ve, adonitol -ve, inositol -ve, sucrose -ve)

+ve escul in or  sal ic in -ve

Prcteus hauseri
(rhamnose -ve, DNase
-ve, tartrate -ve)

Providencia heimbachae
(glucose +ve no gas, galactose

+ve, KCN -ve)

Providenci a a lca I ifaciens
(galactose -ve, inositol -ve, glucose acid and gas =

biogroup 1,  g lucose acid no gas = biogroup 2)
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normally sensitive. These resistance characters may be
transferred to other Proteus strains, to enterobacteria
and Lo Pseudomonas aerueinosa.

CELL ENVELOPE COMPOSI.TION AND
ANTIGENIC STRUCTURE

Proteus spp. are not normally considered to be capsulate
organisms. However, P. mirabilis and P. vulgarls strains
have been found to be able to form a capsule or slime
layer of acidic polysaccharides on the outer surface of
the cell identical to the O-specific chain of their lipo-
polysaccharide (LPS). It plays an important role in
virulence by assisting swarming and growth of struvite
crystals leading to stone formation in the urinary tract
(Beynon et al. 7992; Dumanski et al. 1994; Gygi and
Hughes 1995; Rahman et al. 1999). Beneath is the outer
membrane containing outer membrane proteins (OMP),

antigenically related to those of other members of the
Enterobacteriaceae. and LPS. ln P. mirabills there are
three major OMPs of 39 kDa (OmpA), 36 and 17 kDa.
P. mirabilis OmpA enhances the production of IgG to
LPS, is a strong adjuvant and a mitogen in vitro for
mouse B lymphocytes. Furthermore, it inhibits the
production of oxygen radicals and interleukin-l, but
increases the secretion of TNFU by LPS-stimulated
macrophages (Weber et al. 1993). ln P. mirabills, LPS
exists in two forms: approximately two-thirds of it is in
the form LPS I which has a relatively short O poly-

saccharide chain, whereas the remainder is in the form
LPS II, which has very long O polysaccharide chains
(Gmeiner 1975). Some of these may be so long that they
have been considered as capsules (Beynon et al. 1992).
The variation in structure and composition of the O-
speciflc polysaccharide part of Proteus LPS accounts for

the O antigenic heterogeneity in the genus. The struc-
ture and composition of many of these polysaccharides
are known (Knirel et al. 1993; Rozalski et al. 1997).
In addition to the sugars commonly found in entero-
bacterial LPS, a frequent feature of Proteus O
polysaccharides is the presence of amino acids like t--
and p-alanine, r--lysine, L-serine, and L-threonine linked
to uronic acids, and the presence of lactic acid ethers,
and hydroxybutyryl, pyruvic, and phosphate groups.

However, these unusual components are often not a part

of the immunodominant epitopes. The O poly-

saccharides of some P. mirabilis and some P. penneri
strains are very unusual as they resemble the ribitol
teichoic acids of gram-positive bacteria in having ribitol
phosphates (Toukach et aL.2002). Analysis of the oligo-
saccharides in the core of Proteus LPS shows that it can
be of six different types. The presence in it of o-galac-
turonic acid, as is also found in the core of the LPS of
M. morganii and Prov rettgeri, distinguishes it from that
of E. coli and Salmonella (Radziejewska-Lebrecht et al.
1990). The resistance of Proteus spp. and others of

the Proteeae to polymyxins is because of the presence of

L-arabinoso-4-amine in their LPS (Basu et al. 1986).

The LPS of some strains of Proteus has epitopes

shared with some Rickettsla spp. (Amano et al. 1993).

During particular (but not all) rickettsial infections, anti-

body, usually of the IgM class, is formed, causing the

agglutination of one or more Proteus strains designated

Xl9,X2, and XK. The LPS of each of these strains has

been purified and characterized (Mizushiri et al. 1990).

These are, respectively, strains of P. vulgaris serotype

01 and serotype 02 and P. mirabilis serotype 03. Thus

patients with epidemic louse-borne typhus infected with

Rickettsia prowazekii, or Rocky Mountain spotted fever

(Rickettsia rickettsii) develop serum antibodies that

agglutinate Proteus OX19 cells but not OXK cells,

whereas those with scrub typhus (Rickettsia tsutsuga-

mushi) develop serum antibodies that agglutinate only

OXK cells. The detection of antibodies to these bacteria

has been used in the past to indicate rickettsial infection

(the Weil-Felix reaction). The test is being replaced by

more specific serological and polymerase chain reaction

(PCR) methods. The LPS of P. mirabilis O29 can affect

the cytoskeleton of erythrocytes causing alteration in

their membrane lipids and proteins and rendering them

osmotically fragile (Gwozdzinski et al. 2003).

The peptidoglycan component of the cell wall of

Proteus species, and indeed all members of the Proteeae,

is unusual among the enterobacteria in that the C6

hydroxyl group of many (29-57 percent) of the N-acetyl-

muramyl residues is O-acetylated. This modification

renders the cell wall resistant to lysozyme and possibly

to many muramidases and autolysins (Clarke 1993).

There is much antigenic heterogeneity among strains

of P. mirabilis, P. vulgans, and P. penneri and many

different O and H antigens have been described. The

simplified scheme devised by Kauffmann and Perch

(Kauffmann 1966) for serotyping P. mirabilis and P.

vulgaris distinguished 49 O antigens and 19 H antigens.

Since then, the O antigenic composition of many P.

penneri strains has been investigated and now more than

70 O-serotypes of Proteus have been deflned. Although

some O antigens are species specific, many are not and

may be found not only shared between strains of several

of the other species of Proteus (Penner and Hennessy

1980; Kondakova et al. 2003), but also on occasions,

with bacteria outwith the genus.

The O antigens of Proteus are resistant to heating

at 100'C, to ethanol and to dilute HCl, whereas the H

antigens are destroyed by these treatments. Agglutina-

tion tests for the determination of O antigens should be

made with cultures that have been boiled for t h because

some living and some formalized cultures are O-inagglu-

tinable. O agglutination tests are best read after incuba-

tion for 20 h and H agglutination tests after 4 h in a water

bath at 50'C. Cross-reactions between H antigens are

numerous and complex. The most frequently encoun-

tered strain in clinical infections rs P. mirabilis serotvDe
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03. Other frequently encountered serotypes are 06,
O10, 026, and O30. The most commonly encountered
flagellar antigens are H1, H2, and H3.

TYPING METHODS

Phage typing

Phages have been isolated from lysogenic strains
and from sewage, and several groups of workers have
developed phage typing schemes. Lysis is generally
restricted to members of the species of origin of the
phage, but occasionally it is seen in members of other
species in the tribe and, rarely, in other enterobacteria.
The schemes of Pavlatou et al. (1965) and Schmidt and
Jeffries (1974) are useful for typing strains of Proteus
and other members of the Proteeae. Those of Vieu and
Capponi (1965) and France and Markham (1968) are
applicable to typing strains only of Proteus and allocate
over 80 percent of strains to a type. The systems devised
by Izdebska-Szymona et al. (1971) and Hickman and
Farmer (1976) permit the typing only of P. mirabilis
strains. The last of these is highly discriminatory and
reproducible, permitting 94 percent of 200 strains to be
differentiated into 113 types.

Bacteriocin typing

Cradock-Watson (1965) distinguished strains of Proteus
by determining the range of activity of their bacteriocins
on a set of indicator strains. Most strains of P. mirabilis
have the genetic potential to produce one of 13 different
bacteriocins (proticins) which resemble contractile phage
tails (Senior 1983a) and to be sensitive to a different
one, or more, of them. The scheme devised by Senior
(1977a) in which Proteus strains were examined for both
proticin production and proticin sensitivity (P/S typing)
has given the greatest discrimination: 250 strains were
differentiated into 90 P/S types. The production of
proticin 3 is associated with strains that are virulent for
the urinary tract (Senior 1.979).'fhe P/S type of an
isolate is independent of its O serotype (Senior and
Larsson 1983).

Other typing methods

The Dienes phenomenon forms the basis of another
typing method (Dienes 1946). When different strains of
Proteus spp. are allowed to swarm towards each other, a
line of completely or partially inhibited growth forms
where the spreading growths of incompatible strains
meet. Such a line does not form between identical
strains (Figure 55.4). The determinant of Dienes
compatibility was thought to be the H antigen until
others found serologically identical strains to be incom-

Figure 55.4 Dienes typing of Proteus strains A line of inhibited
growth is formed only where the swarming growths of different
strains meet. The strain at the top of the plate is the same as the
one in the center. Each of the remaining strains is different from
its immediate neighbor (x0.85)

patible and strains with the same O antigens and

different H antigens were sometimes compatible. Senior
(1977b) showed that 204 swarming strains of Proteus

could be differentiated into 98 compatibility groups and

that the determinants of compatibility were the proticin

production and sensitivity characters of the swarming

strains. Strains of the same P/S type, irrespective of their

species or O and H antigenic structure, were compatible,

whereas strains of different P/S types were incompatible
(Senior and Larsson 1983). Kashbur et aI. (1974) devised

a scheme for resistotyping P. mirabllls strains. They

found it discriminated between strains that appeared to

be identical by other typing methods.
Some workers have compared the electrophoretic

profiles of outer-membrane or total cell proteins of

strains and used this as a typing method (Kappos et al.

1992; Costas et al. 1993). The method is relatively simple

and reproducible, but not very discriminatory. It can be

useful in typing strains of P. vulgaris and P. hauseri-The

discriminating power of the method is greatly increased

when combined with multilocus enzyme electrophoresis
(Kappos et al. L992), but this method is labor intensive

and time consuming.
Latterly, typing schemes based on polymerase chain

reaction methods and the analysis of Proteus DNA have

been devised. Among these are randomly amplified
polymorphic DNA (RAPD), repetitive sequenced based

PCR, tandem tetramer-based microsatellite finger-
printing (Cieslikowski et al. 2003), ribotyping (Pignato

et aI. f999) and pulsed field gel electrophoresis (PFGE)

methods.
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As P. mirablfis is the species in the genus most
frequently encountered in a clinical situation, typing
schemes which give the greatest discrimination between
strains of this organism by methods that are repeatable,
rapid and simple to perform, are those of greatest value
in studies of cross-infection. Bingen and colleagues
(1993) reported that PCR typing with the use of a single
arbitrary primer was as reproducible and as discrimi-
nating as ribotyping, but much simpler and quicker to
perform. Comparisons between the discriminating ability
of the Dienes test with ribotyping and PFGE have
shown all three methods to be comparable and all to be
highly discriminating (Pfaller et al. 2000). Of these
methods, the Dienes test is by far the simplest to
perform.

Thus, if only a few strains of P. mirabilis are to be
compared, the rapid and simple Dienes typing method is
usually the most suitable one to use. When larger
numbers of strains are to be examined, and possibly on a
routine basis, consideration should be given to the use of
P/S typing or serotyping methods. Since these methods
are independent of each other, the best discrimination is
given by a combination of P/S typing and O serotyping.

PATHOGENICITY AND VIRULENCE
FACTORS

Nothing is known about the pathogenicity of P. myxo-

faciens for it has never been isolated from man.
However, members of all the other species of Proteus
are pathogenic for man. P. mirabilis is the most
frequently encountered species of the tribe in human
infections and is responsible for 70-90 percent of all
Proteus infections in man. P. vulgaris, P. hauseri, and, p.

penneri cause similar types of infection to P. mirabilis
because their habitat and virulence factors are similar.
However, they are isolated less frequently and they may
be less virulent.

The most common site of Proteus infection is the
urrnary tract and P. mirabilis, the species most
frequently implicated, is possibly the organism after
Escherichia coli most frequently associated with urinary
tract infections. Proteus urinary tract infections are
common in young boys and elderly patients (Senior
1979). In the latter, they are often associated in domi-
ciliary patients with diabetes or structural abnormalities
of the urinary tract, but in hospital patients with various
forms of urological instrumentation or manipulation.
Proteus urinary tract infections tend to be more serious
than those caused by E. coli and other coliforms, for
these are usually confined to the bladder whereas
Proteus spp. have a predilection for the upper unnary
tract (Fairley et aI.7971,; Svanborg Eden et al. 1980).

The virulence of P. mirabilis for the urinary tract
arises through the interplay of several virulence factors
of which the most important is urease. This nickel-
containing cytoplasmic erzyme is inducible solely by

urea. The concentration of urea in urine is sufficiently
high for the ureases of strains of all Proteus spp. to be
able to work at the maximum rate. that of P. mirabilis in
particular giving the greatest rate of urea hydrolysis. The
enzyme hydrolyzes the urea in urine to ammonia and
carbon dioxide. This reaction may be important to the
bacteria by providing them with a source of usable
nitrogen for growth in urine. However, the formation of
ammonia also leads to alkalinization of the urine and at
pH values above 8, calcium and magnesium ions are
precipitated in the form of struvite (MgNHaPOa.6H2O)

and carbonate-apatite (Ca16(POa)CO3) crystals. The
formation of these crystals is also influenced by the
chemical structure of the polysaccharide of the LPS and
its ability to bind calcium and magnesium ions
(Torzewska et al. 2003). Ultimately the crystals are
bound by the polysaccharide slime or glycocalyx formed
by the cell and thereby create bladder and kidney
stones. Experiments in mice infected transurethrally
with either uropathogenic or isogenic urease-negative
strains of P. mirabilis have confirmed that urease is a
critical virulence determinant for colonization of the
urinary tract, stone formation and the development of
acute pyelonephritis (Johnson et al. 1993). Urease
activity together with hemolysin (see below) also cause
the death of human renal proximal tubular epithelial
cells (Mobley et al. 1991). Furthermore, urease-induced
formation of ammonia protects the bacterial cell from
the effects of complement by inactivating it.

Fimbriae of Proteus spp. also play a significant but
more subtle role in virulence for the urinary tract as
shown by in vivo experiments with genetically designed
strains. MR/P fimbriae are expressed in vivo, and though
not essential for infection, appear to play a significant
role in the colonization of the upper part of the urinary
tract. Their presence correlates with the development of
acute pyelonephritis (Bahrani et al. 1994). The expres-
sion of MR/P fimbriae is phase variable. When 'switched

on', colonization of the bladder occurs. The later coloni-
zation of the kidney is thought to be dependent upon
MR/P fimbrial expression being 'switched off' (Li et al.
2002). MR/P fimbriae are thought to be a promising
candidate for a vaccine to prevent P. mirabilis urinary
tract infection. PMF appear to be important for coloni-
zation of the bladder rather than the kidney (Massad

et al. 1994b). Both UCA and MR/K fimbriae bind to
uroepithelial cells and the latter also bind to Bowman's
capsule of the glomeruli and tubular basement
membranes of the kidney (Sareneva et al. 1990). MR/K
fimbriae also play a major role in the adhesion of
Proteus to catheters and the persistence of infection in
catheter-associated Proteus bacteriuria. It is not yet
known whether ATF fimbriae and P. mirabilis P-llke
fimbriae have a role in Proteus virulence for the urinary
tract. However the PmpA protein of the latter fimbriae
has a close similarity with the pyelonephritis-associated
(Pap) flmbrial protein of uropathogenic E. coli.
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Hemolysins are also known to be important virulence

factors of Proteus spp. Hemolytic strains are much more

lethal for mice than nonhemolytic ones (Peerbooms et al.

1983, 1985). Both HpmA and HlyA are cytotoxic for a

wide variety of cell types and together with urease they

play an important role in cell invasion and internalization -

which appears to take place by a mechanism not depen-

dent on actin polymerization - and ultimately cell death

(Peerbooms et al. 1984; Allison et al. 1992b; Chippendale

et al. 1994). Despite having similar urease and hemolysin

genes, hemolysin and urease are expressed at higher

levels in P. mirabilis than in P. vulgaris. This may be the

explanation for the greater virulence of P. mirabilis.

Motility and swarming are additional properties of

Proteus spp. which are important, though possibly not

absolutely essential, in virulence. Pazin and Braude

(1974) showed that antibodies to flagella prevented

P. mirabilis infecting the kidney. Motility is also critical

for the successful infection of burns by P. mirabilis

(Harmon et al. 1989). The development of flagella is

important in swarm cell formation in which other viru-

lence determinants, urease, hemolysin, and protease, are

co-ordinately expressed (Allison et al. I992a). F.

mirabilis mutants lacking flagella are noninvasive to

uroepithelial cells and motile but nonswarming cells are

25 times less invasive than wild-type motile, swarming

cells (Allison et al. 1992b).

Proteus proteinase, which cleaves a variety of immu-

noglobulin types including IgA and other nonimmuno-

globulin substrates, is thought to be another important

virulence factor. Active enzyme and immunoglobulin

fragments can be detected in the urine of patients with a

Proteus urinary tract infection (Senior et al. 1991), indi-

cating it is synthesized and active in vivo. The cleaved

antibody fragments have defective immune effector

functions and thereby the effectiveness of the imtnune

response to the organism is limited (Loomes et al. 1993).

The proteinase may also play a role in degrading anti-

bacterial peptides of the innate defense s)'stem

(Schmidtchen et al. 2002) and in generating products

like glutamine to induce invasive swarm cell formation.

In vivo experiments in mice have shown that proteinase-

negative mutants can infect the bladder, but have

severely reduced ability to infect the kidney and form

abscesses.

Infection of the urinary tract with Proteus spp. may

also give rise to hyperammonemic encephalopathy and

coma. Urinary tract infection often also leads to b:rcter-

emia. Proteus bacteremias can be difficult to treat. In

extreme situations they may progress to septicemia with

septic shock and disseminated intravascular coagulation.

The polysaccharide component of P. mirabilis LPS has

been shown to stimulate the adhesion of blood platelets

to collagen (Zielinski et al. 2002). Proteus bacteremias

have a mortality rate of 15-88 percent according to the

severity of the underlying disease (Lewis and Feckety

1969).

Proteus spp. are frequently isolated both in pure

culture and also with other organisms from various

superficial septic lesions. Their presence in mixed

culture favors the multiplication of pathogenic anae-

robes. Occasionally, in addition to their isolation from

blood, they are isolated in pure culture from abscesses

and cerebrospinal fluid (Chang et al. 2002). Both P.

mirabilis and P. vulgaris may cause osteomyelitis. In

neonates, infection of the umbilical stump often leads to

a highly fatal proteus bacteremia and meningitis.

P. mirabilis may also be a microbial trigger for the

development of rheumatoid arthritis (RA). The urine of

RA patients is more frequently found to carry small

nunrbers of P. mirabills than is that of healthy controls

(Wilson et al. 1990; Senior et al. 1999). This frequent

and prolonged antigenic stimulus may explain the raised

levels of IgG (Ebringer et al. 1985, 1988) or IgM (Senior

et al. 1995) specific for P. mirabilis seen specifically in

RA patients. It has been suggested that RA then

develops because of molecular mimicry between the

peptide ESRRAL found in an outer membrane protein

of P. mirabiljs necessary for the secretion of HpmA

hemolysin and the peptide sequence EQRRAA found in

the B chain of HLA types associated with RA (Ebringer

et al.1992).

T'he pathogenicity of Proteus spp. for laboratory

animals is variable. Virulent strains on introduction into

tissue are able to proliferate and invade the blood-

stream. Strains of lower virulence cause chronic inflam-

mation, either of the suppurative or of the infective

granuloma type.

f'he inoculation intraperitoneally of 0.5-1.0 ml of a

24-h brolh culture of a virulent strain generally proves

fatal to rats and mice in 18-48 h and to guinea pigs and

rabbits in 1-7 days. The LD56 for mice of 21 strains

ranges from 2 million to 600 million living organisms

(Miles 1951). Large doses given intravenously to mice

result in a fatal septicemic illness; smaller doses of some

strzrins produce necrotic lesions in the kidneys of survi-

vors. Studies on the virulence of P. mirabilis and P.

vulgaris for mice by determinations of the LD56 and

KID56 (50 percent kidney infecting dose) have shown

that although there can be wide variation in virulence

between different strains of P. mirabilis (Peerbooms

et al. 1982), on the basis of LD59:KID5g ratios,

P. mirabilis strains are generally more virulent than

P. vulgaris strains.

MORGANELLA

DEFINITION

Morganella spp. do not show true swarming on solid

nutrient media. They acidify glucose, usually with gas

formation, and lnannose but not lactose, sucrose'

salicin, mannitol, xylose, adonitol, or inositol. They

oxidatively deaminate amino acids and produce urease,
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but do not utilize citrate. Most strains form ornithine
decarboxylase and indole but do not produce H2S nor
liquefy gelatin nor form lipase. G + C content of the
DNA is 50 mol%.

The genus has one species, M. morganii, with two
subspecies, morganii and sibonii. The type strain of
M. morganii slbsp. morgarzji is ATCC 25830, NCTC
00235, CDC 4567-84. The type strain of M. morganiisnbsp.
sibonii is ATCC 49948, NCTC 12357 , CDC 8103-85.

The organism is named after Morgan (1906) who
isolated it from the feces of infants with diarrhea. Rauss
(1936) suggested it was closely related to Proteus
because, although it failed to liquefy gelatin, it formed
indole, degraded urea, and exhibited spreading growth
on media with reduced agar concentrations at 2O-28C.
The observation by Henriksen and Closs (1938) that
both Proteus and Morgan's bacillus degraded phenylala-
nine to phenylpyruvic acid gave additional support to
the suggestion and for many years the organism was
known as Proteus morganii. The proposal of Kauffmann
(1956) that it should be placed in a separate genus,
Morganella, did not at first receive general acceptance,
but the evidence in its favor is now overwhelming: the
G + C content of the DNA of Morganella is consider-
ably higher than that of Proteus; DNA-DNA hybridiza-
tion studies show less than 20 percent genetic homology
between the two genera and other members of the
Proteeae (Brenner et al. 1978); there are differences rn
the properties of enzymes common to Morganella and
other members of the tribe. More recent extensive
DNA-DNA hybridization studies have shown the exis-
tence of two subspecies'. M. morganll subsp. morganii
with four biogroups and M. morganii subsp. slbonil with
three biogroups (Jensen et al.1992).

GENERAL PROPERTIES

Most isolates of M. morganli are motile because of peri-
trichous flagella. These may differ in wavelength and are
not formed in some strains, particularly if cultured
above 30'C. Strains also form thin and thick peritrichous
fimbriae (Old and Adegbola 1982). On prolonged incu-
bation on soft (1 percent) agar at 22C, growth may
spread to form a film (Rauss 1936) but true swarming,
which is associated with characteristic changes in cellular
morphology, migration, and consolidation on 1.5 percent
agar, is not seen with the possible exception of a few
isolates of subspecies sibonii biogroup F strains (Jensen
et al.1992).

Morganella strains, unllke Prote's strains, require
both niacin and pantothenic acid for growth. They grow
readily on most culture media as convex colonies 2-
3 mm in diameter after overnight incubation at 37"C.
Nutrient broth cultures have an unpleasant smell.
Approximately 30 percent of strains are hemolytic on
blood agar through the production of a calcium-
dependent hemolysin (Senior and Hughes 1988).

Because of an inability to acidify sucrose and lactose, M.
morganii strains form colorless colonies on MacConkey,
eosin-methylene blue, xylose-lysine-deoxycholate, and
Salmonella-Shigella agars. M morganii strains form a
number of phosphatases including extremely high levels
of phosphate irrepressible acid phosphatase, a feature
rare among enterobacteria but shared with Providencia
stuartii. Modified MacConkey media have been devised
that exploit this feature and readily and specifically
reveal the presence of these organisms as red colonies
(Thaller et al. 1.992). Liquid cultures of mixed gram-
negative bacteria can be enriched for M. morganii
through the incorporation of Irgasan - a chlorophenox-
yphenol (Toora et al. 1994). The biochemical character-
istics of M. morganii are fairly uniform (see Table 55.1).
Mannose fermentation readily distinguishes it from
isolates of Proteus. lJrease production and the ability of
most strains to decarboxylate ornithine or lysine or both,
together with an inability to utilize citrate, readily distin-
guish them from strains of Providencla spp. Lactose
fermenting strains of M. morganii have been encoun-
tered but are rare and. like some of those which form
lysine decarboxylase, arise through carriage of stable
plasmids (Tierno and Steinberg 1975; Cornelis et al.
1e81).

M. morganii strains do not ferment many sugars,
glucose and mannose being the ones characteristically
acidified. The reaction of strains to trehalose is a means
of distinguishing the two subspecies. Trehalose fermen-
ters are members of the subspectes sibonii (named after
the Danish bacteriologist Knud Siboni who flrst recog-
nized them), whereas trehalose nonfermenters, are
members of the subspecies morganii. Subdivision of
subspecies sibonii into biogroups E, F, and G is based
on the ability of strains to produce lysine or ornithine
decarboxylase or both, and indole and grow in the
presence of KCN. Subdivision of subspecies morganii
into biogroups A, B, C, and D is based largely on the
ability of strains to form lysine or ornithine decarbox-
ylase, or both, or neither (Jensen et al. 1992). Other
useful differentiating features include motility, glycerol
fermentation, and tetracycline sensitivity (Siboni 1976;
Senior and Vcircis 1990; Jensen et al. 1992). Most clinical
isolates of M. morganii and the ones responsible for
most of the more serious infections in man are of subsp.
morganii biogroup A (ornithine decarboxylase (ODC)
+ve and lysine decarboxylase (LDC) -ve). Biogroup B
strains (ODC +ve, LDC +ve) are usually nonmotile and
rapid (24 h) fermenters of glycerol. The most common
biogroup of subsp. sibonii is that of G (ODC +ve, LDC

ve) which is encountered in 10-14 percent of clinical
specimens (Farmer et al. 1985; Janda et al. 1996).
Morganella strains, unlike those of Proteus, produce
urease constitutively. The enzyme is structurally and
antigenically different from that produced by strains of
species of Proteus and. Providencia and at 590 kDa is
one of the largest enzymes known (Guo and Liu 1965;
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Smit and Coetzee 1967; Senior et al. 1980; Rosenstein

et al. 1981; Hu et al. 1990). The fatty acid component of

the lipopolysaccharide of Morganella strains is similar to

that of Escherichia and Shigella and different from that

of Proteus and Providencia strains in having higher

levels of dodecanoic (C126) acids (Vasyurenko and

Chernyavskaya 1990).

M. morganii strains can be typed by various met.hods.

They can be separated into a small number of typr:s by

biotyping (Rauss and Voros 1959; Jensen et al. 1992).

Phages that lyse M. morganii generally do not attack

strains of Proteus and Providencia.They have been used

for phage typing (Schmidt and Jeffries 1974) rvhich

defines more types. M. morganii strains have ribotype

profiles which are unique to them among the Proteeae,

but it is not clear whether ribotyping can distinguish

between strains of the different subspecies (Pignato et al.

1999). Greater discrimination is given by protein proflle

typing, 2L different types being distinguished on the

basis of differences in profile of major outer membrane

proteins of 35-40 kDa (Senior and Voros 1990; Clostas

et al. 1990a). Serological typing is most useful as M.

morganii is antigenically heterogeneous, 55 O, 4 K, and

38 H antigens having been identified and more thirn 77

different serotypes are recognized (Rauss et al. 1975;

Voros and Senior 1990). Typing by bacteriocin produc-

tion and sensitivity (Senior 1987) is also highly discrimi-

nating. However, because the last three typing methods

are independent of each other, the greatest discrirnina-

tion is given by a combination of serotyping, protein

profile, and bacteriocin typing methods (Senior and

Voros 1989).

Possible virulence factors of M. morganii strairrs for

man include the calcium-dependent hemolysin and the

constitutively produced urease (Senior 1983b). The

hemolysin is serologically and functionally identical to

E. coli hemolysin HlyA (Koronakis et al. 1987) and is

associated with the high virulence of strains for mice and

chick embryos (Em6dy et al. 1.982).It is more comrnonly

produced by non-intestinal isolates of particular O sero-

types (Vorcis and Senior 1990) and it acts by forming

cation-selective channels of about 1 nm diameter in

membranes. It may aid invasion of host cells and le,ad to

their death.

Although the urease of M. morganli strains has high

affinity for urea and the potential to cause alkalinization

of urine and stone formation, this rarely happens in vivo

in man. Indeed, only rarely is M. morganll associated

with urinary tract infections in the uncatheterized, This

may be because of its inability to grow rapidly in urine

and make it very alkaline (Senior 1983b). Even in those

patients with catheters, M. morganii has difflcullty in

raising urinary pH and forming crystalline biofilms

(Stickler et al. 1998). The reason for these things may be

a consequence of M. morganii being unusual in the tribe

in having a bifunctional urease which is activated at acid

pH (Young et al. 1996). Thus the role of the urease may

be to promote colonization of the intestinal tract by

protecting the organism against the acidity of the

stornach. Possibty as a consequence of this, M. morganii

is frequently found in human feces and has also been

isolated from the feces of other animals and reptiles. It

is often found in diarrhetic stools in the absence of other

known bacterial enteropathogens. However, flrm

evidence for its etiological role in enteritis has not yet

been presented. Experiments with germ-free mice have

shown M. morganii does not cause inflammatory bowel

disease (Jiang et al.2002).

From time to time M. morganii is associated with a

variety of infections, particularly in neonates, pregnant

women, the immunocompromised, and the diabetic. It

has been isolated from blood, usually after surgery, cere-

brospinal fluid, sputum, wounds, and abscesses -

including those from snake bites (Jorge et al. 1994). It

can cause an ecthyma gangrenosum-like eruption on the

skin and can be a cause of septic arthritis. Outbreaks of

hospital-acquired infections - some of them serious and

even fatal - have been reported (Tucci and Isenberg

1981; Williams et al. 1983). M. morganii has been asso-

ciated with cases of pneumonia in some animals.

Because it has potent histidine decarboxylase activity,

M. morganii has the potential to cause histamine food

poisoning through the ingestion of contaminated unre-

frigerated fish and particularly scombroid fish, such as

tuna, sardines, pilchards, and anchovies.

With the exception of tetracycline which has been

used to distinguish the subspecies of M. morganii, there

is no evidence that strains of different biogroups differ

in their sensitivity to antibiotics (Stock and Wiedemann

1998a). M. morganii strains are usually sensitive to

quinolones, such as nalidixic acid and ciprofloxacin, to

aminoglycosides such as gentamicin and tobramycin.

to trimethoprim, cotrimoxazole, chloramphenicol, and

aztreonam, and the carbapenems imipenem and mero-

penem. Care should be taken in interpreting results with

the latter two antibiotics when measuring sensitivity by

turbidity because of cell elongation prior to lysis

(Biedenbach and Jones 1995). Although most isolates of

M. morganii are sensitive to piperacillin with or without

tazobactam, ticarcillin, and mezlocillin, they are resistant

to other penicillins and many of the newer cephalos-

porins including cefuroxime, loracarbef, and cefazolin

usually through the formation of inducible chromosomal

ampC B lactamases. Some third generation cephalos-

porins, such as cefoxitin, when used to treat serious

infections, are good inducers of these enzymes in M.

morganii and give rise to strains resistant to third

gerreration cephalosporins. M. morganjl isolates with

resistance to fourth generation cephalosporins such as

celbtaxime and ceftriaxone through plasmid-mediated

SHV- and TEM-derived extended-spectrum B lactamase

production, have been reported (Coudron et al. 1997;

Tessier et al. 1998; Power et al. 1999). Such resistant

strains usually remain sensitive to cefpirome and
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imipenem. The sensitivity of M. morganii strains to
some of the newer oral cephalosporins such as
cefixime, cefpodoxime, and cefetamet, when determined
by disk diffusion as opposed to dilution methods,
should be interpreted with care (Biedenbach et al. 1993).
Most M. morganii strains are sensitive to latamoxef,
ceftazidime, cefotaxime, cefepime, and cefpirome, the
latter antibiotic also being active against ceftazidime-
resistant isolates (Sader and Jones 1994). Strains show
variation in their susceptibility to tetracyclines and
sulphonamide.

PROVIDENCIA

DEFINITION

Strains of Providencla spp. do not swarm on solid
nutrient media. All form acid from glucose and mannose,
but gas formation from glucose is variable. They do not
form acid from lactose or, except for some strains of P.
heimbachae, maltose; they oxidatively deaminate amino
acids. Most strains of species other than P. rustigianii
form acid from one or more of the sugar alcohols
adonitol, arabitol, erythritol, inositol, or mannitol. They
do not produce ornithine decarboxylase or H2S or form
lipase or liquefy gelatin. Urease is formed only by p.

rettgeri and some strains of P. stuartii. G + C content of
the DNA is 39-43 mol% (Owen et al. 1987).

According to DNA hybridization studies and exten-
sive phenotypic analyses, the genus has five species:
Providencia alcalifaciens type strain ATCC 9886, NCTC
i0286, CDC 9014-82, Providencia stuartii type strain
ATCC 29914, NCTC 11800, CDC 2896-68, Providencia
rettgeri type strain ATCC 29944, NCTC 11801,
CDC 9167-79, Providencia rustigianii type strain ATCC
33673, NCTC 11802, CDC 132-68, and Providencia
heimbachae type strain ATCC 35613, NCTC 12003,
cDC 8025-83.

Stuart and colleagues (1943) described organisms they
considered intermediate in character between Proteus
and Shigella. Kauffmann (1951) placed them in a new
genus, Providencia. Ewing et al. (1954) fowd that Provi-
dencia strains could be separated into two biochemical
groups: one formed gas from glucose and fermented
adonitol but not inositol, the other formed no gas from
glucose and fermented inositol, but not adonitol. The
organisms of these groups were given the speciflc names
P. alcalifaciens and P. stuartii, respectively (Ewing 1962).

Providencia rettgeri is the name now given to the
organism isolated by Rettger (1909) from a cholera-like
epidemic in chickens and found by others to be anaero-
genic and capable of fermenting mannitol. Rustigian and
Stuart (1943) later assigned it to the gents Proteus as
Proteus rettgeri when they found it hydrolyzed urea.
However, Kauffmann (1953) believed the organism
should be separated from the gents Proteu.s and
proposed the name Rettgerella. The results of

other workers, which indicated Proteus rettgeri had
biochemical properties more similar to Providencia than
to Proteus or Morganella, supported the view that the
organism was classified in the wrong genus. Smit and
Coetzee (1967) also showed that Proteus rettgeri and
Providencia strains had similar phenylalanine deami-
nases. Penner and colleagues described a number of
biotypes of Proteus rettgeri, one of which, apart from
forming urease, resembled P. stuartii and had Provi-
dencia O antigens (Penner et aI.1,975,1976). Subsequent
DNA hybridization studies by Brenner and colleagues
(1978) showed that the latter were in fact urease-
forming strains of P stuartii and that all Proteus rettgeri
strains were more related to Providencia than to
Proteus. They proposed that the organism be known as
Providencia rettgeri.

The name P. rustigianii was proposed by Hickman-
Brenner et al. (1983) for strains previously called
P. alcalifaciens biogroup 3 (Ewing et al.1972) in honor
of an earlier worker Robert Rustigian. DNA hybridiza-
tion studies (Brenner et al. 1978) had shown this
biogroup was not closely related to any of the other
biogroups of Providencia or to the species of other
genera in the tribe. The organism isolated by Miiller
(1983) from the feces of five different types of penguin
and called P. friedericiana was later shown by DNA-
DNA hybridization studies to be identical lo P. rusti-
gianii. The latter name became the approved one
because it had been validated earlier (Hickman-Brenner

et al. 1986). P. heimbachae is the name given to organ-
isms also isolated from penguin feces by Friederike
Heimbach. Initially they were thought to be a biogroup
of P. friedericiana,bttt have been shown subsequently by
DNA-DNA hybridization to form a distinct species
(Miiller et al. 1986).

GENERAL PROPERTIES

In general, strains of Providencia spp. are motile at 20-
25'C by means of peritrichate flagella, but may be less
active at 37"C. Fimbriae of five different morphological
types have been found in members of the genus (Old

and Adegbola 1982). Providencia strains do not swarm.
They can often be recognized by their 'fruity' smell and
as yellow or orange-centered colonies on deoxycholate
citrate agar because the ferric hydroxide in the medium
is precipitated at the alkaline pH which forms during
growth. Providencia strains, unlike those of Proteus and
Morganella, require neither niacin nor pantothenic acid
for growth. The important biochemical reactions char-
acteristic of the different species and biogroups of the
genus are presented in Table 55.1.

Providencia strains differ from others of the Proteeae
through their ability to form acid from mannose and
their inability to decarboxylate ornithine or lysine.
Except for strains of P. rustigianli, those of other Provi-
dencia spp. form acid from one or more of the
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polyhydric alcohols adonitol, arabitol, erythritol, inositol,

or mannitol.

P. rettgeri strains are genetically diverse, but are

readily distinguished in the genus by their ability to

ferment mannitol and degrade urea. Biogroups of P.

rettgeri can be distinguished by their reactions in rham-

nose, salicin, and erythritol (Penner et al. 1975). Some

75 percent of isolates of P. rettgeri also have the ability

to acidify erythritol. This reaction is unique to this

species among members of the Proteeae.

P. stuartii is an organism of great clinical importance

because of its tendency to be resistant to many anti-

biotics and to cause nosocomial infections. However, it

is often misidentified, particularly with commercial kits,

because strains frequently carry plasmids that may bear
genes for the fermentation of sucrose or lactose or the

hydrolysis of urea. Thus the organism may show a varr-

able phenotype. It forms, along with M. morganii, large

amounts of phosphatase, and media have been devised

to simplify its recognition (Thaller et al. 1992). P. stuartii

strains are readily distinguished in the genus by their

ability to form acid from trehalose. Unusual isolates,

with some properties shared with P. rettgeri, can also be

distinguished in that P. stuartii strains do not decarboxy-

late l--glutamic acid (Fischer et al. 1989).

P. rustigianii is distinguished from other species in the
genus by its inability to form acid from any of the poly-

hydric alcohols inositol, mannitol, adonitol, arabitol, or

erythritol. It forms acid from galactose, but not trehalose.

Strains that have the properties of the genus, but do

not degrade urea or form acid from trehalose but do

form acid from adonitol, are either P. alcalifaciens or P.

heimbachae. P. alcalifaciens strains form indole, but do

not form acid from either rhamnose or galactose. Infor-

mation from ribotyping and polymorphisms of DNA and

enzymes suggests there may be more than one species

among strains presently identifled as P. alcalifaciens
(Picard et al.  1991).

P. heimbachae strains form acid from both rhamnose

and galactose. They differ from other members of the

Proteeae in not growing in the presence of KCN and are

unusual among Providencia in being citrate-negative and

indole-negative in certain media (but indole-positive in

others). Indole reactions need to be carefully controlled

with regard to medium and time of incubation when

identifying strains of Providencia spp., for some strains

may subsequently degrade the indole that they had

formed (Mtiller 1986).

The genus Providencia is antigenically heterogeneous.

Strains have thermostable O antigens, thermolabile

H antigens, and some also have capsular (K) antigens.

In general, each species has its own distinctive O anti-

gens, 46 O-antigenic groups having been defined in P.

alcalifaciens (Penner et al. 1.979a), 17 in P. stuartii

(Penner et al. 1979b), and 93 in P. rettgeri (Penner and

Hennessy 1979). ln addition to serotyping, strains of

Providencia can be differentiated by phage typing

(Chouteau et al. L974), bacteriocin typing (Stickler and

Thcrmas 1976; McHale et al. 1981), and protein profile

typing on SDS polyacrylamide gels (Costas et al. 1987;

Hofmes et al. 1988; Costas et al. 1989, 1990b). P. stuartii

has also been typed on the basis of restriction fragment

length polymorphisms of rRNA cistrons (Owen et al.

1988).

Although P. alcalifacierm is occasionally found in

normal human feces. it is found more often in the stools

of patients with diarrhea and gastroenteritis because

some strains are thought to be the causative agent of

these conditions both in man and animals (Haynes and

Hawkey 1989; Albert et al. 1992, 1998; Tribe and Rood

2002; Chlibek et al. 2002). A medium which readily

detects P. alcalifacien^r in fecal samples has been devised

(Senior 1997b). P. alcalifaciens strains which have been

found on salad vegetables and fruits (Visnawathan and

Kaur 2001) and can be carried by flies (Urban and

Broce 1998), have been associated with large outbreaks

of lbodborne infection (Murata et al. 2001). Among the

isolates of P. alcalifaclens associated with diarrhea are

some which are able to invade a variety of tissue

cuhure cell lines (Janda et al. 1998) and these belong

to only a few ribotypes, whereas others are noninvasive

and comprise many different ribotypes (Guth and

Perrella 1996). The invasive isolates appear to be of

a clonal lineage (Guth et al. 1999) and, facilitated by

a secreted 28 kDa protein (Rahman et al. 2002),

they enter host cells either by endocytosis and

polymerization of actin - a process inhibited by cytocha-

lasin D which inhibits microfilament formation, or by

disruption of tight junctions and multiplication in inter-

cellular spaces (Mathan et al. 1993; Albert et al. 1995;

Guth et al. 1999). Although the condensation of actin

filaments by invasive strains is in a manner similar to

that caused by Shigella flexneri and different from that

caused by enteropathogenic E. coli (Albert et al. 1992,

1995), DNA sequences homologous to the virulences

genes of these and other invasive enteric bacteria have

not been detected in P. alcalifaciens nor does invasive-

ness appear to be plasmid determined (Sobreira et al.

2001).
P. stuartii strains, though only occasionally isolated

from infected wounds and burns, are among the most

common isolates from urine of long-term catheterized
elderly patients, particularly women, in old people's

homes and geriatric wards in hospitals (Warren 1986;
Rahav et al.1994). In these situations, strains can persist

in patients for several months and serve as the reservoir

of infection for others. Strains are particularly difflcult to

eradicate because of their formation of MR/K flmbriae
which bind to uroepithelial cells and the catheter, and

also because they are frequently resistant to many anti-

biotics. Such strains may give rise to a fatal bacteremia
(Warren 1986). In animal models, isolates vary in their

uropathogenicity, which is associated with motility and
the ability to form urease and fimbriae.
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P. rettgeri has been isolated from poultry and is part
of the normal fecal flora of a number of reptiles and
amphibians. It has been isolated from surface waters and
is probably widespread in nature. It is not commonly
found in human feces but has been associated with noso-
comial infections of the urinary tract (Edwards et al.
1974; Lindsey et aI. I9'76), its active urease causing alka-
linization of urine and encrustation of catheters (Stickler
et al. 1998). Urinary tract infections with P. rettgeri are
usually of less importance than those due to P. stuartii
because of the greater sensitivity of the former to anti-
biotics. From time to time P. rettgeri is also the cause of
infections of wounds, burns, and blood.

Most isolates of P. rustigianii have come from human
feces and those of penguins and pigs. P. heimbachae
strains have also been isolated from penguin feces and
an aborted bovine fetus, but until recently this organism
had not been isolated in man. However, an isolate from
human feces which was phenylalanine deaminase nega-
tive and had other biochemical characteristics different
from the type strain was confirmed by DNA-DNA
hybridization to be P. heimbachae (O'Hara et al. 1999).
At the present time it is very unusual to find isolates of
P. rustigianii and P heimbachae in clinical speclmens
from man.

Providencia strains, like other Proteeae, are resistant
to polymyxin B and colistin. In general, P. alcalifaciens
and P. rustigianii strains are naturally sensitive to a wide
range of antibiotics, including aminoglycosides and
quinolones, and antibiotic resistance is not a common
problem. This is also probably true for P. heimbachae
although only a few isolates have been tested (Miiller
et al. 1986; O'Hara et al. 1999). The opposite is true for
P. stuartii. P. rettgeri strains have a position in between
these extremes (Stock and Wiedemann 1998b). P.
stuartii is the most antibiotic-resistant species of the
Proteeae and one of the most resistant organisms known
(Hawkey 1984). Most strains are resistant to tetra-
cyclines, chloramphenicol, sulfonamides, nitrofurantoin,
and many penicillins, cephalosporins, and the aminogly-
cosides gentamicin, tobramycin, and netilmicin. Resis-
tance to these aminoglycosides is a consequence of a
chromosomal gene in P. stuanii coding for the antibiotic
modifying enzyme 2'-N-acetyltransferase (Rather et al.
1993). This enzyme also acetylates peptidoglycan in P
stuartii, affecting the morphology of the cells (Payie et al.
1996). P. stuartii is much more resistant than P reugert
and P. alcalifaciens to the substituted penicillins mezlo-
cillin, azlocillin, piperacillin, carbenicillin, and ticarcillin
(Penner et aL. 7982; Hawkey et al. 1983). Among the
antibiotics often found useful for treating P. stuartii
urinary tract infections are the oral cephalosporins
cefuroxime, cefetamet, and cefpodoxime or ciprofloxacin
(Cornaglia et al. 1995). Providencia spp. are also sensi-
tive to ceftazidime, cefotaxime, imipenem, and the
monobactam aztreonam. The aminoglycoside amikacin
is often useful for treating gentamicin-resistant strains.

Among the quinolone antibiotics, ciprofloxacin is one of
those most active against P. stuartii (Hawkey and
Hawkey 1984). Clinical isolates of P. stuartii are often
resistant to disinfectants such as chlorhexidine and
cationic detergents such as cetrimide and benzalkonium
chloride, but are sensitive to phenols and glutar-
aldehyde.
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20-55 percent homology exists between Y. enterocolitica
ancl Y. pseudotuberculosis and Y. ruckeri. Y. pestis is the
type species for the genus.

Y. pestis is nearly genetically identical to Y. pseudo-

tuberculosis and is thought to have evolved from Y.
pseudotuberculosis 1 500-20 000 years ago, before the
first plague pandemic. Consideration was given to
combining the species; however, they remain distinct
due to the differences in clinical disease and public-
health implications of Y. pestis (Oyston and Isherwood
2002; Achtman et al. 1999).

INTRODUCTION AND BRIEF HISTORICAL
PERSPECTIVE

Members of the genus Yersinia were formerly included
in the genus Pasteurella and finally removed in the
1970s, although this transfer was suggested by Thal in
1954 (Bercovier and Mollaret 1984) due to their dissim-
ilarity with other members of this genus. The name
Yersinia was derived from the French bacteriologist
Alexander Yersin, who first isolated the plague bacillus
in Hong Kong in 1894 (Gyles and Thoen 1993; Solomon
1995). Included in this new genus, in addition to
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GENUS/SPECIES DEFINITION

The genus Yersinia belongs to the family Enterobacter-
iaceae. They are gram-negative rods (coccobacilli) with
rounded ends. Yersinia are facultative anaerobes that
ferment glucose, in addition to other sugars, without the
production of gas, are oxidase-negative and catalase-
positive, reduce nitrate, and grow on nutrient agar.
Yersinia are motile at 22-30C, but not at 37"C. Their
cell-wall and antigenic composition also resemble those
of other members of the family Enterobacteriaceae and
some are identical. Many of the members of the genus
Yersinia possess the ability to grow under extreme
ranges of temperature and are well adapted to survival
in the environment. As a genus, these organisms are
distinct from most other members of the family Entero-
bacteriaceae in that they are smaller in size and stain in
a bipolar fashion, resembling a 'safety pin' (not seen
with the Gram stain or from isolates grown in culture).
Yersinia pestis, Yersinia enterocolitica, and Yersinia pseu-
dotuberculosis are human pathogens, and Yersinia
ruckeri is a fish pathogen, whereas the other specres are
commensals. The G + C content of the DNA of the
genus is 46-50 mol%. Eighty percent homology exists
between Y. pestis and Y. pseudotuberculosis, while only
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Y. pestis, was Y. pseudotubercr.l/osis, first isolated by

Malassez and Vignal in 1883 after inoculation of guinea

pigs with material isolated from a skin lesion of a child

who died of meningitis. Also moved from the genus

Pasteurella to the newly formed gents Yersinia was the

species Y. enterocolitlca, described by Schleifstein and

Coleman in 1939. who first called it Bacterium entercoli-

ticum (Cover and Aber 1989) and later Pasteurella pseudo-

tuberculosis rodentium arrd PasteureUa X. It was given

its current designation of Y. enterocolitica in 1964 by

Frederiksen (Bottone 1977).

Y. ruckeri, the causative agent of enteric redmouth

disease of f,sh. was first described in 1955 and added to

the genus Yersinia in 1978 on the basis of DNA analysis

(Furones et al. 1993). Three additional species, Yersinia

frederiksenii, Yersinia intermedia, and Yersinia kris-

tensenii, were designated in 1980 and Yersinia aldovae in

1984 (Bercovier and Mollaret 7984). Y. aldovae, Y.

frederiksenii, Y. intermedia, and Z kristensenii are often

referred to as Y. enterocolitica-like group as a matter of

convenience. Strains of Yersinia, isolated in the USA

and Germany, that agglutinated with Y. enterocolitica H

antisera but were untypable with O antisera and

differed biochemically from other Yersinia by being

negative for indole, Voges-Proskauer, and citrate were

classified as a new species, Yersinia rohdei (Aleksic

et al. 1987). Y. enterocolitlca biogroup 3 was divided

into 3,A., which fermented L-sorbose and either r- or

nyo-inositol, and 38, which did not ferment either;

these were proposed as a new biogroup, number 6
(Wauters et al. 1987). However, DNA studies revealed

that they were distinct enough for each to be a separate

species and they were subsequently named Yersinia

mollaretii and Yersinia bercovieri, respectively (Wauters

et al.  1988).

The Philomiragia bacterium, isolated from a muskrat

in 1959, was included in the genus Yersinia as proposed

by Jensen in 1969 due to similar morphology and its

DNA relatedness to Y. pestis (Hollis et al. 1989). In 1980

this categorization was reconsidered and the organism

was renamed Francisella philomiragia and will not be

discussed further in this chaoter.

HABITAT

Y. pestis survives in nature in the stomach and proven-

triculus of the flea and in the soil of animal burrows. Y.

pesli,s is maintained in the environment by enzootic

spread of the organism among rodents (natural reservoir

host), which usually have an unapparent infection and

low risk for transmission to humans. Epizootic plague

spreads rapidly among susceptible rodents, which die off

rapidly (Gage 1998). Y. pestis is transmitted to humans

either through the bite of the flea or by regurgitation

during attempts at taking a blood meal; the organism

causes sylvatic plague, the most common form of plague

found in the USA (Gutman 1992). Y. pesrr,s is also

known to infect more than 200 species of rodents and

small animals (Gutman 1992), which can also be a

source of human infection. Endemic areas for plague

include areas of Southeast Asia (predominantly

Vietnam), Africa (predominantly Madagascar and

Tanzania), South America (predominantly Brazil and

Peru), and the western USA (Gage 1998).

1'. pseudotuberculosis can also be transmitted by

rodents or other infected animal species, including wild

bircls (Fantasia et al. 1993), although, like Y. enter-

ocolitica, the most common mode of transmission is by

food or water contaminated with infected fecal material

(G14es and Thoen 1993). Both Y. enterocolitica and Y.

pseudotuberculosis can survive for long periods in the

environment due to their ability to grow with minimal

nutritional requirements and their ability to remain

metabolically active at extremes of temperature

(Brubaker 1991; Tashiro et al. 1991). Although Yersinia

as a group is sensitive to inactivation by heat (56'C) or

chemical disinfectants (phenol reagents), Y. pestis can

remain viable in dried blood for at least 3 weeks and for

months in the soil. Y. enterocolitica is also found in the

intestines of a variety of animal species; although in

most cases the serotypes identified in animals are not

pathogenic for humans, pathogenic serotypes have been

isolated from healthy pigs (Doyle 1990). In parts of

Europe and Japan, the most common animal reservoir

of Y. enterocolitica is pigs. Contamination of food such

as chocolate milk and tofu has also been implicated as

an outbreak source for Y. enterocolitica.

Many of the Yersinia-like species are normally found

in the environment, especially in water, and some have

been isolated from animals or humans with gastro-

intestinal disease. Interestingly, a major reservoir for

these organisms is wild mice. Y. frederiksenii is found in

waler and soil and is considered a human commensal of

the gastrointestinal tract. Colonization of the gastro-

intestinal tract has been demonstrated in hospital staff as

well as infection in medical residents who drank unpas-

teurized milk (Cafferkey et al. 1993). Both Y. mollaretii

and Y. bercovieri are found in the environment and

thought to be saprophytes (Wauters et al. 1988). y.

rhodei has been isolated from surface water, stools from

two patients with diarrhea, and several healthy dogs

(Aleksic et al. 1987). Its significance aS a human or

animal pathogen is unknown at this time. Y. ruckeri is a

fish pathogen that causes an inflammation of the head

region affecting trout as well as salmon (Furones et al.

1993). It is common throughout Europe, North America,

Sorrth Africa, and Australia. Y. intermedla is also found

in the environment as well as in fresh-water fish, oysters,

shrimp, snails, wild and domestic animals, foods, and

humans with gastritis (Sulakvelidze 2000). Y. aldovae is

also found in water and soil but has not been found

to be associated with disease in either animals or

hurnans.
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MORPHOLOGY

Members of the genus Yersinia are gram-negative cocco-
bacilli that exhibit bipolar staining, particularly when
stained from clinical material. Wayson's dye mixture
(methylene blue with carbolfuchsin) or Giemsa's stain is
recommended for staining Y. pestis (Gutman 1992)
Yersinia, especially Y. pestis, can also appear quite pleo-
morphic, particularly when colonies growing on nutrient
agar medium are stained. Yersinia spp. produce no endo-
spores and have no envelope, except for Y. pestis, which
has been shown to have an envelope in vivo and in vitro
when grown at 37"C on a rich medium such as serum
agar (Burrows 1963). The envelope is thought to repre-
sent the F1 glycoprotein antigen complex (Chen and
Elberg 1975). The organisms are smaller in size then
other members of the family Enterobacteriaceae (0.5-
0.8 pm in diameter and 1-3 pm in length). Y. pestis is
nonmotile, whereas both Y. enterocolitica and Y. pseudo-
tuberculosis are motile, with peritrichous or paripolar
flagella, when grown at 22C, but not at 37"C (Gutman
1992). When cultivated below 30'C, all species of Yersinia
except Y. peslis produce flagella and are motile. Pease
(1979) demonstrated biochemically and electron-mrcro-
scopically that, at room temperature, strains of Y. enter-
ocolitica could go through a transition to a spheroplast
type L-form, where they could revert back to an irregular
shaped structure with an intact cell wall. It has also been
hypothesized by Zyktn (1994) that conversion of Y. pestis
into L-forms allows them to persist in fleas or ticks for
prolonged periods before conversion back to a bacillary
form and transmission to a susceotible host.

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Yersinia are able to grow at temperatures ranging from
4 to 43"C and over a pH range of 4-10 (Y. pestis and Y.
pseudotuberculosis, pH 5.0-9.6), although the optimum
ts pH 7.2-7.4 (Bercovier and Mollaret 1984). A combi-
nation of low pH and low temperature is used to
prevent Y. enterocolitica from growing in foods at refrig-
eration temperature (Brocklehurst and Lund 1990).
Yersinia are also salt-tolerant. Y. ruckeri will grow in salt
at a concentration of 3 percent, whereas Y. pestis, Y.
pseudotuberculosis, and Y. enterocolitica wlll grow in up
to 5 percent salt. All species can grow on nutrient agar,
although colony size is smaller and growth is slower for
Y. pseudotuberculosis and Y. pestis (Bercovier and
Mollaret 1984). Colonies of Y. pestis cat be as small as
0.1-0.2 mm after 24 h of growth on nutrient agar at
37'C. With increased incubation. the colonies reach a
size of 1-1.5 mm in diameter. AII other species of
Yersinia will reach a size of 1-1.5 mm after 24 h and 2-
3 mm after 48 h of incubation at 37"C, although small
colony variants often remain. The colony morphology

also changes to become opaque with a gray to yellow

color in the center; they remain transparent and gray to
white in color on the periphery ('Chinese hat' shape).
Growth and size of the colonies may be slightly
improved by the addition of blood to the medium.
Hemolysis is not observed when grown on blood agar.
Most Yersinia wjll grow on MacConkey medium,
although growth of Y. pseudotuberculosis and Y. pestis is
variable. Y. pseudotuberculosis is the only species of the
genus that will grow as small gray to black colonies on
tellurite medium (Brzin 1963).

Growth of Yersinia is moderate in liquid media. After
48 h of incubation, some turbidity is evident, whereas
other Enterobacteriaceae will become turbid in less than
18 h of growth in liquid media. Y. pestis and Y. pseudotu-

berculosis do not show uniform turbidity but settle to the
bottom of the tube while the supernatant remains clear.
A pellicle forms, which disintegrates to form flocculent
masses and larger deposits at the bottom of the tube
(more evident in peptone water than in nutrient broth).

When grown at 25"C on minimal medium, Y. pestis
requires L-methionine and l-phenylalanine, whereas
other species do not. At 37'C, all species require supple-
ments to grow on minimal medium (thiamine, biotin,
and other amino acids) (Burrows 1963). Y. peslls has the
particular requirements of isoleucine, glycine, threonine,
valine, a reducing agent, and supplementary CO2 when
grown under these conditions (Brubaker 1991).

All species of Yersinia have a requirement of iron for
growth. Virulent strains of Y. pestis, Y. enterocolitica,
and Y. pseudotubercr.r/osls also have a requirement for
a low concentration of calcium in order to express
some of the antigens involved in the virulence of these
species. The concentration of calcium in the medium
is critical for the expression of virulence factors of
Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica.
The mechanism by which calcium affects virulence is
discussed further in Bacteriocins and bacteriophages.

METABOLISM

Yersinia are aerobic and facultatively anaerobic and,
therefore, both oxidative and fermentative. As with
other members of the family Enterobacteriaceae,
Yersinia ferment glucose with the production of acid and
little or no gas. Fructose, galactose, maltose, mannitol,
mannose, N-acetylglucosamine, and trehalose are
fermented. Rhamnose, melibiose, raffinose, and d-
methyl-n-glucoside are fermented soley, by Y. freder-
iksenil (Sulakvelidze 2000). Y. enterocolitica, Y. freder-
iksenii, and Y. intermedia produce acetoin when incu-
bated at 28'C but not at 37'C.

GENETIC MECHANISMS

Genetic mechanisms of Yersinia are thought to be
similar to those of Escherichia coli. althoush no known
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intrinsic factors of conjugation or transduction have

been specifically described. Sex factors or bacter-

iophages of E. coli have been shown to allow transfer of

DNA between E. coli and Yersinia (Brubaker 1991).

Although rare in clinical isolates, plasmids have been

described in Yersinia, particularly in Y. enterocolitica.

Plasmids involved in fermentation of both lactose and

raffinose have been described. Plasmids that code for

various virulence factors and antibiotic resistance genes

have also been described (Ferber and Brubaker 1981).

All pathogenic species of Yersinia possess a 70-kb

plasmid, a low-calcium-response plasmid that contains

the gene necessary for virulence of these organisms. Y.

peslls has two additional plasmids, a 1O-kb plasmid

(pPst), which encodes pesticin I, and pFra, which

encodes the envelope antigen fraction 1 and murine

toxin (Filippov et al. 1990).

In vitro transfer of DNA rn Yersinia species has rarely

been successful. Conchas and Carniel (1990) described the

parameters for high-efficiency transformation of Yersinia

by electroporation, a method used extensively for E. coli.

They were successful at transferring E. coli plasmid DNA

into Yersinia at a frequency of up to 10s-107 transformants

per microgram of DNA. Cutrin et al. (99a) also used

electroporation on a strain of Y. ruckeri and achieved a

transformation efficiency of 6 105 (Cutrin et al. 1994).

Hertwig et al. (1999), described transduction of small

plasmids of Yersinia species using phages found in

nature; however, transduction of the large virulence

plasmid was not successful.

CELL.WALL AND ENVELOPE
COMPOSITION; ANTIGENIC STRUCTURE

The cell-wall and antigenic structure of the genus

Yersinia is, in general, very similar to that of other

members of the family Enterobacteriaceae. The cell

walls of these organisms are made up of lipopoly-

saccharide (LPS) consisting of a lipid A, core region,

and an O-specific side chain, as seen with other Enter-

obacteriaceae, with minor genus and species differences.

The nature of the LPS of Y. enterocolitica does vary for

certain serogroups. The pathogenic serogroups 3, 8, and

9 are composed of galactosamine, glucosamine, 3-deoxy-

D-mannoctulosonic acid (KDO), 2 heptoses, glucose,

and galactose (Cornelis et al. 1987). Y. pestis lacks the

extended O-group structure present in the other species.

When Y. pseudotuberculosls is grown at 26'C instead of

37'C, short O-group side chains are formed.

Y. pestis has more than 20 antigens, many of which

are shared with Y. pseudotuberculosis and Y. entero-

colitica and some of which are essential for virulence of

the organisms. The fraction 1 envelope antigen (F1) is a

heat-labile, water-soluble antigen that stimulates immu-

nity in both mice and humans and is produced only

when the organism is grown at 37"C on protein-rich

media (see Bacteriocins and bacteriophages, for further

discussion of the role of this protein in virulence). Other

antigens associated with Yersinia species are the V and

W antigens. This complex is composed of two proteins,

both with a molecular weight of 90 kDa. The V protein

is cell-bound and the W protein is an excreted protein.

The VW antigens, as well as outer-membrane proteins'

Yops, are associated with virulence of the organisms and

are described in detail in Bacteriocins and bacter-

iophages. Two of these Yops in Y. enterocolitica, YopC

and YopF, function as porins based on permeability

studies performed with nitrocefin and cephaloridine

(Brzostek and Nichols 1990). Other antigens produced

by Y. pestis include an intracellular toxin called murine

toxin, composed of two high-molecular-weight proteins

(toxin A and toxin B) and a lipopolysaccharide endo-

toxin (Gyles and Thoen 1993).

Y. enterocolitica has more than 70 serotypes based on O

and H antigens. O:3 and O:9 are the most common sero-

types associated with human disease in Europe, Japan,

and Canada, and serotypes O:8 and 0:5,25 ate the most

common in the USA (Currie 1998). Since 1981, there has

been a trend in California and New York in the increase

in the prevalence of serotype O:3 as the predominant type

in cases of gastroenteritis (Bissett et al. 1990). Serotypes

0:L, O:2, O:3, O:5, 0:6, O:7, and O:8 are responsible for

most cases of severe disease in animals. There is little

antigenic relationship between Y. enterocolitica and other

Yersinia species; however, cross-reaction has been noted

between Y. enterocolitica serotype O:9 and Brucella.

There is some similarity between Y. enterocolitica and

Vibrio cholerae (Isshiki et al. 1'992). Flagellar or H anti-

gens are present but are complex, highly species-specific,

and not useful for serotyping (Cornelis et al. 1987).

Although no true capsule has been described, some

strains do have a K antigen (Cornelis et al. 1987). Patho-

genic strains also produce an enterotoxin similar in nature

to E. coli ST. A detailed discussion of the antigens of Y.

ente'rocolitica can be found in Wauters (1981).

T'here are six serotypes of Y. pseudotuberculosis and

eight subtypes based on the presence of L5 O antigens'

Serotype O:1 is associated with 90 percent of all cases of

human disease. Some cross-reactivity has been noted

between the O antigens of Y. pseudotuberculosis and

some serotypes of Salmonella (Gttman 1992)' At least

five distinct flagellar (H) antigens are produced at

temperatures below 30"C in Y. pseudotuberculosis. O

and H serotypes of Y. pseudotuberurlosls cross-react to

some extent with other members of the family Entero-

bacteriaceae and have some distinct geographical

distributions. For a description of the LPS O antigens of

Y. ruckeri serotype 01 and Y. kristenseii, see Beynon

et al. (1994) and L'vov et al. (1992), respectively.

CLASSIFICATION

Members of the genus Yersinia are classifled into 11

species, based on biochemical analysis. The species of



1462 Yersinia

most concern to humans is Y. pestis, the agent of plague.
Y. enterocolitica and Y. pseudotuberculosis are also
human pathogens, whereas the other species, with the
exception of Y. ruckeri, which is a fish pathogen, are
environmental, nonpathogenic organisms (Romalde
1993). Y. pestis and Y. pseudotuberculosis are biochemi-
cally homogeneous. Y. enterocolitica as a species is very
heterogeneous and was initially divided into five
biogroups based on the following biochemical reactions:
indole production, hydrolysis of esculin and salicin,
lactose oxidation, acid from xylose, trehalose, sucrose,
sorbose, and sorbitol, o-nitrophenyl-B-n-galactopyrano-
side (ONPG), ornithine decarboxylase, Voges-Pros-
kauer reaction, and nitrate reduction (Wauters 1981).
The scheme was later modified by Wauters to include
six biotypes. Biogroup 1 was divided into two groups.
Group 1A includes environmental strains that lack viru-
lence plasmids and are pyrazinamidase-, esculin-, and B-
o-glucosidase positive. The strains that compose
biogroup 18 are esculin-, pyrazinamidase-, and p-t-
glucosidase-negative and belong to one of the following
serogroups: O:4, O:8, O:13, O:18, O:20, or O:21.
Biogroup 1B strains are reportedly pathogenic to
humans in North America (Cornelis et al. 1987).

Y. pestis can also be divided into three biogroups
(antigua, medievalis, and orientalis), based on their
ability to reduce nitrate and to ferment glycerol and
melibiose. These biogroups were also found to correlate
with the geographical distribution and strain-speciflc
rodent species.

CLINICAL DISEASE AND IMMUNE
RESPONSE

Fleas acquire Y. pestis by ingestion of blood from an
infected rodent. Infection in the flea occurs predomi-
nantly in the alimentary tract. Approximarely 3-9 days
after the infected meal, a mass of organisms, hemin,
and fibrinlike material enlarges to block the stomach
so that further blood meals cannot be swallowed and
are regurgitated into the host (Perry and Fetherston
1997).

Once in a human host, Y. pestis has a predilection for
lymphoid tissue, although the organism can infect the
lungs and can spread via respiratory secretions to other
humans. Humans infected with Y. pesri.r develop lesions
in the blood vessels; these lesions discolor the skin.
giving the disease the name 'black plague.'

There are three clinical forms of plague in humans.
The most common is bubonic plague, in which a swollen
painful lymph node (bubo) develops at the site of infec-
tion. Usually only a single bubo develops; however, the
organisms can spread to other nodes via the blood-
stream. The second most common form is septicemic
plague, which usually arises due to dissemination of
organisms into the blood from an infected bubo (cases

of inadequately treated bubonic plague). Complications
may include pneumonia, meningitis, and endophthal-
mitis. The rarest, but most serious, form of the disease is
pneumonic plague. Primary pneumonic plague occurs
following close contact and inhalation of Y. pestis organ-
isms from another human or animal (cat) with plague
pneumonia (Gage 1998).

Y. pseudotuberculosis causes a mesenteric lymphaden-
itis in infected humans, which mimics appendicitis
(Fukushima 1987). Severe septicemia can occur in
immunocompromised patients (Salyers and Whitt 1994).
For the most part, it is a selflimited disease; however, in
patients with liver damage, the organism can dissemi-
nate (Naktin and Beavis 1999). Complications can
include erythema nodosum, Reiter's syndrome, and
nephritis with a duration of 1 week to 6 months (Quan

1998).

Children infected with Y. enterocolitica most often
present with enterocolitis; however, older children can
develop severe disease, often mistaken for appendicitis
(Cover and Aber 1989). Adults more often present with
reactive arthritis (Reiter's syndrome) or erythema
nodosum (Viitanen et al. 1991). Adults may also develop
enteric disease followed in some cases by immune-
mediated arthritis. The HLA type 827 is associated with
increased risk of arthritis. The only reported cases of
human-to-human transmission of this organism were due
to transfusion of contaminated blood (Cover and Aber
1989). Again, the ability of Y. enterocolitica to survive
for extended periods at refrigeration temperatures facil-
itates the growth of the bacteria in contaminated blood
products (Feng et al.1992; Baert et al. \994).

The immune response to Y. pestis is both humoral and
cellular. In plague, antibody to F1 capsular antigen gives
protection in animals against cutaneous challenge with
Y. pestis but may not protect against air-borne challenge
(Gage 1998). Mice were also found to be protected from
challenge with Y. pestis after development of both an
antibody response and cell-mediated response to recom-
binant V antigen. Recombinant F1 + V antigens have
been evaluated as a possible vaccine candidate
(Williamson 2001). In Y. enterocolitica the major protec-
tive portion is the T-cell response (CD4 and CD8). A
66-kDa heat-shock protein might induce cytokine
production in macrophages contributing to induction of
an immune response (Noll and Auterwith t996).
Protection of mice against Y. enterocolitica can be trans-
ferred by HSP60 reactive T cells (Noll and Autenrieth
ree6).

LABORATORY ISOLATION AND
IDENTIFICATION

Because of the potential hazards to
personnel, the microbiological isolation of
not usually performed in routine clinical
without biosafetv isolation hoods and

laboratory

Y. pestis is
laboratories

equipment.



Laboratory isolat ion and identi f icat ion 1463

Specimens such as aspirates from lymph nodes or other
body fluids collected from a patient suspected of having
plague should be sent to a laboratory with the proper
facilities to culture the organism. Care in transport is
essential.

Y. pestis is inactive in the majority of biochemical
tests and therefore is difficult to identify; many commer-
cially available identification systems do not include this
species in their database. Suspected isolates should be
sent to a national reference laboratory for identification
and epidemiological investigation. Serological diagnosis
using microhemagglutination, complement fixation, or
enzyme immunoassay can be used to detect antibodies
to Y. pestis in the patient's serum. Y. pestis antigens can
also be detected directly in patient samples. A rapid test
described by Chanteau et al. (2003) uses a monoclonal
antibody to detect F1 antigen present in large amounts
in the blood and bubo fluid from patients infected with
Y. pestis. Amplification of two plasmid-encoded genes,
plasminogen activator and antigen fraction 1, previously
sequenced by Sodeinde and Goguen in 1989 (Sodeinde
et al. 1992), successfully identifled Y. pestis in as little as
4 pl of blood from infected mice in experiments simu-
lating the quantity of organisms found in the blood of
infected humans (Norkina et al. 1994). Although some
homology exists between portions of these genes of
Salmonella typhimurium and E. coli, primers used were
selected to avoid homologous regions. Bardarov et al.
(1990) cloned and characterized a chromosomal frag-
ment of DNA that was specific for Y. pestis and has the
potential as a diagnostic tool for the direct identification
of Y. pestis in clinical samples.

Culture of Yersinia other than Y. pestis can be readily
performed in established clinical microbiology labora-
torres. Yersinla will grow on nonselective media and can
be isolated from specimens obtained from usually sterile
sites by inoculating blood agar medium. Yersinia grow
well at 35"C; however, a lower isolation temperature is
recommended for specimens that may be contaminated
with other bacteria, e.g. incubation at 25"C allows a
selective advantage for the isolation of Yersinia from
stool specimens. Cold enrichment of the stool (incuba-
tion of the sample in saline at 4C for 1-3 weeks) has
been shown to increase the frequency of isolation of the
organism (Davis et al. 1980). Isolation of Yersinia from
contaminated specimens is further enhanced by the use
of a selective medium, such as cefsulodin-Irgasan-novo-
biocin (CIN) medium. This medium inhibits the majority
of other enteric bacteria. On CIN medium, Y. entero-
colitica may be identified by its characteristic colony
morphology (red pigmented colonies surrounded by a
clear zone). In a review of various antimicrobials as a
supplement to a broth medium for selective recovery of
Y. enterocolitica, Toora et al. (1994) found Irgasan to be
the most effective. Addition of other antimicrobials
either did not inhibit all enteric bacteria or inhibited

some Yersinia strains as well (Toora et al. 1994). Selec-

tive enrichment for Y. enterocolitica from food was best

achieved using Irgasan ticarcillin broth (de Boer 7992).

All species of Yersinia produce catalase but not

oxidase. Speciflc identification of Yersinia requires the

use of individual biochemical utilization tests. Sharma

et al. (1990) successfully used the API 20E (a commer-

cialty available system containing more than 20

biochemical reactions in microtubes inoculated simulta-

neously) for species-level identiflcation of Y. entero-

colitica, Y. frederiksenii, and Y. kristensenll using 175

stool isolates collected in Canada. Neubauer et al.

(1998) compared the API 20E, API Rapid32 IDE,

Micronaut E, and polymerase chain reaction (PCR) for

identiflcation of ten different species of yersinia using a

set of 118 well-characterized strains. API 20E had the

highest sensitivity and specificity and was the most cost-

effective method for identification. Identification of

Yer,sinia species other than Y. enterocolitica and Y. pseu-

dotuberculosis was problematic with all of the systems

stuclied.

De Ryck et al. (1994) proposed a screen method for

the rapid identification of enteric pathogens, including

Y. enterocolitica, from stools. Colonies resembling Y.

enterocolitica on CIN medium were transferred to rham-

nose broth. Strains that were rhamnose-negative and

motility-negative, as determined by a wet mount from

rharnnose broth, were identified presumptively as

Yersinia species (De Ryck et al. 1994). Kitch et al.
(19!)4) evaluated the RapID onE (Innovative Diag-

nostics, Inc.) for the identification of 379 enteric organ-

isms including Yersinia species. The system correctly

identified eight out of eight isolates of Yersinia species.

The Vitek enteric pathogens card also correctly identi-

fied five isolates of Y. enterocolitica (Imperatrice and

Nachamkin 1993). Identiflcation of Yersinia species can

be misinterpreted due to the slow growth of the

organism at 35'C. Y. enterocolitica and Y. frederiksenii
differ by only one biochemical fermentation of rham-

nose, which occurs slowly at 35"C (Cafferkey et al.

1991)). Therefore, biochemical analysis of Y. entero-

colitica and the related species should be performed at

temperatures of less than 30"C (see Table 56.1 for

biochemical tests helpful in the identification of Yersinia

spp.).

PCR assays have also been shown to be useful in the

identification of Y. enterocolitica and Y. pseudotubercu-

/osr-s directly from either food or clinical specimens,

alleviating the need for the cumbersome and time-

consuming biochemical identification of these isolates.

Since plasmids of Y. enterocolitica are shared with other

species of Yersinia, PCR assays for detection of viru-

lence lack species-specificity (Ibrahim et al. 1992).

Nakajima et al. (1992) described a PCR assay based on

the amplification of a region of the inv gene of y.

pseudotuberculosis and the ail gene from pathogenic
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Y. enterocolitica. They found that the limit of detection
of their assay was 103-101 cfu of bacteria in a suspension
of river water. Detection of a pure culture of Y. enter-
ocolitica using a duplex PCR with primers for ail and
165 rRNA genes was found to be very specific for
species identification and invasive strains (Wannet et al.
2001). Rasmussen et al. Q99\ used primers synthesized
from the inv regron of Y. enterocolitica and demon-
strated specific detection of pathogenic Y. enterocolitica.
Feng et al. (1992) developed a PCR assay for the direct
detection of Y. enterocolitica in blood. based on the
detection of a portion of the virF gene on the pYV
plasmid and a portion of the ail gene located on the
chromosome. The assay was able to detect 500 cfu in
100 ul of blood

In addition to speciation, analysis of the serotype is
warranted since there is an association between serotype
and pathogenicity (Farmer et al. 1,992); however, O anti-
sera for serotyping are not readily available to routine
laboratories. Other methods have been described to
differentiate virulent from avirulent strains of Y. entero-
colitica, such as presence of a 40-48-kDa plasmid, auto-
agglutination, tissue culture cell assay, serum resistance,
hydrophobicity, and virulence in animals. The majority
of these methods are impractical for most laboratories,
although autoagglutination has been shown to be the
best in vitro predictor of virulence in Y. enterocolitica
(Kapperud et al. 1987). Other more practical methods
include the use of biochemicals such as aesculin, salicin,
and pyrazinamide. Cimolai et al. (1994) defined a patho-
genic biotype as strains that were negative for all three
assays, and a nonpathogenic biotype as positive for all
three. Strains belonging to the so-called pathogenic
biotypes were more likely than the nonpathogenic
biotypes to be isolated from young children with bloody
diarrhea. Selective media such as Congo red or Congo
red magnesium oxalate (CRMOX) agar will identify
strains that possess two factors associated with the
presence of a virulence plasmid, Congo red dye uptake,
and calcium-dependent growth at 35'C, have also been
used (Farmer et al.1992). Other authors have proposed
the use of a medium containing crystal violet in which
only the virulent, plasmid-containing colonies will retain
the dye. Farmer et al. (1992) described the use of reac-
tivity in several assay systems together to increase the
sensitivity and specificity: pyrazinamidase, CRMOX
agar, salicin fermentation-esculin hydrolysis, and
n-xylose fermentation (see Table 56.2).

PCR assays that specifically target regions of the
genome responsible for virulence have also been devel-
oped, due in part to the inconsistent nature of the
above-described assays (Kwaga et al. 1992). Wren and
Tabaqchali (1990) used a PCR assay based on detection
of a portion of a plasmid essential for virulence.
However, plasmids can be lost on subculture, causing a
false-negative result (Ibrahim et al. 1992). Fenwick and
Murray (1991) amplifled a portion of the attachment

Table 56.2 Association of biochemical reactivity
genicity and the presence of the virulence plasmid

Biochemical reactivity Pathogenicity

Red colonies CRMOX

Pyrazinamidase production

Salicin fermentation

Aesculin hydrolysis

Retains crystal violet dye +

with patho-

Presence
p lasmid

CRMOX, Congo red magnesium oxalate

invasion locus on the chromosome of pathogenic Y.

enterocolitica. Robins-Browne et al. (1989) confirmed

the use of a probe directed at all regions specific to

pathogenic strains. Other more specific targets for ampli-

fication included the chromosomally encoded /s/ gene

(enlerotoxin) (Ibrahim et al. 1992). A more sensitive

PCI{ assay was developed, which specifically detects

pathogenic strains of Y. enterocolitica by amplification of

the ys/ gene. Using a TaqMan assay on spiked samples

of pork, the investigators were able to detect as few as

102 CFUiml of organisms (Vishnubhatla et al. 2000).

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Alzugaray et al. (1995) studied the antimicrobial profile

of clinical isolates of Y. enterocolitica serotype O:3. All

were susceptible to amoxycillin-clavulanic acid, cefox-

itin, fosfomycin, gentamicin, kanamycin, neomycin,

tetracycline, naladixic acid, norfloxacin, ciprofloxacin,

and trimethoprim. All were resistant to ampicillin (Alzu-

garay et al. 1995). In a study of 375 strains of Yersinia

species isolated from food in France, only four were

resistant to non-B-lactam antibiotics (Ahmedy et al.

198.5). According to a study by Pham et al. (1991) of 100

clinical isolates of Y. enterocolitica in Australia. all

isolates were susceptible to chloramphenicol, cipro-

floxacin, gentamicin, tetracycline, trimethoprim, sulpha

drugs, ticarcillin-clavulanate, and imipenem. All isolates

were resistant to ampicillin (Pham et al. 1991). Biotype-

related differences were observed to other B-lactam anti-

biotics. Biotypes 1A and 3 were resistant to cefoxitin

and amoxycillin-clavulanate and biotype 3 was suscep-

tibli: to ticarcillin. Biotype 4 strains were susceptible to

cefoxitin and amoxycillin-clavulanate and resistant to

ticarcillin. These differences are thought to be attributed

to differences in types of B-lactamases produced (Pham

et al. 1991). Two chromosomally mediated BJactamases
have been described in Y. enterocolitica (Ahmedy et al.

1985). Enzyme A is constitutive and is a broad-spectrum

enzyme; enzyme B is inducible and is a cephalosporinase
(Pham and Bell 1993). Inducible B-lactamase was found

in all isolates of Y. enterocolitica biotypes L,4. and 3 but

in none of the isolates of biotype 4 (Pham and Bell
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1992). Induction of B-lactamase production can be
detected using a modified disk diffusion technique. using

an imipenem disk as the inducer and a cefotaxime disk
as the substrate (Pham and Bell 1993).

A streptogramin A acetyltransferase gene (sat),

previously found only in gram-positive organisms, was
found on the chromosome of all isolates oI Y. enter-
ocolitica tested. The function of this plasmid-encoded

gene in strains of staphylococci and streptococci is to

confer resistance to streptogramins. Gram-negative

organisms are naturally resistant to streptogramins due
to the impermeability of their outer membrane. The role

of this gene in Y. entercolitica is unknown; however, it
may be responsible for acetylation of an unidentified
substrate (Seone and Garcia Lobo,2000).

A study of antibiotic susceptibility of 54 isolates of
Yersinia bercovieri, Y. mollaretii, Y. aldovae, and Y.
ruckeri to 69 antibiotics found most of the strains to
be susceptible to carbapenems, aminoglycosides,
aztreonam, quinolones, tetracyclines, chloramphenicol,
nitrofurantoin, and trimethoprim sulfamethoxazole (Stock

et at.2002). Differences were found among the penicillins

based on expression of two different chromosomal B-
lactamases (class A and class C enzymes). The presence

of one or both of these B-lactamases was found to be
correlated with the serotype in Y. enterocolitica (Pham

et al. 2000). An AmpC type enzyme is assumed to be
responsible for resistance of strains of Y. mollaretti to
cefoxitin. No B-lactamases have been detected in strains
of Y. pseudotuberculosis or Y. pestis, Y. aldovae, and Y.

ruckeri; however, regardless of in vitro susceptibility to B-
lactam antibiotics, in a mouse model using a pathogenic

strain of Y. pseudotuberculosis, the only antibiotic found
to be effective was ofloxacin (Lemaitre et al. 1991). Bona-

corsi et al. (1994) found that 18 strains of Y. peslls tested
were susceptible to amoxycillin, cefotaxime, ceftriaxone,

streptomycin, gentamicin, ofloxacin, and doxycycline.
In a study of antimicrobial susceptibility of 78 strains

of Y. pestis (57 from patients in Vietnam with plague

between 1985 and 1993), the most active antimicrobials
were ciprofloxacin, ofloxacin, and ceftriaxone; strepto-
mycin, tetracycline, and chloramphenicol (agents most
commonly used to treat patients with plague) were less
active (Smith et al.  1995).

Based on serotype, Y. ruckeri, the fish pathogen, was
found to vary in susceptibility to antimicrobial agents.
Of 50 isolates tested by De Grandis and Stevenson
(1985), two were resistant to tetracycline and sulphona-
mide, two antimicrobials commonly used for therapy of
disease caused by this organism. Resistance was asso-

ciated with the presence of a 3.6 y 104-kDa plasmid that
was transferable to both another strain of Y. ruckeri and
a strain of E. coli.

Nonpathogenic isolates of Y. entercollrica belonging to
biotype 1A were tested for their susceptibility to heavy
metals. Minimum inhibitory concentration (MIC) to

cadmium and arsenic ranged from 2.5 to 5 mM and from

5 to l0 mM. respectively.

TREATMENT AND PREVENTION

First-line therapy for treatment of plague (particularly

the pneumonic form) is a 10-day course of streptomycin.

Chloramphenicol is an alternative option for treatment

of bubonic or septicemic plague, particularly in cases of

meningitis, and can be used in combination with strepto-

mycin. Fluoroquinolones, although active in vitro and in

animal models of disease, have not been tested in

humans (plague manual). Seven days' treatment of

doxycycline or trimethoprim/sulfamethoxazole is recom-

mended for prophylaxis. Implementation of surveillance

programs, public education in avoidance of sick animals

in endemic areas, personal protection including insect

repellent, and aggressive flea control all contribute to

prevention of plague (Dennis et al. 1999).

Uncomplicated disease in a normal host due to Z

enterocolitica is most often untreated. Antibiotics have

not been shown to reduce the severity or duration of

entercolitis or appendicitis-like syndrome (Naktin and

Beavis 1999). Disseminated disease is treated with

trimethoprim/sulfamethoxazole or a fluoroquinolone, or,

alternatively, a third-generation cephalosporin.

Antibiotics are not usually indicated for treatment of

most infections due to Y. pseudotuberculosis; however,

with septicemia, patients are usually treated with ampi-

cillin or amoxicillin and an aminoglvcoside.

TYPING METHODS

As with other organisms, many methods exist for epide-

miological comparison of strains of Yersinia, including

phenotypic markers such as biotyping, serotyping,

bacteriophage typing, and antibiotic susceptibility

patterns; genotypic differences such as restriction endo-

nuclease digestion of plasmid (REAP) or restriction

endonuclease digestion of chromosomal (REAC) DNA;

digestion of genomic DNA and separation by pulsed

field gel electrophoresis (PFGE); and ribotyping and

analysis of PCR-generated fragments. Results from

multilocus enzyme electrophoresis (MLEE) studies

found Y. enterocolitica species to be clonal, but distinct

groups, correlating with virulence of the strains, were

identified (Caugant et al. 1989). Fukushima et al. (1993)

compared biotyping, serotyping, phage typing, REAP,

REAC, and antibiotic susceptibility patterns for 138

strains of Y. enterocolitlca serotype O:5,27, isolated from

both humans and animals in the USA, Japan, Canada,

Australia, the Netherlands, and Germany. For the epide-

miological investigation of relatedness of other genera,

the best method for the analysis of Yersinia strains was a

combination of several techniques used in conjunction

with the epidemiological information about the sources
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of the isolates. Fukushima et al. concluded that the
combination of REAP, biotyping, and H-antigen typing
would yield the most information about the relatedness
of strains of this group of organisms. Kapperud et al.
(1990) also determined that multiple methods would be
useful; however, in general, genotypic rather than
phenotypic methods were more discriminatory. Since
most isolates of Y. enterocolitica contain only a single
virulence plasmid, typing using plasmid DNA analysis is
not useful in strain differentiation (Blumberg et al.
1991). Although REAP or REAC seem to be useful
techniques, inter- and even intralaboratory comparisons
can be difficult due to the multitude of bands on the gel.
The use of gel electrophoresis of restriction digests in
combination with a specific probe can facilitate the use
of this method by many laboratories. Picard-Pasquier
et al. (1990) compared ribotyping with MLEE and found
the methods to be equivalent for the differentiation of
strains of Y. enterocolitica, Y. pseudotuberculosis, Y.
intermedia, Y. aldovae, Y. frederiksenii, and Y. kris-
tensenii. Andersen and Saunders (1990) confirmed the
usefulness of ribotyping to subtype serogroups of Y.
enterocolitica. Strains of Y. enterocolitica can be typed
more specifically using PCR ribotyping of the discrimi-
natory spacer regions of the rRNA (Lobato et al. 1998).
Saken et al. (199\ found PFGE following NorI diges-
tion of genomic DNA of Y. enterocolitic, strains to be
more discriminatory than other genotypic methods.
PFGE is the method of choice for differentiating Y.
enterocolitica-like species, although a new technique,
multilocus sequence typing, which compares nucleotide
sequences among strains at several select 'housekeeping

genes,' may provide more specific information regarding
strain relatedness (Sulakvelidze 2000). PFGE was also
found to be a useful epidemiological tool for typing of
Y. pestis (Lucier and Brubaker 1992).

Different typing methods have been applied to the
analysis of the clonal relationship of isolates of Y. pseu-

dotuberculosis. Although most isolates of Y. pseudo-

tuberculosis have a single plasmid associated with viru-
lence, analysis by REAP differentiated isolates into their
serotype as well as their geographical origin (Fukushima

et al. 1994). The relatedness of strains of Y. pseudotu-

berculosis has been evaluated using an advanced PCR-
based genotypic technique, random amplifled poly-
morphic DNA (RAPD) (Makino et al. 7994). This tech-
nique was found to be useful in the study of outbreak
strains in Japan.

Filippov et al. (1990) analyzed 242 tsolates of Y. pestis
from various areas of the former USSR, Mongolia, China,
Vietnam, India, Indonesia, Brazil, and Africa for the
presence of plasmid DNA. The majority of the isolates
possessed the same three plasmids; however, 20 strains
from different areas contained an additional cryptic
plasmid of approximately 6 000 kDa. They also found
changes in the size of pCad and pFra (plasmids found in
all isolates of Y. pestis) in strains from particular regions.

An insertion sequence (IS100) found in all isolates of

Y. pestis,located on the pesticin plasmid, was also found

to hybridize to strains of Y. pseudotuberculosis that were

susceptible to pesticin (McDonough and Hare 1997) and

ma)r be helpful in identifying those strains of Y. pseudo-

tuberculosis that are more closely related to Y. pestis on

an evolutionary basis and tracking them in the environ-

ment. Even though Y. pestis has many more copies of

the insertion sequence than other Yersinia sp., PFGE

seems to be a more specific method for epidemiological

analysis of strains of Y. pestis (Huang et al.2002).

BACTERIOCINS AND BACTERIOPHAGES

Y. pestis produces two bacteriocins, pesticin I and

pesticin IL Pesticin I is plasmid-mediated and active

against Y. pseudotuberculosis and some strains of E.

coli and Y. enterocolitlca (Staggs and Perry 1,992). The

compound is a polypeptide with a molecular weight of

63 kDa. Its mode of action is to degrade the cell-wall

peptidoglycan of sensitive strains (Brubaker and

Surgalla 1962; Ferber and Brubaker 7979). Pesticin II,

produced by both Y. pestis and Y. pseudotuberculosis, is

active only against select strains oI Y. pestis (Fetherston

et al. 1995). Csiszar and Toth (1992) demonstrated pro-

duction of bacteriocins by clinical isolates of Y. entero-

colitica belonging to various serogroups except O:3.

The majority of the O:3 strains were sensitive to the

bacteriocins produced by strains of other serogroups

and are not well characterized (Rakin et al. 1994).

Sensitivity of Y. enterocolitica strairs to pesticin is asso-

ciated with the production of a 65-kDa outer-

membrane protein (FyuA), also thought to act as a

receptor for yersiniabactin (Haag et al. t993). Bacter-

iocins have also been described ir Y. intermedia that

are produced at 25'C but not at 37"C and are active

against strains of Y. enterocolitica, Y. intermedia, Y.

frederiksenii, and Y. kristensenii (Bercovier and

Mollaret 1984). Toora (1995) has described a bacter-

iocin in Y. kristensenil. The bacteriocin was found to be

extracellular with activity speciflc for strains of Y.

enterocolitica.

Bacteriophages active against Yersinia species have

been described (Nilehn and Ericson 1969; Nicolle et al.

197.3). Typing schemes based on bacteriophage activity

have been described for Y. enterocolitica; however,

other epidemiological methods have been found to be

more useful (see Laboratory isolation and identiflca-

t ion).

Temperate bacteriophages that undergo numerous

mutations may result in defective bacteriophages of

which the tail-like particles act as bacteriocins. A

bacteriocin of this nature has been found in a strain of

Y. (..nterocolitlca associated with a food-borne outbreak

further designated entercoliticin. The bacteriocin had

activity against the pathogenic serogroups of Y. entero-

colitica (Strauch et al. 2001).
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The complete sequence of a T3-like lytic bacter-
iophage, specific to Y. enterocolitica serotype O:3, was
reported by Pajunen et al. (2001).

ROLE IN NORMAL FLORA OF HUMANS

Although Yersinia species are not considered part of the
normal flora in humans, Y. enterocolitica can occasion-
ally be found in the intestinal tract without any asso-
ciated disease (Jawetz et al. 1978). Other Yersinla spp.
may be found as normal fecal flora from healthy humans
and animals (Quan 1998).

PATHOGENICITY AND VIRULENCE
FACTORS

Although the three species of pathogenic Yersinia infect
their hosts through different routes, all have a predilec-

tion for invasion and survival within the lymphoid tissue
of their host. Y. pesrls, which is transmitted by the bite
of the flea, are carried into the bloodstream and rapidly
disseminate and localize in the lymph nodes, where they
cause plague.

Gastroenteritis, the most common disease manifesta-
tion of Y. enterocolitlca, occurs following ingestion of
contaminated food or water. The bacteria enter the
intestines, are taken in by M cells, and subsequently
enter lymphoid follicles within the intestines (Peyer's
patches). Y. pseudotuberculosis is the etiologic agent of
mesenteric adenitis and septicemia and is contracted as
described above for Y. enterocolitica (Bleves and
Cornelis 2000; Natkin and Beavis 1999).

Pathogenicity of Yersinia species is mediated by a 70-
75-kb plasmid (pYV) and two additional plasmids in Y.
pestri (Straley et al. 1993). These plasmids control the
four major virulence factors in this genus: adhesin/
invasin proteins, excreted antiphagocytic proteins
(Yops), proteins involved in processing and excretion of
the Yops (Ysc), and regulatory proteins (Lcr). The role
of each of these factors in the pathogenicity of Yersinia
species will be discussed separately. Chromosomal
factors, including the production of an enterotoxin, are
also thought to play a role in virulence, since strains
lacking the plasmid have been found to survive within
macrophages (Charnetzky and Shuford 1985) and cause
disease in an animal model as well as in humans
(Fukushima 1987).

Invasion of Y. enterocolitica and Y. pseudotuberculosis

through mucosal surfaces and colonization of these
surfaces is based, at least in part, on the production of a
toxin (Yst), similar to the heat-stable toxin produced by
E. coli (lriarte and Cornelis 1995). The role of the toxin
in the production of diarrhea has not been determined;
however, it is only produced at temperatures below
30"C, which lends evidence against it having a role in
vivo. It has also been found in both pathogenic and
nonpathogenic strains of Y. enterocolitica. -fhe y.rl gene

has been cloned and sequenced in an attempt to learn

more about its role in vivo. Hybridization studies using a

portion of the cloned sequence found the ys/ gene to be

present in pathogenic but not in nonpathogenic sero-

types of Yersinia. Homologous DNA was also found in

some strains of Y. kristensenii (Delor et al. 1990). An

exotoxin has also been identified, cloned, and sequenced

from Y. pseudotuberculosls (Ito et al. 1995). This toxin,

Y. pseudotuberculosis-derived mitogen (YPM), acts as a

superantigen by activation of specific human T cells in

the presence of immune cells bearing MHC class II

molecules. Little homology was demonstrated with

superantigens from other bacterial species (Miyoshi-

Akiyama et al. 1995). It has been suggested that YPM is

involved in mediating systemic symptoms associated

with human disease due to Y. pseudotuberculosis (Abe

et al. 1993). In a mouse model of infection, the animals

infected with YPM-deficient mutants survived for a

significantly longer period of time (Carnoy et al. 2000).

Other invasion factors include invasin and Ail. two

proteins under the control of chromosomal genes, and

the plasmid-encoded protein YadA. Invasin is produced

maximally at room temperature and only at body

temperature in the presence of low pH, whereas YadA

and Ail are produced in higher concentrations at 37'C.

Ail, the product of the ail gene, plays a role in adher-

ence, invasion, and serum resistance in virulent isolates

of Y. enterocolitica (Wachtel and Miller 1995). Both

invasin and YadA have been demonstrated to penetrate

tissue culture cells and to bind to integrins in intestinal

tissue (Pepe and Miller 1993; Skurnik et al. 1994). YadA

has also been shown to bind to fibronectin (Tertti et al.

1992). YadA and ail are also responsible for the ability

of Yersinia species to resist the activity of serum, a trait

only expressed at 37"C in Y. enterocolitica and Y. pseudo-

tuberculosis. The inv gene, encoding invasin, has been

described in all strains and various species of Yersinia,

whereas all has only been found in pathogenic strains of

Yersinia spp. (Pierson and Falkow 1993). Revell and

Miller (2001) noted that the inv gene in Y. pestis is a

disrupted form of the gene.

Following colonization of mucosal surfaces, avoidance

of phagocytosis is the next step in the pathogenicity of

Yersinia. The antiphagocytic ability of this genus is

under the control of at least 11 Yops, at least three of

which have been directly associated with virulence:

YopE, YopH, and YopM (Straley et al. 1993). Yops

function in two ways, interfering directly with the signal

transduction of the phagocytes or directly attacking the

host cells, and thereby inhibiting phagocytosis by macro-

phages (Straley et al. 1,993; Visser et al. 1995). YopM is

an example of an excreted protein that interferes with

signal transduction by inhibiting platelet aggregation.

YopH possesses protein tyrosine phosphatase activity,

acting on host proteins specifically, inhibiting respiratory

burst in macrophages (Galyov et al. 1993, Green et al.

1995). YopE acts directly on the host cell by destroying
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actin filaments (Rosqvist et al. 1991). YopP (YopJ in Y.
pestis), a 33-kDa protein, has been associated with inhi-

bition of signaling pathways that lead to apoptosis in

macrophages by decreasing the production of tumor

necrosis factor alpha (TNFo) (Orth 2002).

LcrV, previously designated V antigen rn Y. pestis, is

found in all species of Yersinia and has a role in regu-

lation and expression of Yops as well as an unknown

role in the virulence of Yersinia species (Salyers and

Whitt 1994). Genes yopB and yopD also have a regula-

tory role in the control of expression of Yops. Proteins
YopB and YopD are excreted under conditions of low
concentrat ions of calcium (Hakansson et al.  1993).

YopB has been demonstrated to suppress the produc-

t ion of TNFU by phagocytes (Beuscher et al.  1995).
Virulence genes on Yersinia are controlled by two
independent regulatory systems, temperature and
cellular concentration of calcium. Secretion of Yops

occurs only at 37"C and in the absence of calcium
(Cornelis 1994). A chromosomal gene, ymoA, func-

tions as the temperature controller (Cornelis et al.

1991), turning on the virF gene, which allows expres-
sion of yop and ysc genes (Michiels et al. l99l; Salyers

and Whitt 1994). Calcium concentrations are regulated

by /cr genes (LcrE (YopN) and LcrH) (Forsberg et al.

1991) .

Pathogenic strains of Yersinia can be divided into

those with low virulence and those with high virulence

based at least in part on their ability to obtain and store

iron. In fact. severe disease in humans dte to Y. enter-

ocolitica, even those of low pathogenicity, are usually

associated with an underlying disease, particularly disor-

ders involving iron metabolism (Chambers and Sokol
1994). Addition of iron to an animal infected with a

strain of low pathogenicity will allow the organism to

disseminate (Carniel 2001). Highly pathogenic strains of

Yersinia possess a group of genes responsible for iron

acquisition and storage, termed the high-pathogenicity

island (HPI). This island has been found in other patho-

genic species of enterobacteriaceae as well. The HPI is a

large fragment of chromosomal DNA (35-43 kb) that

contains the yersiniabactin genes, several insertion

sequences, and a mobility gene (bacteriophage P4like

integrase gene). The majority of the HPI is highly

conserved among the three pathogenic species of

Yersinia. Yersinia produce both a siderophore, which is

active at low temperature, and an iron storage system

induced at 37"C. Two high-molecular-weight iron-regu-

lated proteins (HMWP) (1 and 2) were found to be
encoded on the chromosome of virulent strains of

Yersinia (Gyles and Thoen 1993; Guilvout et al. 1995).

The gene irp2 encodes HMWP2, which is only found in

virulent strains of Y. enterocolitica (Haag et al. 1,993;
Rakin et al. 1994). Haag et al. identified a siderophore

from the supernatant of actively growing Y. enter-

ocolitica, yersiniabactin (yersinio-phore), and by creating
mutants associated the protein with virulence. The iron

transport genes are thought to be regulated by Fur

protein, as found in other species of Enterobacteriaceae

(Staggs and Perry 1992).

l'ersinia species also possess a chromosomal gene that

encodes a fibrillar protein in pathogenic serotypes of y.

enterocolitica known as Myf (Cornelis 1994). Myf is

composed of MyfA (a 21,-kDa protein), MyfB (a

chaperone), and MyfC (an outer-membrane protein)

(Iriarte and Cornelis 1995). As with other virulence

factors, the fibrillar protein has homology with proteins

with similar function in enterotoxigenic E. coli. These

proteins are hypothesized to work in conjunction with

Yst to aid in the colonization of mucous membranes. Y.

pseudotuberculosis and Y. pestis have a protein with

similar function, called pH6 antigen or pilus adhesin

(PsaA), not found in Y. enterocolitica, which may be

involved in defense once the organisms are within the

phagocyte (Cornelis 1992; Salyers and Whitt 1994).

Stress proteins found in many bacterial genera are

also produced by Yersinia species. These proteins may

aid the bacteria in survival within phagocytes by neutra-

lizing toxic products of these host cells (Yamamoto et al.

1994).

1'. pestis has two additional plasmids not present in

other species of Yersinia. The 100-kb plasmid contains

the genes responsible for antiphagocytic protein capsule

(Fra) and a toxin that is lethal in mice and acts by

preventing the action of adrenaline (epinephrine) (Gyles

and Thoen 1993). The capsular protein FL is encoded by

cafl (capsular antigen fraction 1 gene). The role of F1 in

pathogenesis in humans is unclear; however, antibodies

are protective in an animal model. The plasmid also

contains the ymt (Yersinia murine toxin) gene. Ymt

protein has no role in pathogenesis in humans but is

important for colonization in the flea gut (Salyers and

Whitt 1994). The second Y. pestis-speciflc plasmid is

9.5 kb and contains the gene(s) responsible for plasmi-

nogen activator protease (Pla), which has a role in vivo

in the ability of the organism to resist the host's ability

to contain the infection locally, possibly by resistance to

killing by complement (Sodeinde et al. 1992; Straley

et al. 1993; Friedlander et al. 1995). Pla is also capable

of regulating the presence of Yops, which would allow

the organisms to be ingested by monocytes when, unlike

other Yersinia species, they would be protected from

killing. Podladchikova et al. (1994) sequenced an inser-

tion sequence (IS 100) found on the 9.5-kb plasmid of Y.

pestis, the function of which is currently unknown. Y.

pestis also has the ability to store hemin, which occurs

maximally at 26C. Storage of iron is manifested as

pigment production in virulent strains of Y. pestis and rs

regulated by the chromosomal loctts pgm (Gyles and

Thoen 1993). The F1 antigen or protein capsule is

antiphagocytic and is also immunogenic (Friedlander

et al.  1995).

Furones et al. (1990) compared the cell extracts of

serotype I strains of Y. ruckeri with those of other
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nonpathogenic serotypes. They found the presence of a
heat-sensitive lipid only in the serotype I strains. In vivo
studies confirmed this substance to be a virulence factor.
The addition of sodium dodecyl sulfate (SDS) to culture
medium enhances selective growth of pathogenic strains
of Y. ruckeri.

A 7.0 x 104-kDa plasmid thought to be involved in
the virulence of Y. ruckeri has been described. This
plasmid has been demonstrated to be unique from
similar size plasmids in other species of Yersinia (Glil-
vout et al. 1988). Virulent isolates of Y. ruckeri have
also been found to possess a heat-sensitive factor
(Furones et al. 1990). This factor, designated extra-
cellular products (ECP) by Romalde and Toranzo, was
found to be involved in the pathogenesis of ERM
disease in fish. Romalde et al. (1991) also hypothesized
that Y. ruckeri produce a siderophore when grown under
conditions of low iron concentrations, which may have a
ro le  in  the  v i ru lence o f  the  organ ism.

The sequencing of two strains of Y. pestis, one from
the subtype or biovar Mediaevalis and one from the
biovar Orientalis as well as the genome of Y. entero-
colitica and Y. pseuodotuberculosis (data not yet
published), will likely add to our knowledge and to the
elucidation of more precise information regarding the
genetic mechanisms of these species in the near future
(Deng et aL.2002; Parkhi l l  et aI.2001).
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INTRODUCTION CITROBACTER

This chapter describes important members of the
Enterobacteriaceae that are not discussed in the
preceding chapters (Chapters 51, Enterobacterlaceae:
general characteristics, Chapter 52, Escherichia,
Chapter 53, Shigella, Chapter 54, Salmonella, Chapter
55, Proteus, Morganella, and Providencia, Chapter 56,
Yersinia). Some of the genera discussed in this
chapter are commonly associated with human disease
(e.g. Klebsiella, Enterobacter, Citrobacter, Serratia)
while other genera are uncommon pathogens. With a
few exceptions, the genera described in this chapter
conform to the general definition of the Enterobacter-
iaceae given in Chapter 51, Enterobacteriaceae:
general characteristics: they are aerobic and faculta-
tively anaerobic organisms that ferment glucose and
give a positive catalase and a negative oxidase reac-
tion (Plesiomonas is oxidase positive); all of them
reduce nitrate to nitrite; and only in Tatumella are
there motile strains that do not exhibit peritrichous

flasella.

Definit ion

Citrobacter species are motile organisms that ferment
glucose usually with gas production, mannitol, rham-
nose, maltose, mannose, trehalose, and xylose. They may
or may not ferment lactose, but nearly always produce

B-galactosidase. They give a positive methyl red (MR)

test and a negative Voges-Proskauer (VP) test. They do
not deaminate phenylalanine or decarboxylate lysine.
They do not hydrolyze gelatin or produce lipase or
DNase. These organisms are found in human clinical
specimens, soil and water, and in the intestinal tract of
animals. The G + C content of the DNA is 52-54 mol"/"
and the type species is Citrobacter freundii.

Classification

Werkman and Gillen (1932) proposed the establishment
of the genus Citrobacter to include certain 'intermediate'
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coliform bacteria that produced trimethylene glycol
from glycerol. The name did not flnd immediate accep-
tance and these organisms were described as'Escher-
ichia freundil' by Yale (1939). A number of lactose-
negative or late lactose-fermenting organisms described
some years later shared certain somatic antigens with
salmonellae and many possessed the Vi antigen of
Salmonella serotype Typhi. These organisms were
known as the Ballerup-Bethesda group until West and
Edwards (1954) showed their similarity to strains of '.8

fieundii.' Kauffmann (1956) subsequently revived the
name Citrobacter for them and the species became
known as Citrobacter freundii.

An outstanding feature ol C. freundil is its ability to
blacken triple sugar iron agar through the production of
H2S. In 1971, Young and colleagues described a group of
organisms that were H2S-negative in this medium and
placed them in a new gents Levinea, in which there were
two species, Levinea amalonatica and Levinea malonatica.
Ewing and Davis (1972) suggested that L. malonatica was
a later synonym of Citrobacter diversum (see Werkman
and Gillen 1932) and proposed the revival of the name C.
diversus, with the change of spelling for grammatical

reasons. However, in 1970, Frederiksen had also described
a group of organisms for which he proposed the name
Citrobacter ftoserl. Subsequent studies (Crosa et al.1974;
Sakazaki et al. 1976) showed that C. diversus and C
koseri are synonyms. The authors of this chapter preferred
the name C. koseri because the description of C. diversus
given by Ewing and Davis (1972) differs in several
respects from the original description of the species
(Holmes et al. 7974). The Judicial Commission of the
International Committee on Systematic Bacteriology no
longer recogntzes C. diversus and has, instead, validated
the name C. koseri in its place. Brenner and coworkers
(7977) re-examined strains of L. amalonatica and
suggested that these might also be included in the genus

Citrobacter as a third species, Citrobacter amalonaticw.

Tabf e 57.1 Differentiation of speoes of Citrobacter

Propefty

l n d o l e
Ornithine decarboxylase
Malonate  u t i l i za t ion
Acid from:

Adon i to l

Du lc i to l
Me l ib iose
Sucrose

The genus now consists of L1 genomospecies separ-

able by their biochemical characters (Brenner et al.

1993). C. amalonaticus and C. koseri proved to be homo-

geneous species, as previously described. C. amalona-

/lcr.rs biogroup 1, as described by Farmer et al. (1985a),

was shown to be a separate homogeneous species, which

was named Citrobacter farmeri. The C. freundii complex

was quite heterogeneous; C. freundil sensu stricto, as

represented by the type strain, contained only nine of 66

strains in this complex, whereas the remaining 57 strains

were members of seven genomospecies. Genomospecies

5, containing 21 strains, was named Citrobacter youngae;

genomospecies 6, containing 15 strains, was named

Cittobacter braakii; genomospecies 7 and 8, each

containing six strains, were named Citrobacter werk-

manii and Citrobacter sedlakii, respectively. Genomos-

pecies 9, 10, and 11, each containing three strains, were

nanred Citrobacter gillenii, Citrobacter murliniae, and

Citrobacter rodentium.

Morphological  and cul tural
characteristics

ln these respects, strains of Citrobacter resemble most

othr:r members of the Enterobacteriaceae. They grow

well on ordinary media producing smooth, convex colo-

nies 2-4 mm in diameter on nutrient agar. They are not

pigrnented. Rough or mucoid forms sometimes occur.

Biochemical activit ie

The, chief biochemical reactions of the 11 Citrobacter

sper;ies are shown in Chapter 51, Enterobacteriaceae:

general characteristics, Table 51.1. The key tests used to

diffr:rentiate the Citrobacter species are listed in

Table 57.1. The expansion in number of species necessi-

tates a wider range of, and more specialized, tests than
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previously required. Janda et al. (1994) attempted identifi-
cation of 235 Citrobacter strains to the species level on the
basis of 15 conventional tests. 100 percent of the C
amalonaticus group strains and 81 percent of the C.

freundii complex strains could be definitively assigned to
one of the previously established or more recently desig-
nated species or hybridization groups of the genus Clfro-
bacter. Within the C. freundll complex, C. freundii predo-
minated (37 percent), followed by C. youngae (24
percent), C. braakii (13 percent), and C. werkmanii (6
percent). The ability of commercial identification systems
to identify the more recently recognized species of Citro-
bacter has been evaluated by O'Hara et al. (1995). Strains
of C. freundii able to produce ornithine decarboxylase but
unable to produce B-galactosidase have been shown by
various techniques (including DNA-DNA hybridization)
to represent only a separate biotype and not a separate
species (Popoff and Stoleru 1980).

Susceptibil i ty to antimicrobial agents

C. freundii is usually susceptible to aminoglycosides and
chloramphenicol and susceptibility to ampicillin, cepha-
losporins, and tetracycline varies. Holmes and colleagues
(1974) showe d, that 79 percent of C. freundii strains were
resistant to cephaloridine and susceptible to carbeni-
cillin, whereas 96 percent of C. koseri strains were
susceptible to cephaloridine and resistant to carbeni-
cillin. Lund et al. (1974) found that both C amalonaticus
and C. koserl were generally resistant to ampicillin and
carbenicillin. Gross and Rowe (1983) reported that resis-
tance to cephaloridine, gentamicin, neomycin, strepto-
mycin, and sulfonamides also occurred frequently among
C. koseri strains.

Typing methods

Serotyping schemes have been proposed for C. amalona-
rlcas (Sourek and Aldov6 t976), C. freundii (West and
Edwards 1954; Sedl6k and Slajsovd 1966), and C. koseri
(Gross and Rowe 1975; Gross et al. 1981). Determina-
tion of outer-membrane protein proflles has been found
potentially useful in epidemiological investigations of
disease caused by C. koseri (Kline et al. 1988, 1989).
Harvey et al. (1995) evaluated the epidemiological
usefulness of an automated procedure for analysis of
polymerase chain reaction (PCR)-generated DNA
fingerprints to confirm the vertical transmission of C.
koseri from a mother to her infant. A monoclonal anti-
body has been developed against C. freundii C36
(Shearman et al.  1984).

Habitat and pathogenicity

Members of the genus Citrobacter are often found in the
feces of humans and mav be isolated from a varietv of

clinical specimens. They do not often give rise to serlous

infecti<rns, except C. koseri, which has been responsible

for several outbreaks of neonatal meningitis (Gross et al.

1973; Gwynn and George 1973; Duhamel et al. 1975;

Parry et al. 1980; Graham and Band 1981; Lin et al.

1987). Neonatal meningitis is usually accompanied by

the development of brain abscesses and tends to have

high rates of morbidity and mortality. Morgan et al.
(1992) described brain abscesses occurring in two

infants; both survived, albeit with some minor degree of

brain damage. Eppes et al. (1993) reported a case of a

neonate with C. koseri menrngitis and brain abscesses

who relapsed after initial antibiotic therapy and from

whom the same organism (but a genetically different

strain) was recovered from cerebrospinal fluid (CSF) 4

years later during a neurosurgical procedure. A case of

brain abscesses following urinary infection in an adult

was described by Booth et al. (1993). The patient was

treated with surgical drainage, cefotaxime, and netil-

micin. Strains from CSF possess a minor outer-

membrane protein of 32 kDa, which may serve as a

marker for strains that are likely to cause meningitis or

brain abscess in human neonates.

Clonally identical isolates of verotoxinogenic C.

freundii proved responsible for a summer outbreak of

severe gastroenteritis followed by hemolytic-uremic

syndrome (HUS) and thrombotic thrombocytopenic

purpura in a nursery school and kindergarten (Tschape

et al. 1995). Infant food has been identified as a vehicle

in a nosocomial outbreak of C. freundil in a neonatal

intensive care unit of a large hospital where colonization

and clinical diseases due to the agent had been observed

(Thurm and Gericke 1994). Occasionally, like C. koseri,

this organism can also cause neonatal meningitis

(Joaquin et al. r99r-2).

KLEBSIELLA

Definit ion

Klebsiella organisms are nonmotile and usually capsu-

late. They ferment adonitol, inositol, mannitol, salicin,

and sorbitol, and often also lactose and sucrose. Most

strains form gas from sugars; gas production from starch

is an important diagnostic feature. Characteristically

they give a negative MR and a positive VP reaction, but

strains from the respiratory tract often give the opposite

reactions and may have other atypical biochemical reac-

tions. Nearly all grow on Simmons' citrate medium and

in Mpller's KCN medium. They are nonpigmented, do

not deaminate phenylalanine and, with a few exceptions,

fail to liquefy gelatin. They are found in the bowel and

respiratory tract of humans and animals and in soil and

water and cause a variety of septic infections in humans

and animals. The G + C content of the DNA is 52-

58 mol% and the type species is Klebsiella pneumoniae.
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Classification

In earlier editions of this book, the name 'Klebsiella

aerogenes' was used for the nonmotile, capsulate, gas-
producing, acetylmethylcarbinol-forming strains com-
monly found in human feces and in water. They were
thought to correspond to the nonmotile, gas-producing
organism from feces described by Escherich (1885) as
'Bakterium lactis aerogenes,'referred to by later workers
as'Bacterium aerogenes,' and subsequently transferred
to a reconstituted genus Klebsiella (Report 1954).
Unfortunately, the term'Bacterium' (later'Aerobacter')

aerogenes was also used by water bacteriologists to refer
to organisms that were later shown to be motile and are
now placed in the genus Enterobacter. In an attempt to
resolve the resultant confusion, some taxonomists
adopted pneumoniae as the specific epithet for the
nonmotile aerogenes-llke organisms, although it had
earlier been used to designate certain biochemically
atypical strains of Klebsiella from the respiratory tract.
The view of these workers prevailed, and the name K.
pneumoniae appeared in the Approved Lists of Bacterial
Names (Skerman et al. 1980) whereas 'K. aerogenes'was
omitted.

A number of other nonmotile and capsulate organ-
isms occur in the respiratory tract of humans and other
animals. In 1882, von Frisch cultivated a capsulate
organism from patients with rhinoscleroma; in 1883,
Friedliinder isolated a similar organism - generally

known as Friedldnder's bacillus - from the lungs of
patients who had died of pneumonia; and Abel (1896)
described the ozaena bacillus. These three organisms,
and others from the respiratory tract, form a biochemi-
cally heterogeneous group but are antigenically related
to some of the more biochemically typical stralns now
included in K. pneumoniae. Yarious specific names,
including'Klebsiel la at lantae, ' 'Klebsiel la edwardsi i , '
Klebsiella ozaenae, Klebsiella pneumoniae (as the name
was initially used), and Klebsiella rhinoscleromafls, have
been attached to biochemical varieties in this group.
Both American and British authors, in the past, used the
name K. pneumoniae to apply only to respiratory strains
believed to correspond to Friedl2inder's bacillus. Studies
of DNA-DNA hybridization (Brenner et al. 1972) indi-
cated, however, that these respiratory strains are so
closely related genetically to the more biochemically
typical strains now included in K. pneumoniae that they
should all form part of the single species K. pneumoruae.
The epithets ozaenae and rhinoscleromatis, together with
pneumoniae, have been proposed as subspecies of K.
pneumoniae but in the last edition of this text, K.
ozaenae and K. rhinoscleromatls were retained as
species in their own right.

Four other members of the genus Klebsiella, though
biochemically similar to K. pneumoniae, are accorded
separate speciflc status. An organism that formed indole

and liquefied gelatin slowly was described by Fliigge

(1886) as 'Bacterium oxytocum'(Lautrop 1956). The deci-

sion to consider it a separate species - K. oxytoca - is

supported by evidence from DNA-DNA hybridization

tests, which suggest that assignment to a separate genus

mali even be appropriate (Jain et al. 1974). From K.

oxytoca must be differentiated another indole-producing

species, formerly known as enteric grotp 47, but later

designated as Klebsiella ornithinolytica (Sakazaki et al.

1989). This species occurs only rarely in clinical specimens

and was the only Klebsiella species to decarboxylate orni-

thine. Klebsiella planticola (Bagley et al. 1981) and Kleb-

siella trevisanll (Ferragut et al. 1983) have been shown to

be synonyms (Gavini et al. 1986), the former name taking

priority. Strains of the species also occur rarely in clinical

malerial (Freney et al. 1986). Another organism, named

Klebsiella terrigena, also showed genetic differences from

K. pneumoniae but was largely indistinguishable from it in

routinely used tests (Izard et al. 1981a). It has been found

mainly in soil and water.

Since the last edition of this text was published, the

genus K/ebslella has undergone extensive revisions. K.

pneumoniae, K. ozaenae, and K. rhinoscleromatis arc

now accepted as subspecies within the species K. pneu-

moniae. For the sake of simplicity, all references to K.

pneumoniae in this chapter are to the specific subsp.

pneumoniae. K. ornithinolytica, K. planticola, and K.

terrigena have been moved from the genus Klebsiella

intcr the new genus Raoutella (Drancourt et al. 2001).

Klebsiella variicloa is a newly described species found

associated with bananas, rice. sugar cane, and corn

(Rosenblueth et al. 2004). This species will not be

discussed further in this chapter. Finally, Calymmato-

bacterium granulomatis has been moved into the genus

KLebsiella (Carter et al. 1,999; Kharsany et al. 1999).

Klebsiella granulomatis produces granulomatous lesions

in humans. The disease was flrst recognized in India by

Mcleod in 1882. The lesions have been referred to in

the literature by a variety of names: granuloma ingui-

nale, granuloma venereum, and donovanosis. The

cellular inclusions that are the specific hallmark of the

disease were first described by Donovan (1905) and

came to be known as Donovan bodies. Originally named

Cal.ymmatobacterium granulomatis by Aragao and

Vianna (1913), it was isolated by Anderson et al. (1945)

by inoculation into chick-embryo yolk sacs and named

Donovania granulomatis; however, until recently, C.

granulomatis maintained priority until genetic analysis

conclusively showed the species more properly belongs

in the genus Klebsiella.

Morphological  and cul tural
characteristics

Members of the genus Klebsiella tend to be somewhat

shorter and thicker than the other enterobacteria and
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are straight rods about l-2 pm long and 0.5-0.8 pm

wide, with parallel or bulging sides and rounded or
slightly pointed ends. The cells are either in pairs end to
end or are arranged singly. In the body, diplobacilli, very
like pneumococci, are commonly seen. They are nonmo-

tile. When the capsule is pronounced, it can be demon-
strated even by Gram stain. Capsular material is
produced in greater amount in media containing a rela-
tive excess of carbohydrate (Duguid and Wilkinson
1953) and is a nitrogen-free polysaccharide (Toennlessen

1921; Heidelberger et al. 1925). Wilkinson et al. (1954a)

purified the capsular polysaccharides of a number of
strains belonging to capsular type 54, and showed that
they contained about 50 percent o-glucose, 10 percent t--
fucose, and 29 percent glucuronic acid. Mucoid strains
produced the largest amount of polysaccharide, and
most of it was present as capsule or slime; smooth
strains produced less and nearly all of it was intracel-
lular. Rough strains produced least (Wilkinson et al.
1954b). Wherever the polysaccharide material was situ-
ated, its chemical composition was the same (Dudman

and Wilkinson 1956). There were, however, differences
in physical properties and in molecular weight between
capsular material and loose slime (Wilkinson 1958). The
polysaccharides of the different capsular types are all
complex acid polysaccharides (Dudman and Wilkinson
1956), which contain a uronic acid - usually glucuronic

acid but occasionally galacturonic acid - as well as a
considerable amount of pyruvic acid (Wheat et al. 1965).
They resemble the group I K antigens of Escherichia
coli (Jarn and Jann 1983).

Most strains of Klebsiella are fimbriate but some of the
respiratory strains form an exception (Duguid 1959,1968).
Biochemically typical strains of any capsular type usually
form fimbriae of both type 1 and type 3. The respiratory
strains, which originally were the sole constituents of K.
pneumoniae, form only type L fimbriae. K. pneumoniae

sttbsp. ozaenae and K. pneumoniae subsp. rhinoscleromatis
are invariably nonf,mbriate, as are certain biochemically
aberrant respiratory strains belonging to capsular types 1
and 2. The type 1 fimbriae of different species of Kleb-
siella are antigenically similar and related to those of
Enterobacter aerogenes (Adegbola and Old 1987). In vitro,
the Klebsiella tlpe 3 flmbrial adhesin appears to mediate
adherence to human respiratory tissue.

When much capsular material is produced, the growth

on agar is luxuriant, grayish-white, and mucoid. This is
due, no doubt, to the high proportion of water, 92
percent (Toenniessen l92l), in the capsular material.
The condensation water on an agar slope is converted
into a white mucoid mass. In broth, the organism grows
freely, giving rise after a few days to a pronounced visc-

osity, so that the medium takes on the consistency of
melted gelatin. Usually there is no liquefaction of
gelatin, but often a large bubble of gas accumulates just

beneath the surface, giving, on first sight, the appearance
of liquefaction.

The cultural appearances of capsulate strains are

subject to considerable variation. Nonmucoid variants

appear on serial subculture on solid medium, particu-

larly when the plates are incubated for several days

(Toenniessen 1913), either as translucent peripheral

outgrowths or as secondary colonies in the substance or

on the surface of the original colonies. Sometimes the

whole colony may dry up and wither away, leaving an

effuse translucent layer looking like ground glass - aptly

called by Collins (1924) 'suicide colonies.' Nonmucoid

variants form colonies closely resembling those of ,E

col1. Reversion to the mucoid form may occur, often

suddenly. For further information about colonial varia-

tion, see Toenniessen (1914), Hadley (1927), Goslings
(1935), and Read et al. (1957). Some of the respiratory

strains grow poorly or not at all on MacConkey agar.

The organisms are killed by moist heat at 55"C in

30 min. They may survive drying for months (Loewen-

berg 1894). When kept at room temperature, cultures

remain viable, as a rule, for weeks or months. They are

facultatively anaerobic, but growth under strictly anae-

robic conditions is poor. There is no hemolysis of horse

or sheep red cells. The optimum temperature for growth

is 37"C, the limits are 4 and 43'C, depending on the

species. Some strains form a slightly brownish pigment.

Cysteine-requiring strains that are auxotrophic for this

amino acid because of defects in the sulfur assimilatory

pathway account for about 1.5 percent of urinary tract

isolates of Klebsiella spp. (and E. coli); such strains may

be seen as small (c. 1 mm) colonies on MacConkey agar.

Problems with the isolation, identification, and sensitivity

testing of cysteine-requiing Klebsiella strains have been

studied by Mclver and Tapsall (1988) who suggested

methods by which these may be minimized. Mclver and

Tapsall (1990) examined cysteine-requiring strains of

Klebsiella to test the ease with which various test systems

identified clinical isolates of cysteine auxotrophs. A signifi-

cant proportion of the cysteine-requiring strains were not

adequately identified by growth-dependent tests, which

used various peptones as a nutrient source. Problems were

encountered with all test systems examined: conventional

methods and the commercial API 20E, MicroScan, and

Vitek systems. The performance of the test systems was

only partly improved when inocula were derived from

appropriately supplemented media. However, the

problems of the growth-dependent tests were resolved

when a cysteine-supplemented suspension was used to

inoculate each test system.

K. granulomatls is identifled in infected tissue by the

presence of Donovan bodies, which consist of organisms

contained within the cytoplasmic vacuoles (phagosomes)

of large macrophages, formerly known as Pund or

Greenblatt cells. Bodies are sometimes found inside

polymorphonuclear leukocytes or lying free outside

cells. The organisms themselves are coccobacilli or short

rods, 1-1.5 pm in length and 1 pm in width; they may be

curved or dumb-bell shaoed. Thev are nonmotile and
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gram-negative, best stained in tissues by the Wright-

Giemsa method (which stains the body of the bacterium

blue or purple and the capsule pink), by Papanicolau's

method or by various silver strains. A slow-Giemsa
(overnight) tissue section staining technique has been

described as being much superior than tissue smears and

recommended for ultimate confirmation of K. granulo-

matis (Sehgal and Jain 1987). Bipolar staining produces

a 'closed safety-pin' appearance. The organism usually

has a prominent capsule within the phagosome, but

capsules may be absent in rapidly multiplying organisms

in fresh lesions. Infected macrophages may contain as

many as 25 organisms. The cell membrane and cell wall

have structures typical of gram-negative organisms.

Fine structure analysis of K. granulomatis rn human

tissue has revealed the presence of a complex cell

envelope (Chandra and Jain 1991). The cytoplasm of

these organisms showed presence of electron-dense polar

material, in addition to regular bacterial structures such as

mesosome, ribosomes, and other nuclear material. The

origin of fimbriae and blebs (surface appendages) was

clearly endogenous to the cell wall. The morphology of

fibrium at the site of its attachment of the cell membrane

has been described along with a distinct layer of homo-
genous material of varying density surrounding the

organism, suggesting the possibility of it being a capsule.

K granulomarls can be isolated by inoculating infected

material into the yolk sac of embryonated hens' eggs
(Anderson 1943). It can be cultured in vitro only with

great difficulty. For example, it has been successfully

grown on media containing fresh egg-yolk material
(Dienst et al. i948), in a semisynthetic medium

containing lactalbumin hydrolysate (Goldberg 1959) and

has been maintained in tissue culture. Moreover, K. gran-

ulamatis has been successfully isolated in pure culture by

the monocyte co-culture system from both biopsy speci-

mens and genital ulcer scrapings (Kharsany et al.1997).

The optimal temperature for growth is said to be 37"C.

In the absence of culture methods. an indirect immu-

nofluorescence technique may prove to be valuable for

the diagnosis of individual cases of granuloma inguinale

Table 57.2 Differentiation of Klebsiella specres

and as an epidemiological tool in studies of the disease
(Fr,:inkel et al. 1992).

Biochemical activit ies

The chief biochemical reactions of Klebsiella species and

subspecies grown in culture are presented in Chapter 51,

Enlerobacteriaceae: general characteristics. The key

biochemical tests used to differentiate these Klebsiella

species are listed in Table 57.2. Members of the genus

ferrnent a wide range of sugars, but their behavior in this

and other respects is far from uniform. K. pneumoniae ts

the most active fermenter of the genus, producing acid

andl gas from all, or nearly all, the sugars usually

employed, with the possible exception of dulcitol. Atten-

tiorr should be drawn to their ability to form gas from

starch. Hormaeche and Munilla (1957) advocated a

medium containing nonsoluble starch on which practically

all strains of K. pneumoniae, and practically no other

mernbers of the Enterobacteriaceae, are able to form gas

witltrin 4 days. The other biochemical reactions of K. pneu-

mo,niae are fairly uniform. They are indole-negative, do

not liquefy gelatin, and grow on Simmons' citrate

me,lium. They are urease-positive, utilize malonate and

hare a lysine decarboxylase. K. oxytoca closely resembles

the biochemically typical K. pneumoniae strains, except

that it liquefies gelatin slowly, forms indole, and nearly

always acidifies dulcitol (Malcolm 1938; Orskov 1955c;

Larrtrop 1956). R. planticola also closely resembles the

biochemically typical members of K. pneumoniae and

indole-producing strains may easily be confused with K.

oxj'toca. Conventional methods usually fail to differentiate

R. planticola and R. terrigena from Klebsiella. Monnet and

Freney (1994) combined four carbon substrate assimila-

tion tests and two conventional tests; their scheme identi-

liecl these species with a specificity and a sensitivity of 100

percent, although this was based on only few strains.

K. pneumoniae subsp. rhinoscleromalls is anaerogenic,

does not acidify lactose, gives a positive MR reaction

ancl a nesative VP reaction, does not grow on Simmons'

K. pneumoniae

Properties

Indo le

Voges-Proskauer

Urea hydrolysis

Lysine decarboxylase

ONPG

Growth at:

4'C
10 'c

44C

5ubsp. pneurnonrae

+

+

J

Subsp. ozaenae 5ubsp, rhrnoscleromatis

+UK

K, oxytoca

+

i

+

+, Most strains positive; -, most strains negative; V, some strains positive, others negative; UK, unknown; ONPG, o-nitrophenyl-p-galactopyranoside test
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citrate medium, does not form lysine decarboxylase, and
is urease- and gluconate-negative. Some strains fail to
grow in M@ller's KCN medium. K. pneumonlae subsp.
ozaenae forms a less clear-cut taxon, including strains
that are late lactose and sucrose fermenters. are some-
times anaerogenic, and also give a positive MR and a
negative VP reaction. They are malonate- and gluco-
nate-negative. Few strains form lysine decarboxylase,
but some attack arginine slowly.

Susceptibility to anllmiclgblal 1gen1s
Biochemically typical strains of K. pneumoniae are resis-
tant to a wider range of antibiotics than are most E. coli
strains. They are nearly always naturally resistant to
ampicillin; they were at one time usually susceptible to
cephalosporins, thus differing from strains of Enter-
obacter, which are almost invariably cephalosporin-resis-
tant (Benner et al. 1965). Their resistance to chlor-
amphenicol, streptomycin, and tetracycline varied from
strain to strain but they were usually susceptible to genta-
micin and the polymyxins. Since that time, resistance to a
number of antibiotics, notably various cephalosporins
and gentamicin, have become common in strains found in
hospitals. Transferable enzymatic resistance to third-
generation cephalosporins during a nosocomial outbreak
of infection with multiresistant strains has been described
by Brun-Buisson et al. (1987). Other authors have also
noted such transferable resistance, for example to cefo-
taxime and ceftazidime, in nosocomial strains due to their
production of plasmid-borne extended-spectrum B-
lactamases; in such circumstances, active agents are likely
to include carbapenems (imipenem, meropenem),
cefotetan, and the B-lactam-B-lactamase inhibitor combi-
nations such as amoxycillin-clavulanic acid, ampicillin-
sulbactam, and piperacillin-tazobactam. Cefoxitin is said
to be more active than ampicillin-sulbactam. French et al.
(1996), however, reported a hospital outbreak caused by
a strain of K. pneumoniae K2 producing the extended-
spectrum B-lactamase SHV-5. Some of the isolates
produced up to five times as much enzyme as the other
isolates and were resistant to B-lactam-p-lactamase inhi-
bitor combinations. The outbreak was controlled bv
patient isolation and attention to hand-washing.

Subminimal inhibitory concentrations of B-lactam drugs
such as cephems, monobactams, and penicillins may cause
thinning of the capsule of K. pneumoniae with increases in
the hydrophobicity and decreases in the negative charge
of the cell surface. This renders K. pneumoniae more
susceptible to phagocytic activity by reducing the physical
repulsion between the bacteria and phagocytes, thereby
enhancing the susceptibility of the bacteria to phagocytic
killing activity (Nomura et al. 1995).

Many of the respiratory strains, on the other hand, are
more susceptible to antibiotics. A few of them are
susceptible to as little as 2 pglml benzylpenicillin, and

most of them are susceptible to ampicillin, chlor-

amphenicol, streptomycin, and tetracycline. Some K.
pneumoniae subsp. o.ryfoca strains have been found

resistant to aztreonam and cefuroxime, but susceptible

to cefotaxime, ceftazidime, and imipenem. K. pneumo-

rlae subsp. rhinoscleromaris isolates are inhibited by

clinically achievable concentrations of amoxycillin-

clavulanate, cefpodoxime, cefuroxime, cephalexin, chlor-
amphenicol, ciprofloxacin, and trimethoprim-sulfa-
methoxazole (Perkins et al. 1992). In Canada, Klebsiella
spp. are highly susceptible to most antimicrobial agents

with only one of 656 isolates tested showing resistance

to third-generation cephalosporins (Toye et al. 1993).

Similarly, in Finland, resistance to cefuroxime has
remained rare and cefuroxime remains an alternative to
third-generation cephalosporins in the treatment of
Klebsiella septicemia. In neonates, ampicillin-based regi-
mens are more likely than cefuroxime to produce drug-
resistant strains (Tullus and Burman 1989).

For hand-washing, 0.5 percent chlorhexidine in
isopropyl alcohol yielded sterile post-disinfection finger
washings more often than 4 percent chlorhexidine digluco-
nate; both preparations were more effective than soap and
water, and with each residual action was demonstrable.

Because K. granulomalls cannot be grown in vitro, the
activity of antimicrobial agents is predicted by clinical

experience. Spontaneous resolution has been reported
(Pradinaud et al. 1981) but active treatment should be
undertaken. The use of antimony has given way to anti-
biotics. Penicillin, ampicillin, and cephalosporins are
ineffective against K. granulomatis bttt can eliminate
significant secondary infection. Tetracyclines are prob-

ably the most widely favored drugs (World Health Orga-
nization 1981; Velasco et al. 1972), but chloramphenicol

and thiamphenicol are also very effective. Erythromycin
(Robinson and Cohen 1953), gentamicin, and strepto-
mycin (Greenblatt 1953) have been used successfully.
More recently, co-trimoxazole (Lattf et al. 1988) and
norfloxacin (Ramanan et al. 1990) have been found to
be very effective.

Antigenic structure

In studies of the antigenic structure of this group, most
attention has been paid to the capsular (K) antigens. A
great advance was made when American workers
showed the presence in the group of capsular poly-

saccharides (Avery et aI.1925; Heidelberger et al.1925;
Julianelle 1926a, b, c). Julianelle (I926a) recognized

three serological types (A, B, and C) among the
respiratory klebsiellae, distinguishable by agglutination,
adsorption, precipitation, and protection tests, and an
undifferentiated group. The type speciflcity depended on
a polysaccharide in the capsule. Goslings and Snijders
(1936) described three further capsular antigens (D, E,
and F) among K. pneumoniae subsp. ozaenae strains,
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and Kauffmann (1949) described eight more. Kauffmann
proposed that the capsular types should be referred to

by arabic numerals in place of the capital letters used
previously. The former types A, B, C, and D became

types 1, 2,3, and 4, and the new types were numbered

consecutively. Since then, many further types have been

recognized (Brooke 1951; Edwards and Fife 1952;

Edmunds 1954; Arskov 1955a; Durlakowa et al. 1967)

and the present total is about 80. Unfortunately, the
prevalence of nontypable strains, which can be up to 25
percent, limits the usefulness of capsular serology as an

epidemiological tool.

In addition to the capsular antigens, there are smooth

somatic antigens that occur in various combinations with

the capsular antigens (Goslings 1933; Goslings and Snij-

ders 1936). Kauffmann (1949) studied spontaneous
noncapsulate variants of capsulate strains and recog-

nized three of these O antigens among members of the
first 14 capsular types. Orskov (1954) examined a much

larger selection of strains and was able to add only two
more O antigens. Of these five Klebsiella O antigens,

four were identical with or related to E. coli O antigens.

So far, 12 O antigens have been identified but two of

these, OL and 06, are identical (Orskov and Orskov
1984). It is thus possible to divide Klebsiella strains into

a small number of O groups, which may be further

subdivided into capsular types. Organisms with the same

capsular antigen may, however, occur in several O
groups. It is unlikely, therefore, that the identification of

the O antigen, which in any case presents considerable

technical difflculties, is of much practical value in the

classification of the capsulate members of the genus

Klebsiella. In addition to the type-specific acid poly-

saccharide, a neutral polysaccharide, which is serologi-
cally active but not type-specific, has also been described
(Gormus and Wheat 1971).

There is some association between antigenic structure,

biochemical activities, and habitat. Thus, members of the

first six capsular types occur most frequently in the

human respiratory tract, though occasionally they may be

found in other parts of the body or even in other animals
(Edwards and Fife 1955). They are not, however, by any

means the only types found in the respiratory tract.

Orskov (1955b), for example, found that only 16 percent

of strains from sputum belonged to capsular types L-6.

Nearly all the biochemically aberrant respiratory kleb-

siellae are to be found in capsular types 1-6, though a

number of strains in types 7-3 are biochemically typical

strains of K. pneumoniae. Capsular type 3 contains nearly

all the K. pneumoniae sttbsp. rhinoscleromatis strains, as

well as most of the respiratory strains now included in K.
pneumoniae. Members of K. pneumoniae slbsp. ozaenae

belong to capsular types 4-6, and make up all, or nearly

all, of these types. Capsule type 66 proved common in K

oxytoca, but not in K. pneumoniae, whereas K types 2, 7,

and 33 were frequently found in K. pneumoniae, blut not

in K. oxytoca (Podschun 1990).

l'here is considerable overlapping between the anti-

gens of the genus Klebsiella and certain quite unrelated

organisms. Capsular type 2, for example, is similar

immunologically to the type 2 Streptococcus pneumontae

(Avery et al. 1925). Capsular antigens are usually

detected by means of the capsular 'swelling' reaction,

but agglutination, complement flxation, indirect immu-

nofluorescence (Riser et al. 1976), and countercurrent

immunoelectrophoresis (Palfreyman 1978) have also

been employed.

Other typing methods

Many Klebsiel/a strains produce bacteriocins (klebocins),

which appear to be distinct from colicins because they

hare no action on E. coli (Stouthamer and Tieze t966).

Many of the so-called pneumocins from K. pneumoniae

have a narrow range of activity on other Klebsiella strains,

often mainly on members of the same biochemical variety.

Bacteriocin typing can be carried out by a traditional

cross-streak method (Hall 1971) or by means of liquid

preparations of bacteriocins after induction with mito-

mycin C (Edmondson and Cooke 1979). Epidemiological

analysis may be improved by the use of bacteriocins as an

adjunct to capsular serotyping (Bauernfeind et al. 1981).

Phage typing by means of a set of temperate phages

derived from other Klebsiella strains has also been advo-

cated (Slopek et aL. L967). Bacteriophage typing can be an

effective adjunct to serotyping in distinguishing serologi-

calfy cross-reactive isolates (Gaston et al. 1987). Humph-

ries (1948) described an errzyme, present in lysates of

phage-infected organisms, capable of dissolving the

capsule of type 1 organism. It did not inhibit growth itself

nor was it toxic to the cells. Sikka et al. (1989) advocated

a combination of bacteriocin and resistogram typing.

Biotyping has been advocated in place of serotyping in

less well equipped laboratories (Simoons-Smit et al. 1985).

The advent of molecular typing methods has seen the

successful application of various approaches to the typing

of isolates of Klebsiella. These include B-lactamase typing,

multilocus enzyme electrophoresis (MEE) (Nouvellon

et aL. 1994) and one-dimensional sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) of whole

cell proteins (Costas et al. 1990). Twelve protein types

were recognized; comparison with established typing

methods indicated that the level of discrimination of SDS-

PAGE was similar to that achieved with conventional

typing methods but the strains were grouped differently.

Random amplification of polymorphic DNA (RAPD)

analysis (Wong et al. 1994; Eisen et al. 1995) of K. pneu'

moniae has been considered as discriminatory as restric-

tion fragment length polymorphism (RFLP) analysis using

pulse field gel electrophoresis (PFGE), yet quicker and

less costly. Restriction enzlme analysis by PFGE was

found useful by Poh et al. (1993) as was ribotyping by

Thompson et al. (1993).
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Pathogenicity

Strains of K. pneumoniae occasionally give rise to
community-acquired cases of severe bronchopneumonia,
and also to more chronic destructive lesions with
multiple abscess formation in the lungs (Limson et al.
1956). Such lesions are usually but not always associated
with members of capsular types 1-5, which are
frequently biochemically atypical. However, the main
importance of Klebsiella as a pathogen for humans is in
causing infections in hospital patients; the strains respon-
sible are nearly always biochemically typical members of
K. pneumoniae, most of which belong to higher-
numbered capsular types. These strains cause wide-
spread colonization of hospital patients. Clinical sepsis
develops in surgical wounds and in the urinary tract; a
number of patients have bacteremic infections and some
of them die. Colonization of the respiratory tract is very
common, but its clinical significance is often difficult to
assess in patients with serious underlying diseases. Some
of them develop bronchopneumonia in which the kleb-
siellae appear to be the primary infecting agent.
Biochemically typical strains of K. pneumoniae are also
responsible for various septic diseases in animals.

Experimentally, the virulence of K. pneumoniae is
subject to considerable variation. Apart from the fact
that smooth variants tend to be pathogenic for labora-
tory animals and rough variants nonpathogenic, there is
a great difference in the virulence of individual smooth
strains. Some strains will kill mice in a dose of 0.2 ml of
a 24 h broth culture diluted 106 times; others fail to kill
even with 0.2 ml of the undiluted culture. Capsular types
1. and 2 are usually very virulent to mice when injected
intraperitoneally; other types are generally nonvirulent
or of only low virulence to mice. Virulence does not
appear to depend on capsule formation. The types just
quoted as being of low virulence possess capsules in the
same way as the highly virulent types 1 and 2. Moreover,
noncapsulate, highly virulent variants have been
described (Toenniessen 1914).

After subcutaneous injection of a very small dose (e.g.
about 10 pl of a 24 h broth culture of a virulent strain)
into mice, the animals die in l2J2 h. At postmortem
examination, there is a local exudate, the associated
lymph glands are swollen, and the spleen is enlarged.
Encapsulated rods are found in the blood and viscera.
Guinea pigs are refractory to subcutaneous but succumb
to intraperitoneal injection, death occurring in l2J2h.
The fatal dose is about 0.01 ml of a 24 h broth culture. At
postmortem examination, there is a viscous exudate in the
peritoneum; the spleen may be enlarged, and the adrenals
hemorrhagic. The rods are found in large numbers in the
blood and viscera. Rabbits appear to be more resistant,
but they succumb after intravenous or intraperitoneal
injection with a dose of about 0.1 ml of a broth culture.
Intraperitoneal inoculation is likewise fatal to pigeons.

Bacterial pathogens must multiply in order to estab-
lish an infection and in order to multiply they must

acquire iron. Klebsiella strains make use of two high affi-

nity iron uptake systems, one employing aerobactin, the

other enterochelin (Williams et al. 1984). Production of
aerobactin can be correlated with virulence and the
genes encoding aerobactin have been found located on a
plasmid (Nassif and Sansonetti 1986). In addition to

aerobactin production, another phenotype can be corre-
lated with the presence of this virulence plasmid: the

mucoid phenotype of the bacterial colonies. This mucoid
phenotype is considered an important virulence factor of
K. pneumoniae; it is due to the plasmid-encoded produc-

tion of a substance that is different from colanic acid

and the capsular polysaccharide. Klebsiella strains show
resistance to complement mediated serum killing and
phagocytosis if both K and O antigens are present; resis-

tance to the former seems related to the O antigens and
the latter to the K antigens (Williams et al. 1983; Tom6s

et al. 1986). Immunization directed against the capsular
polysaccharides has been successful in rats (Cryz et al.

1986a) and humans (Cryz et al. 1986b). It has been
postulated that production of a capsule-like extracellular
material may mediate aggregative adhesion of K. pneu-

moniae, which might explain the persistence of this

organism inside the host gastrointestinal tract. Agents

known to reduce capsule expression in K. pneumoniae,

such as bismuth compounds or salicylate, also enhance
phagocytic uptake of bacteria. Effecting a decrease in
the production of capsular polysaccharide, the primary

K. pneumoniae virulence factor, with salicylate may

therefore have therapeutic potential (however, sodium

salicylate can affect both antibiotic susceptibility and
synergy). Salicylate accentuates phagocytosis of K. pneu-

moniae by making subcapsular antigens and components

accessible to immune and nonimmune host defenses,

and vaccination with subcapsular antigens may exhibit
optimal protection against lethal infection when

combined with salicylate therapy.

Although Thomison (1951) produced miliary granulo-

mata in the brain of chicks by intracerebral inoculation of
K. granulomalz's, the bacterium is considered nonpatho-
genic for laboratory animals. In humans, it appears to
have a low propensity to cause infection and requires

direct inoculation through a break in the skin or mucous

membranes to establish an infection. The incubation
period is ill-defined and probably varies between a few
days and 21 years, but most infections manifest them-

selves within 3-40 days of exposure (Clarke 1947). Granu-
loma inguinale is a chronic, destructive, granulomatous

condition of the superficial tissue of the genital region.

The initial subcutaneous nodules break down to give

ulcers that, unlike those of chancroid, are painless; they
exhibit beefy red granulations. The ulcers slowly enlarge
and may produce daughter lesions and result in much
local tissue loss and scarring. Spread to the inguinal region
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can mimic lymphadenitis by producing a periadenitis

(pseudobubo), but true bubo formation does not occur.

Extensive scarring and pelvic fibrosis can result. Primary

oral infection can occur (Garg et al. 1975) and distant

spread to the face and involvement of the liver, thorax,

and bones (Kirkpatrick 1970) have been reported.

Although observed predominantly in adults, granuloma

inguinale has been reported in two infants (8 months and

5 months of age) causing mastoiditis and otitis media,

respectively. A temporal lobe abscess also developed in

the 8-month-old child whereas the second child had a

polypoid mass of the middle ear that on biopsy showed

the features of granuloma inguinale. The mother of this

child had biopsy-proven granuloma inguinale of the

uterine cervix. The authors indicated that this agent can

be transmitted during vaginal delivery and that careful

cleaning of neonates to infected mothers be recommended
(Govender et al. 1997).

ENTEROBACTER

Definit ion

Enterobacter organisms are metabolically active organ-

isms with most strains able to ferment glucose, usually

with gas production, as well as arabinose, cellobiose,

maltose, mannitol, mannose, rhamnose (except E.

asburiae), trahalose, and xylose (except E. pyrinus). AII

species reduce nitrate to nitrite, but have negative

reactions for indole production, H2S production, hydro-

Iysis of gelatin, or production of lipase, DNase, or

oxidase. All species are nonpigmented with the excep-

tion of E. sakazakii which is yellow-pigmented. E. aero-

genes, a commonly isolated species, is distinguished from

the other species by production of arginine dihydrolase

and fermentation of adonitol, o-arabitol, and myo-

inositol. The habitat of Enterobauer is soil and water.

but they are occasionally found in the human bowel

flora. They occasionally cause septic infection in

humans. The G + C content of the DNA is 52-60 mol%

and the type species is Enterobacter cloacae.

Classification

The organism that Escherich (1885) described as
'Bacterium lactis aerogenes' was nonmotile; it was subse-

quently renamed 'Bacterium aerogenes,' and in 1900 was

transferred to a separate genus'Aerobacter,' by Beijer-

inck. The terms 'Bacterium,' 'Aerobacter' or 'Klebsiella

aerogenes'have been applied by successive generations of

water bacteriologists to all VP-positive coliform bacteria,

whether motile or nonmotile, except for those that liquefy

gelatin rapidly. Later, some bacteriologists defined 'Aero-

bacter aerogenes' as a motile organism and so distin-

guished it from Klebsiella. Motile, gelatinJiquefying
'Aerobacter aerogenes'-like organisms were usually

described by water bacteriologists as'Bacterium cloacae.'

When it was discovered that many of the motile organ-

isms from water and feces liquefied gelatin slowly they

were transferred to 'cloaca,' taking the speciflc epithet

aerogenes with them. Hormaeche and Munilla (1957) and

Hormaeche and Edwards (1958) recognized as 'Cloaca A'

and 'Cloaca B' the organisms now called E. cloacae and

Enterobacter aerogenes, respectively (Repoft 1963). The

genus has been renamed successively 'Aerobacter'

(Hormaeche and Edwards 1958) and Enterobacter

(Hormaeche and Edwards 1960). The latter name gained

general acceptance (Report 1963), and the getus Enter-

obacter is considered to include all the motile 'Aerobacter

aerogenes'-l7ke organisms, except those that form a red

pigment and strains related to them, which are placed in

the genus Serratia. E. cloacae is heterogeneous and

comprises at least six genomic groups; however, the

groups could not be differentiated phenotypically so there

seemed to be no reason for an attempt to split E. cloacae

into two or more species (Lindh and Uning 1991).

In addition to E. aerogenes and E. cloacae, other

species have been subsequently recognized in the genus.

In 1976, Richard and colleagues described a new group

of organisms that was most similar to E. aerogenes.

Subsequently the name Enterobacter gergoviae was

proposed for this group, strains of which are found in

various clinical specimens and in the natural environ-

ment (Brenner et al. 1980). Strains previously regarded

as yellow-pigmented, non-sorbitol-fermenting variants of

E. cloacae were shown by DNA-DNA hybridization to

warrant recognition as a separate species for which the

name Enterobacter sakazakll was proposed (Farmer et al.

1980). Also described from clinical isolates ate Enter-

obacter asburiae (Brenner et al. 1986), Enterobacter

hormaechei (O'Hara et al. 1989), and Enterobacter

taylorae (Farmer et al. 1985b). The latter was subse-

quently shown to be a later synonym of Enterobacter

cancerogenus (Schonheyder et aL 1994) so the latter has

priority. Enterobacter amnigenus with two biogroups

(Izard et al. 1981b) has been isolated along with Pseudo-

monas aeruginosa from an intravenous catheter from the

blood of a heart transplant patient (Bollet et al. 1991a),

ancl Enterobacter intermedius (Izatd et al. 1980) has

been recovered in wound, bile, and fecal specimens, as

well as blood. Enterobacter dissolvens, Enterobacter

nintipressuralls, and Enterobacter pyrinus are mentioned

purely for completeness because these species have not

been encountered in human clinical specimens.

r\n anaerogenic, yellow-pigmented organism, which

was described as'Bacterium typhiflavum' by Dresel and

Strickl (1928), and as 'Chromobacterium typhiflavum' rn

some of the earlier editions of this book, deserves

description here. This organism is not uncommon in the

human upper respiratory tract and in swabs from super-

ficial lesions (Slotnick and Tulman 1967; Gilardi et al.

1970; Bottone and Schneierson 1972; Meyers et al.

1972): it has also been isolated from various animals
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(Muraschi et al. 1965; Lev et al. 1969). The 'typhiflavum'

strains are indistinguishable from Erwinia herbicola,
which is anaerogenic and does not liquefy pectin
(Graham and Hodgkiss 1967). Although E. herbicota is
the name accepted by many microbiologists, the name
Enterobacter agglomerans has been commonly used in
the American literature. Ewing and Fife (1972) recog-
nized seven anaerogenic and four aerogenic biochemical
varieties within the species. However, these 11
biogroups showed little correlation with the results of
DNA-DNA hybridization, by which at leasr 14 DNA-
relatedness groups can be identified within the species.
One of these DNA-relatedness groups, DNA hybridiza-
tion group 13, has been renamed Pantoea agglomerans
(Gavini et al. 1989). Unfortunately, many mrcro-
biologists incorrectly refer to the complex of species that
forms Enterobacter agglomerans as synonymous with P.
agglomerans. The correct classification of the organisms
in the E. agglomerans complex remains to be resolved
(Brenner et al.  1984).

Morphological  and cul tural
characteristics

Although motility has historically been an important
distinguishing character between Enterobacter and Kleb-
siella, some species of Enterobacter are nonmotile
(E. asburiae, E. dissolvens, E. nimipressuralis) or have
variable motility (E. gergoviae, E. hormaechei, E. inter-
meditts, E. pyrinus). In fluid media, sausage-shaped
aggregations or symplasmata may occur in P. agglom-
erans; these appear to be chains of spherical bodies,
7-13 pm in diameter, consisting of organisms within a
matrix (Lev et al. 1969). The colonies of Enterobacter
stralns may be somewhat mucoid, but the amount of
extracellular material formed is usually not great. In
P. agglomerans there is pigment of an ochre or rusty
yellow color; on further incubation, granular structures
corresponding to the symplasmata appear, as well as
biconvex bodies with a clear-cut margin. The latter
probably represent downgrowths into the medium
(Cruickshank 1935; Graham and Hodgkiss 1967).

P. agglomeral?.r grows poorly on MacConkey agar and
is not hemolytic on blood agar. In a gelatin stab, lique-
faction usually begins in 6-10 days. Growth occurs
between 20 and 37'C, but the optimum is near 37"C.

Biochemical activit ies

In general, the fermentative activity of Enterobacter
strains is more limited than that of typical strains of
Klebsiella, but most Enterobacter strains do form gas
fiom cellobiose and ferment rhamnose, characters which
distinguish them from most species of Serratia. Some
Enterobacter strains give a weak urease reaction in
Christensen's medium. In the modifled medium advo-

cated by Kauffmann (1954), however, Klebsiella strains
are urease-positive and Enterobacter strains usually
negative (but E. gergoviae and E. hormaechei are excep-
tions to this rule). Although growth at 37'C is usually
good, many Enterobacter strains give atypical biochem-
ical reactions unless tested at a lower temperature.
When strains of P. agglomerans are tested at 31"C, the
MR reaction is positive and the VP reaction negative,
though the latter is often positive at 30'C. The main
cultural and biochemical characteristics of Pantoea and
of Enterobacter are given in Chapter 51, Enterobacter-
iaceae: general characteristics. The key biochemical tests
used to differentiate human strains of Enterobacter are
listed in Table 57.3.

E. aerogenes resembles Klebsiella in its wide range of
fermentative activity and in its ability to form gas from
cellobiose, glycerol, and inositol, but it does not form gas
from starch. It also differs from Klebsiella in being motile
and in forming lysine and ornithine decarboxylase.
Liquefaction of gelatin in7-60 days distinguishes it from
all the subspecies of K. pneumoniae blut not from K.
oxytoca. Nevertheless, Bascomb and colleagues (1971)

believed that it should be transferred to a reconstituted
Klebsiella genus as Klebsiella mobilis and this is
supported by DNA-DNA hybridization data. The
proposal has, however, not gained wide acceptance. E.
cloacae differs from E. aerogenes in attacking arginine
but not lysine and in its inability to form gas from
glycerol and inositol. It sometimes fails to liquefy gelatin.

E. gergoviae differs from E. aerogenes in producing

urease, and in giving negative results in the following

tests: KCN tolerance, and fermentation of adonitol, l-
inositol, o-sorbitol, and mucate. E. sakazakii differs from
E. cloacae in being yellow-pigmented, producing extra-
cellular deoxyribonuclease, and failing to ferment D-
sorbitol. Only strains of E. asburiae fail to ferment malo-
nate, give a positive result in the MR test and fail to
ferment L-rhamnose; only strains of this species and of E.
hormaechei and E taylorae fail to ferment melibiose.

Clinical, animal, and plant isolates of P. agglomerans,
representing different geographical areas, have been
characterized phenotypically (Lindh et al. 1991). No
strain decarboxylated ornithine and 22 strains, mainly
plant isolates, showed delayed acid production from c-
methyl-glycoside. In these two characters the results
differed from the description of P. agglomerans given by
Gavini et al.  (1989).

Susceptibil i ty to antimicrobial agents

Strains of Enterobacter are nearly always highly resistant
to lirst-generation cephalosporins (Benner et al. 1965)
by virtue of producing a BJactamase with predominantly

cephalosporinase activity (Jack and Richmond 1970).
Many are also resistant to chloramphenicol, strepto-
mycin, and tetracycline. At one time, most were suscep-
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Tabf e 57.3 Differentiatton of human specles of Enterobacter
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tible to kanamycin and nearly all to gentamicin (Toala

et al. 1970). Most British strains of E. cloacae remain

susceptible to the third-generation cephalosporins,

amikacin, gentamicin, and nalidixic acid but more than

10 percent show resistance to ampicillin, carbenicillin,

cefuroxime, and sulfamethoxazole. Following treatment

with ampicillin, isolates can develop markedly elevated

minimum inhibitory concentrations (MIC) to several

agents including cefotaxime, ceftazidime, cefuroxime,

and piperacillin. Administration of amdinocillin in

combination with ceftazidime is said to confer a protec-

tive effect against emergence of resistance to ceftazi-

dime. In Canada, many isolates of Enterobacter spp.

(>16 percent) are resistant to the third-generation

cephalosporins with marked cross-resistance to

aztreoram (76.6 percent), piperacillin (63.1 percent),

and piperacillin-tazobactam (44.9 percent) (Toye et al.

1993). Ciprofloxacin, cefepime, cefpirome, gentamicin,

imipenem, and tobramycin were consistently active

against most isolates of Enterobacter spp. including those

resistant to the third-generation cephalosporins. Else-

where, resistance to imipenem has been observed, the

proportion being 1.3 percent of isolates in the USA; the

resistance appears to be related to mutants deficient in

the production of nonspecific porins.

Ehrhardt and Sanders (1993) reviewed the effects of the

introduction of extended-spectrum cephalosporins into

clinical use, which caused the prevalence of Enterobacter

spp. to increase because of their natural resistance to

earlier cephalosporins and their ability to develop resis-

tance rapidly to the newer drugs. p-Lactam resistance in

this genus is due, for the most part, to the presence of a

Busrh group 1 chromosomal cephalosporinase. This

enzyme is normally inducible and resistance to older

cephalosporins, aminopenicillins, and cephamycins results

frorn either the extreme lability of the drugs to the

enzyme or from their inducer activities. Resistance to

newer cephalosporins, monobactams, and penicillins is

attributable to the selection of mutants that express large

amounts of the enzyme. Such mutants arise as the result

of a spontaneous mutation in one of the regulatory genes

responsible for suppressing enzyme expression. Since the

enzyme has very high affinity for the newer cephalos-

porins, this, coupled with the slow penetration of the

drugs into the cell, provides a very efficient mechanism of

resistance Surveys in the USA and elsewhere have shown

thal the increased prevalence of multi-p-lactam-resistant

Enterobacter strains is due to the increased use of the

newer cephalosporins. Attempts to prevent these

problems include the more judicious use of newer B-
lactam antibiotics and the development of enhanced-

potency cephalosporins, which are able to evade the resis-

tance mechanism because they have lower enzyme affinity

and permeate more rapidly into the cell. Monotherapy

witlh an extended-spectrum cephalosporin should be

avc,ided because this increases the selection of resistant

strains. Plasmids also play a role in resistance, with up to

five aminoglycoside-modifying enzymes being detected on

the same R plasmid; E. cloacae is thus also important as a

gene pool for the spread of resistance to other bacteria of

clinical relevance.

tiussle et al. Q99a) traced the development of resis-

tance by E. cloacae during the treatment of pulmonary

infections in intensive care patients. During therapy with
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cefotaxime and tobramycin, the strains from 47 percent
of the patients became resistant to cefotaxime within 6
days. In all cases, resistance encompassed all other
broad-spectrum penicillins and cephalosporins tested, as
well as aztreonam. Development of resistance regularly
led to persistence of bacteria. Resistance to cipro-
floxacin, imipenem, or tobramycin was not observed.
Treatment of 25 patients with persisting infectrons was
successful in six of seven patients receiving ciprofloxacin
and in 17 of 18 patients treated with imipenem.

Huber and Thomas (1994) described how strains of E.
aerogenes and E cloacae with inducible B-lactamase
developed resistance when cefoxitin was added to cefur-
oxime disks; this approach can be used in routine clinical
laboratories to detect latent resistance due to chromoso-
mally mediated inducible B-lactamase in enterobacters.
Yu et al. (1996) proposed use of the spiral plater in
identifying those antimicrobial agents that induce few or
no spontaneous mutants and, therefore, may be more
Iikely to be successful in treating infections dle to Enter-
obacter spp. Higashitani et al. (1995) found that when E.
cloacae strains were treated with piperacillin in combina-
tion with tazobactam, the in vitro frequency of emer-
gence of resistant strains (mutants producing B-lacta-
mase) was lower than with bacteria treated with
piperacillin or ceftazidime. Enterobacrer strains differ
from Serratia strains in being susceptible to the poly-
myxins (Greenup and Blazevic 1971).

Outbreaks of infection may need to be controlled by
interrupting the transmission of the epidemic strains, by
measures such as cohort nursing, diligent hand-washing
before and after procedures (E. cloacae has been found
still present on the fingertips after 15 repeated courses of
hand-washing and applications of disinfectants), and
thorough environmental cleaning including decontami-
nation of any equipment believed to have acted as a
perslstent reservoir. Pharmacy intervention may also be
necessary. Increasing resistance to ceftazidime and some
other B-lactam antibiotics developed among Enter-
obacter spp. after increased use of ceftazidime at a 500-
bed community teaching hospital (Schentag 1993).
Severe restrictions on the use of ceftazidime were
imposed by pharmacy intervention. For empiric therapy
of severe infections, a combination of piperacillin plus
tobramycin was most frequently substituted for ceftazi-
dime. Susceptibility patterns of Enterobacter ret:urned, to
baseline within 3 months after active intervention
reduced the use of ceftazidime by 98 percent of its peak.
There was no development of enhanced resistance to
piperacillin or tobramycin or to other antibiotics on the
formulary. It was concluded that active pharmacy inter-
vention resulted in reversion of susceptibility of Enter-
obacter spp. to baseline for ceftazidime and the other

B-lactam antibiotics (i.e. aztreonam, cefotaxime.
ceftriaxone, mezlocillin, and piperacillin) for which
covariance (i.e. parallel decline of the organisms' sensi-
tivities) or cross-resistance had developed.

Antigenic structure

An O-antigen typing scheme has been described for E
cloacae and currently comprises 30 O types (Gaston

1988). According to Sakazaki and Namioka (1960), there
is no significant relation between the capsular antigens
of Klebsiella and strains with the characteristics of E.
cloacae. However, the capsular antigens of E. aerogenes
are similar to those of Klebsiella and isolates can
frequently be typed with Klebsiella capstlar antisera
(Gaston et al.  1989).

Other typing methods

Schemes for biotyping and bacteriocin typing of E. aero-
genes have been described; for biotyping there is avail-
able the PhenePlate-K/ebsiellalEnterobacter (KE)

system automated biochemical fingerprinting system,
which is performed in microtitration plates (Kuhn et al.
1991). Georghiou et al. (1995) applied several molecular
techniques to study the epidemiology of infections due
to E. aerogenes: restriction endonuclease analysis of
chromosomal DNA and repetitive-element polymerase

chain reaction (rep-PCR) with primers based on repeti-
tive extragenic palindromic (REP), and enterobacterial
repetitive intergenic consensus (ERIC) bacterial DNA
sequences; genomic fingerprinting with rep-PCR
appeared most advantageous, especially when REP
primers (rather than ERIC primers) were used.

Most interest lies in typing E. cloacae and the most
successful approach appears to be O serology as the
primary method of strain discrimination with strains of
the same O serotype then being subdivided by phage

typing (Gaston 1988). Costas et al. (1989) used high-
resolution SDS-PAGE of whole cell proteins and found
discrimination similar to that achieved with conventional
typing methods; all strain groups recognized by
combined sero-phage typing were also found by SDS-
PAGE. Ribotyping and arbitrarily primed PCR (Grat-

tard et al. 1995) and RAPD (Davin-Regli et al. 1996)
appeared to be reliable methods for typing E. aerogenes
strains implicated in nosocomial infection. RFLP of total
DNA and rDNA regions (Bingen et aI. 1992), ribotyping
(Garaizar et al. L99L; Poilane et al. 1993), small-frag-
ment restriction endonuclease analysis of EcoRI DNA
digests, PFGE of genomic restriction fragments (Haertl

and Bandlow 1993), and RAPD (Riain et al. L994) have
all similarly proved useful in the investigation of
outbreaks due to -8. cloacue.

Habitat and pathogenicity

The normal habitat of Enterobacter is believed to be soil
and water, but the organism is occasionally found in the
feces and the respiratory tract of humans. In recent
years, infection of hospital patients with E aerogenes
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and E. cloacae has been reported more often than
formerly, bttt Enterobacter is a much less important
cause of hospital infection than is Klebsiella. Most infec-
tions are of the urinary tract (Eickhoff et al. 1966),
although members of the genus are an important cause
of bacteremia in some hospitals (Gaston 1988). Shlaes
(1993) described a prospective study of Enterobacter
bacteremia conducted in several patients. The results
indicated that (1) emergence of resistance was more
frequent during treatment with third-generation cephalo-
sporins than with other antibiotics; (2) the addition of an
aminoglycoside to the cephalosporin did not prevent
emergence of resistance; (3) previous treatment with
cephalosporins was associated with bacteremia caused by
multiresistant Enterobacter spp.; and (4) infection with
multiresistant Enterobacter spp. was associated with a
higher mortality than infection with susceptible strains.

The author concluded that avoidance of third-genera-
tion cephalosporins for surgical prophylaxis and therapy in
patients in whom Enterobacter infections are suspected or
proven should lower the prevalence of Enterobacter
bacteremias and mortality and prevent the emergence of
multiresistance. The organism has been shown to have
serious implications following eye surgery; in the episode
described by Mirza et al. (1994), the use of contaminated
swabs led to infections resulting in useful vision being
retained in only one of ten eyes. Colonization with
Enterobacter spp. has been found to increase in cardiac
surgery patients given cefazolin prophylaxis (Flynn et al.
1987).

The clinical significance of the more recently
described Enterobacter spp. remains to be determined
but E. sakazakii is known to have caused neonatal
meningitis and sepsis (Muytjens et al. 1983; Gallagher
and Ball 1991). Two unrelated hospital outbreaks, invol-
ving bacteremia, meningitis, and colonization of
neonates, were investigated by a combination of typing
methods: antibiograms, chromosomal restriction endonu-
clease analysis, MEE, plasmid analysis, and ribotyping.
All but the antibiograms proved effective as epidemiolo-
gical typing methods, especially when used in combina-
tion (Clark et al. 1990). E. taylorae is known to have
caused osteomyelitis (Westblom and Coggins 1987). The
latter organism was also reported as the cause of severe
nosocomial infections in four patients; the isolates were
not susceptible to cephalosporins or penicillins (unlike

most members of the genus (Rubinstien et al. 1993). As
well as being an occasional pathogen in predisposed

human patients, P. agglomerans has caused bacteremia
when administered in contaminated intravenous fluids
(Lapage et al.1973).

In mice, lipopolysaccharide (LPS) from P. agglom-
erans has demonstrated relief of morphine dependence
(Okutomi er aI.1992) and a protective effect on gastric
ulcers (Inagawa et al. 1992). When administered intra-
dermally, LPS was less toxic and elicited a tumor
response in combination with cyclophosphamide; Goto

et al. (1996) therefore foresaw an application to cancer

treatment even in humans.

SERRATIA

Definit ion

Serratia organisms are small, motile, gram-negative rods

that ferment glucose, mannitol, mannose, salicin, and

trehalose with the production of acid and sometimes of

a small bubble of gas. They are indole-negative (except

some strains of Sewatia odorifera), urease-negative

(except for some strains of Serratia fonticola and Serratia

marcescens), and generally grow on Simmons' citrate

meclium. They do not deaminate phenylalanine but the

most common species (5. liquefaciens, S. marcescens)

decarboxylate lysine and ornithine. Most species liquefy

gelatin rapidly, usually within 2-3 days, and produce

lecithinase, lipase, and deoxyribonuclease. Some strains

produce a red nondiffusible pigment. Serratia species are

typically found in soil and water, but some strains occur

in the animal body. They may cause septic infection in

humans. The G + C content of the DNA is 53-59 mol%

and the type species is Serratia marcescens.

Classification

S. rnarcescens was flrst described by Bartolomeo Bizio

in 1823 as a cause of 'bleeding polenta' (Breed and

Breed L924). Similar organisms have been isolated at

various times from water, soil, and sewage, from contami-

nated foodstuffs and, less frequently, from the animal

body. Although the pigmented strains were the first

described, they form only a small part of a group of

mainly nonpigmented organisms (Davis et al. 1957).

S. marcescens was the first species recognized in this

genus. Today, eight species are generally recognized,

with all but one (5. entomophlla) isolated from humans.

Serratia liquefaciens was formerly known as 'Enter-

obacter liquefaciens,' and was transferred Io Serratia as a

result of a numerical taxonomy study (Bascomb et al.

1971). S. odorifera (Grimont et al. 1.978) comprises two

distinct biochemical varieties (referred to as biogroups 1

and2), but DNA-DNA hybridization tests indicate that

it f<rrms a single species. Serratia plymuthica (Grimont

et al. 1977) and Serratia grimesii resemble S. liquefaciens

in biochemical characters and have been referred to as
'5. liquefaciens-like' (Grimont et al. 1982). Serratia rubi-

daea is the name used by Ewing and colleagues (Ewing

et al. 1972,1973), but their description of this organism

differs in several respects from that given originally for
'Bacterium rubidaeum.' Despite this discrepancy, the

name S. rubidaea has seen most frequent use, particu-

larly in the American literature, and will be used here in

the interests of uniformity. Serratia ficaria is associated

with figs and a species of fig wasp (Grimont et al. 1979)
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but it has also been isolated from human sources (Gill

et al. 1981; Pien and Farmer 1983; Brouillard et al.
1.984). Serratia fonticola (Gavini et al. 1979), a species
from water, is possibly misplaced in Seruatia. Senatia
entomophila has been isolated from water sources but
not human specimens.

Morphological  and cul tural
characteristics

S. marcescens is described in detail because it is the
specres most commonly encountered in clinical speci-
mens. It is, on the whole, smaller than the average coli-
form bacterium. However, its size is subject to consider-
able variation; even on the same type of medium a
single strain may at one time give rise to coccobacilli
and at another to rods indistinguishable from other coli-
form bacteria. Capsules are not visible around cells
grown on nutrient agar, but Bunting et al. (1949) found
that capsular material was formed on a well-aerated
medium poor in nitrogen and phosphate. Aucken et al.
(1997) showed that capsules could be demonstrated
around cells of most of the O-serotype reference strains
when grown on suitable agar media. Most Serratia
strains are motile with peritrichous flagella. The flagella
are usually best seen in cultures grown at temperatures
below 37'C (Fulton et al.  1959).

Colonies of S. marcescens on agar are usually undif-
ferentiated for the first day or two, and then may
develop a convex, pigmented, and relatively opaque
center and an effuse, colorless, almost transparent
periphery with an irregular crenated edge. However, the
colonial characters of a strain are liable to considerable
variation; colonies may vary in size, shape, opacity,
surface, and consistency. Similarly, there is great varia-
tion in their ability to produce the red pigment, which is
formed only in the presence of oxygen and at a suitable
temperature. The optimum temperature for pig-
ment formation is not necessarily the same as that for
growth. Thus many strains grow best at 30-37'C but
form little or no pigment, whereas at lower temperatures
growth is poorer and pigment formation is abundant.
The ability to form pigment is commonly diminished
and often irreversibly lost after repeated subculture. ,S.
liquefaciens and S. odorifera are nonpigmented but red
pigment is formed by many strains of S. plymuthica and
S. rubidaea.

The red pigment, prodigiosin, is soluble in absolute
alcohol, acetone, benzol, carbon disulflde, chloroform,
and ether, but is insoluble in water. Wrede and Roth-
haas (1934) purified it and assigned to it a tripyrryl-
methene structure. This was confirmed by Hubbard and
Rimington (1949, 1950). Williams et al. (1956a, b) (see

also Green et al. 1956) consider that prodigiosin is not a
single substance. They separated it into three red frac-
tions and one blue fraction with different absorotion

spectra. Prodigiosin is also formed by some organisms

unrelated to Seruatia, including an actinomycete (Perry

1961) and certain gram-negative rods from seawater that

attack sugars oxidatively are oxidase-positive and have

polar flagella (Lewis and Corpe 1964).

Except for the possibly misplaced species S. fonticola,
all Serratia strains are actively proteolytic. Liquefaction

of gelatin is usually obvious within 2-3 days. On blood

agar, many produce a narrow zone of hemolysis in 24 or

48 h. Most strains produce opacity in egg-yolk media,

due to the formation of a lecithinase C (Monsour and

Colmer 1952; Klinge 1957); except for S. fonticola, they

also produce deoxyribonuclease (Schreier 1969).

The optimum temperature for growth varies; some

strains grow as well at 37'C as at 30"C, many have an

optimum between 30 and 37"C, and a few fail to grow at

all at 37"C. Many grow at 1-5'C.

Biochemical activit ies

The biochemical reactions of the eight species of

Serratia are given in Chapter 51, Enterobacteriaceae:

general characteristics, Table 51.1. The key biochemical

tests used to differentiate Serratia species are listed in
'fable 

57.4. Acid is usually formed promptly in glucose,

glycerol, maltose, mannitol, sorbitol, sucrose, and treha-

lose. Cellobiose and inositol may be acidified in a few

days. Lactose is not acidified, except by strains of S.

fonticola ar'd S. rubidaea, or is acidified late, but B-galac-
tosidase is always formed. Dulcitol is fermented only by

S. fonticola and rhamnose only by strains of S. ficaria, S.

fonticola, and S. odorifera. The strains are either

completely anaerogenic or form small bubbles of gas

filling no more than 5 percent of a Durham's tube. Gas

is not formed in cellobiose, glycerol, inositol, or starch.

MacConkey agar with sorbitol (1 percent) and colistin

(200 IU/ml) has been proposed for better isolation of .1.

marcescens from clinical samples.

Susceptibil i ty to antimicrobial agents

Serratia strains, like Enterobacter strains, are nearly

always highly resistant to cephalosporins. Such resis-

tance is frequently plasmid mediated and readily trans-

ferable to other members of the Enterobacteriaceae. As

with other organisms described in this chapter, prior

antimicrobial therapy with an extended-spectrum cepha-

losporin is an important risk factor for subsequent

acquisition of an organism resistant to third-generation

cephalosporins. Resistance to ampicillin and gentamicin

varies from strain to strain, but many strains destroy

these antibiotics enzymatically. Serratla strains, unlike

Enterobacter strains, are resistant in vitro to polymyxins

(Ramirez 1968). In an experimental model of rabbit

endocarditis. Potel et al. ft992\ found that intermittent

amikacin dosing gave excellent bactericidal activity
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Table 57.4 Differentiation of species of Serratia

Properties S. ficaria S. fonticola

Lysine decarboxylase
Ornithine decarboxylase -

Malonate ut i l izat ion

+

Acid from:

Adonitol

Arabinose

Cel lob iose
Rhamnose

Sorbitol

Sucrose

Xylose
Red pigment

S. liquefaciens 5. marcescens

+ +

+ +

5. plymuthica S. rubidaea
\ /

5. odorifera

+ +

f -

V V

+ +

+ V

+ V

f

t

+

+

J

f

+

+

+

+, Most strains positive; , most strains negative; V, some strains positive, others nerJative

within the first 24 h in severe S. marcescens infections.
Aztreonam is also effective. S. liquefaciens is said to be
more resistant than S marcescens to amikacin.
aztreonam. and ceftazidime.

Some strains of S. marcescens may grow in chlorhex-
idine-based disinfecting solutions; such solutions may
therefore be a potential source of infection, for example,
where used for contact lenses. Cells adapted to chlor-
hexidine may persist or grow in solutions with different
antimicrobial agents, including benzalkonium chloride.
The organism has also persisted in a dialyzer in spite of
the implementation of recommended sterilization proce-
dures.

Antigenic structure

Davis and Woodward (1957) studied the O antigens of
16 cultures of S. marcescens and identified six O groups.
There was no apparent relation between serological
group and pigment production. Ewing et al. (1959)
examined 1,15 Serratia cultures and established an anti-
genic typing scheme with nine O groups, 13 separate H
antigens, and 46 serotypes. This scheme was then
extended to 15 O groups (Ewing et a\. 1962) and the
present total is 28 (Pitt and Erdman 1984; Traub 1985,
1991c; Aucken et al. 1996). Serogroup O14 predomi-
nates in clinical specimens. Another seven H antigens
have also been described by Traub and Kleber (1977)
and Le Minor and Pigache (.1977); these may conve-
niently be detected by motility-inhibition tests (Traub
and Kleber 1977). Between 16 and 50 percent of all
strains may belong to the combined serotype O1.4:H12.
Gaston and Pitt (1989) developed a dot immunoassay
that appeared to offer greater accuracy than agglutina-
tion tests for serotype identification in S. marcescens.
Subsequently, 14 chemically and serologically distinct K
types have been identified among the 28 O-serotype
strains (Aucken et al. 1997).

T'raub (1991a) has compared bacteriocin typing,

biol.yping, and serogrouping (O antigens) of S. liquefa-

cierts. Biotyping afforded least discrimination because

85.5 percent of the isolates comprised two biotypes;

bacteriocin typing differentiated 84.3 percent of the

isolates into 20 types; polyclonal rabbit anti-O immune

sera identified 16 O antigens, and all 83 isolates could be

ser<rgrouped. Traub (1991b) differentiated 12 flagellar

(H) antigens among 79 motile isolates with polyclonal

anti-H rabbit immune sera.

Other typing methods

Serratia strains produce two different groups of bacter-

iocins or 'marcescins' (Prinsloo 1966; Eichenlaub and

Wirrkler 1974). Group A bacteriocins are resistant to

chloroform, heat, and proteolytic enzymes; they are

active against other Serratia strains and sometimes also

against less closely related enterobacteria. Group B

bacteriocins are susceptible to these agents; they are

active against other enterobacteria but not against

Serratia strains. Bacteriocin-susceptibility tests (Traub

and Raymond 1971) have been used as a means of

typing S. marcescens. According to Traub (1980), 73

patl.erns of susceptibility can be detected; unfortunately,

however, small differences in pattern may occur on

replicate typing. Nevertheless, the method may be useful

to subdivide strains of the same O serogroup from an

outbreak of infection. Several phage typing systems have

been reviewed by Traub (1980). Biotyping has also been

described and the scheme of Grimont and Grimont
(1978) has been improved by Sifuentes-Osornio and

Groschel (1987). Alonso et al. (1993) compared bacter-

iocin type, biotype, and serotype with rDNA RFLP

patterns (ribotypes) for the type identiflcation of S.

mat'cescens. They concluded that, due to the accessibility

of biotyping and the lack of commercially available anti-

sera for S. marcescens, the biotype and ribotype together
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provide reliable markers of strain identity. Bale et al.
(1993) reached similar conclusions from a combination

of biotyping and DNA restriction fragment analysis.

One-dimensional SDS-PAGE of whole cell proteins has

also been used (Holmes et al. 1990). Comparison with O

serotyping indicated that the level of discrimination by

SDS-PAGE was similar; however, as with O serotyping,
a secondary scheme, such as phage typing, was necessary

to differentiate strains of the same protein type. PCR

amplification of enterobacterial repetitive intergenic

consensus sequences has also been shown to provide a

rapid and simple means of typing isolates for epidemio-

logical studies (Liu et al. 1994).

Although most interest lies in typing isolates of S.
marcescens, typing has been performed on strains of

other species. Sader et al. (1994) found macrorestriction

analysis of chromosomal DNA by PFGE useful for

typing isolates of S. odorifera (biogroup 2).

Habitat and pathogenicity

S. marcescens is widely distributed in nature. Pigmented

strains have at times caused alarm by giving rise to red

colors in various foods (e.g. Klein 1894), by simulating

the appearance of blood in the sputum (Woodward and

Clarke 1913), or by producing stains on babies'napkins
(Waisman and Stone 1958). Pigmented and nonpig-

mented strains are found from time to time in the human
respiratory tract and in feces. Accounts of human disease
due to S. marcescens have become increasingly frequent
in recent years. Most infections occur in hospital patients;

they include sepsis of the meninges, of the respiratory and

urinary tracts, and of wounds. Septicemia is common, and

endotoxic shock and endocarditis have been reported;

some strains become established endemically in hospitals
(see, for example, Wilfert et al. 1970). Outbreaks of infec-

tion are frequently reported, such as epidemic septic

arthritis associated with an antiseptic (Nakashima et al.
1987), one involving a special care baby unit (Gransden

et al. 1986) and one in a cardiac surgery unit (Wilhelmi

et al. 1987). Only a small proportion, usually <10 percent,

of the strains responsible for infection are pigmented.

Some strains produce a cell-bound hemolysin and have a

higher pathogenic potential than strains failing to
produce the hemolysin. For a review of infections caused

by S. marcescer?s, see Acar (1986).

On experimental inoculation into laboratory animals,

organisms of this group are harmless except in very

large doses. Culture filtrates of S. marcescens have been

used at times in the treatment of cancer. but there is no

reason to believe that the substance producing hemor-
rhage and necrosis in the tumor is other than the endo-

toxin (Wharton and Creech 1949). The inhalation of

aerosols of S. marcescens is said to cause an acute. short-

lived illness with respiratory and general constitutional

symptoms (Paine 1946).

The other Serratia spp. also occur commonly in the

natural environment, especially in water. S. liquefaciens

and S. odorifera occur with some frequency in human

clinical specimens, whereas only occasional strains of S.

rubidaea (Parment et al. 1984) and S. plymuthica (Clark

and Janda 1985; Horowitz et al. 1987) are seen. Chmel

(1988) isolated a strain of S. odorifera (biotype 1) from

the blood and urine of an alcoholic man with cirrhosis

and signs of septic shock. Mermel and Spiegel (1992)

described a case of nosocomial sepsis due to S. odor-

ifera (biotype I). S. rubidaea was isolated from the bile

and blood of a patient with a biliary tract carclnoma

obstructing the common bile duct and who underwent

invasive procedures (Ursua et al. 1996). S. plymuthica

has been documented from a case of chronic osteomye-

litis and two cases of sepsis secondary to central venous

catheter infection. Reina et al. (1992) presented a case

of a woman aged 50 years who was admitted to

hospital as a result of a process affecting the lower

respiratory tract, which was associated with a commu-

nity-acquired bacteremia due to this organism; the

patient was treated with erythromycin and gentamicin

and was discharged home 7 days after admission with

complete clinical cure. Carrero et al. (1995) reported

the isolation of S. plymuthica from six patients: three

from blood cultures (in which the patients had lympho-

blastic leukemia, lymphoma, or stroke), two from

exudates (following knee and abdominal surgery), and

one from the peritoneal fluid of a patient with cholecys-

titis. The infection was considered nosocomial in five

cases and community acquired in the other. The patho-

genicity of S. ficaria is questionable but it has been

reported as a cause of septicemia in an elderly cancer

patient (Darbas et al. 1994). S. fonticola has been

reported from a very large leg abscess in a patient

following an accident (Bollet et al. 1991b) and from pus

from a severe infection of the hand following a road

traffic accident (Pfyffer 1992).

CEDECEA

Definit ion

Cedecea are usually motile and usually produce gas from

glucose. Acid is produced from arabinose, cellobiose,

maltose. mannose. n-mannitol, salicin, and trehalose.

Indole is not produced. Most strains utilize citrate. They

do not hydrolyze urea or produce H2S detectable in

triple sugar iron agar. Phenylalanine is not deaminated

and gelatin is not liquefied. Most strains grow in

M@ller's KCN medium. Lysine is not decarboxylated.

The organisms are isolated from the human respiratory

tract but their clinical significance is uncertain. Three

species have been named (C. davisae, C. lapagei, and C.

neteri) (Grimont et al. 1981; Farmer et al. 1982) and two

species remain unnamed (Cedecea species 3 and species
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5). The G + C content of the DNA is 48-52 mol% and
the type species is Cedecea davisae.

Cultural characteristics and biochemical
activities

Members of the genus grow well on ordinary media,
producing convex colonies about 1.5 mm in diameter on
nutrient agar at 37'C. The usual biochemical characters
of Cedecea are summarized in Chapter 51, Enterobacter-
iaceae: general characteristics, Table 51.1. The key tests
to differentiate Cedecea species are listed in Table 57.5.
Properties not mentioned in the definition of the genus
include failure to form acid from adonitol, L-arabinose,
dulcitol. l-inositol. or L-rhamnose: most strains ferment
malonate and form arginine dihydrolase. The differential
characters of C. davisae, C. lapagei, and C. neteri are
shown in Table 57.5.

Susceptibil i ty to antimicrobial agents

Cedecea strains are susceptible to amikacin, carbeni-
cillin, chloramphenicol, gentamicin, kanamycin, minocy-
cline, nalidixic acid, nitrofurantoin, streptomycin, sulfo-
namides, tetracycline, tobramycin, and trimethoprim.
Strains are resistant to ampicillin, cephalothin, colistin,
and polymyxin B. Resistance to third-generation cepha-
losporins has also been reported (Berkowitz and
Metchock 1995).

Habitat and pathogenicity

All Cedecea strains so far described have been isolated
from human clinical specimens, predominantly from the
respiratory tract. There is, as yet, little clear evidence
that they play a pathogenic role, although C. davisae and
C. neteri have been reported to cause bacteremia
(Farmer et al. 1982; Perkins et al. 1986) and a Cedecea
strain has been reported from a cutaneous ulcer
(Hansen and Glupczynski 1984).

Table 57.5 Differentiation of species of Cedecea

Property C. davisae C. Iapagei C. neteri

Methyl red test
Voges-Proskauer

Orn i th ine
decarboxylase
Acid from:

Lactose

Sorbitol

Sucrose
Xylose

+
+

+, Most strains positive; -, most strains negative; V, some strains positive,
others negative

EDWARDSIELLA

Definit ion

Edwardsiella species are motile organisms that ferment

glucose, often with the production of some gas. Maltose

ancl D-mannose are fermented, but few other sugars.

Lysine and ornithine are decarboxylated but arginine

dihydrolase is not produced. The genus is pathogenic for

catflsh, eels, and other animals; occasional human infec-

tions have been reported. The G + C content of the

DNA is 55-59 mol% and the type species is Edward-

siella tarda.

Classification

In 1962, a group of enterobacteria that appeared to be

quite distinct from all others were described under the

name 'Asakusa' (Sakazaki 1965). The main habitat of this

organism appears to be the gastrointestinal tract of lower

animals but a number of isolations have been made from

hurnan feces, and a few cases of febrile diarrhea and

systemic infection in humans have been reported

(Okubadejo and Alausa L968; Sonnenwirth and Kallus

1968; Jordan and Hadley 1969; Bockemiihl et al. 1971).

The organism has been named Edwardsiella tarda

(Ewing et al. 1965). Grimont and coworkers (1980)

described a distinct biochemical variety of E. tarda

difl'ering from typical members of the species in

ferrnenting L-arabinose, mannitol, and sucrose, but these

atypical strains are closely related to E. tarda by DNA-

DNA homology and are generally referred to as 'E.

tarda brogrolp 1'. Walton et al. (1993) encountered an

unusual strain (H2S-negative, fermenting sucrose) that

mimicked a biogroup 1 isolate (it was isolated from a

mixed infection from a woman suffering from chole-

lithiasis). Two other species have been described:

Edwardsiella hoshinae (Grimont et al. 1980) has been

isofated only from animals, and Edwardsiella ictaluri
(Hawke et al. 1981) has caused several outbreaks of

enteric septicemia in catfish and was earlier called

Edwardsiella group GA7752 (Hawke 1979).

Cultural characters and biochemical
activities

E. tarda grows well on ordinary media but produces only

small colonies of 0.5-1 mm diameter after 24 h.

Biochemical activities are described in Chapter 51, Entero-

bacteriaceae: general characteristics; also see Sakazaki

(1967), Ewing et al. (7969), and Bascomb etal. (1971).

Susceptibil i ty to antimicobial agents

+

+

Studies indicate that all three

susceptible to most commonly

Edwardsiella spp. are

prescribed antibiotics
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(including penicillin, which is unusual in the Enter-
obacteriaceae, and other B-lactam antibiotics). All
strains were susceptible to fluoroquinolones, doxycy-
cline, and gentamicin (Reger et al. 1993). Resistance to
colistin and sulfonamides has been reported (Reger et al.
re%).

Antigenic structure

The H and O antigens of E. tarda appear to be unre-
lated to those of other enterobacteria (Sakazaki 1965).
Two different serotyping schemes were originally
described: Sakazaki (1967) recognized I7 O antigens, 11
H antigens, and 18 O-H combinations; and Ewing
(1986) recognized,49 O antigens, 37 H antigens, and 148
O-H combinations. The two systems have now been
combined to form a single scheme comprising 61 O
groups and 45 H antigens (Tamura et al. 1988).

Other typing methods

Some ,E tarda strains produce bacteriocins, which are
active against other E tarda strains and against Yersinia,
but not against Proteus (Hamon et al. 1969). E tarda
strains are not sensitive to colicins.

Habitat and pathogenicity

Edwardsiella strains are frequently isolated from feces
or other specimens from healthy cold-blooded animals
and their environment, particularly fresh water. The
natural reservoir appears to be the gastrointestinal tract
of cold-blooded animals. Edwardsiella strains are patho-
genic for catfish, eels, and other animals, sometimes
causing economic loss. Of the three recognized species,
only E. tarda has been demonstrated to be pathogenic
for humans. Principal infections associated with this
species include gastroenteritis, wound infections (Jordan

and Hadley 1969) such as cellulitis or gas gangrene asso-
ciated with trauma to mucosal surfaces, and systemic
disease such as cholecystitis, meningitis, osteomyelitis,
and septicemia. Zighelboim et al. (1992) noted only
three previous cases of patients who had documented
hepatic abscess due to E. tarda; two patients died, and
the third required a laparotomy and drainage. They
reported a fourth case that was successfully managed
with antibiotic therapy alone. Risk factors associated
with E. tarda infections include exposure to aquatic
environments or exotic animals (".g. amphibia or
reptiles), pre-existing liver disease, conditions leading to
iron overload, and dietary habits (e.g. raw fish inges-
tion). E. tarda is rarely found in the feces of healthy
people. Although a higher isolation rate has been found
in patients with diarrhea (Ewing et al. 1965), the role of
the species in the etiology of diarrhea requires further
studv.

The organism does have invasive capabilities. Janda

et al. (1991) investigated the pathogenic characteristics

of 35 Edwardsiella strains from clinical and envlron-

mental sources. Most ,E tarda strains were invasive in

HEp-2 cell monolayers, produced a cell-associated

hemolysin and siderophores, and bound Congo red;

many strains also expressed mannose-resistant hemag-

glutination against guinea pig erythrocytes. E. hoshinae

strains bound Congo red and differed in their invasive

and hemolytic capabilities whereas E. ictaluri strains did

not produce either factor; neither E. hoshinae nor E

ictaluri expressed mannose-resistant hemagglutination

nor elaborated siderophores. Selected strains of each

species tested for mouse lethality indicated strain varia-

bility in pathogenic potential, with E. tarda strains the

most virulent. Their findings indicate some potentially

important differences in pathogenic properties that may

help explain the environmental distribution of the three

species and their differing abilities to cause disease in

humans. Janda and Abbott (1993) found that E. tarda

produces a hemolysin that is at least partially regulated

by the relative availability of iron and may play a role in

human disease.

EWINGELLA

Definit ion

The genus Ewingella is represented by one species, .E

americana. Ewingella organisms are usually motile and

do not produce gas from glucose. Acid is produced from

arabitol, mannitol, mannose. salicin. and trehalose.

Indole is not produced. All strains grow on Simmons'

citrate medium. They do not hydrolyze urea or produce

H2S detectable in triple sugar iron agar. Phenylalanine is

not deaminated and there is no liquefaction in nutrient

gelatin stab culture within 5 days but weak gelatinase

production detectable by the plate test. Growth does not

occur in M@ller's KCN medium. Lysine and ornithine

are not decarboxylated and arginine dihydrolase is not

produced. The organisms are isolated predominantly

from the human respiratory tract but their clinical signif-

icance is uncertain. The G + C content of the DNA is

53-55 mol% and the type species rs Ewingella amer-

icana. This organism was described by Grimont et al.

(1983) as strains resembling Cedecea.

Cultural characteristics and biochemical
activities

E. americana grows well on nutrient agar, producing

convex colonies about 1.5 mm in diameter.

Biochemical activities are given in Chapter 51, Entero-

bacteriaceae: general characteristics, Table 51.1. In addi-

tion to the properties mentioned in the definition, most

strains produce B-galactosidase and give a positive result
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in the VP and methyl red tests; they do not ferment

adonitol, arabinose, dulcitol, inositol, raffinose, sorbitol,

or sucrose. Although thought to resemble Cedecea,

several characters distinguish E. americana from this
genus. For example, E. americana has negative reactions

and Cedecea positive reactions for growth in KCN,

Iipase production, gas production with glucose, and

fermentation of cellobiose, maltose, and xylose. More

difficult, and not discussed by Grimont et al. (1983), is

the differentiation of E. americana from P. agglomerans.

Typically, E. americana does not ferment malonate,

sucrose, or xylose but strains atypical in these characters

may not be easily assigned to one or other species.

Susceptibil i ty to antimicrobial agents

E. americana strains are susceptible to carbenicillin,

chloramphenicol, colistin, gentamicin, kanamycin, nali-

dixic acid, streptomycin, sulfadiazine, tetracycline, and

tobramycin; they are resistant to cephalothin and peni-

cillin G.

Habitat and pathogenicity

Although rare in occurrence, the organism is most

commonly associated with the human respiratory tract.

Whereas the pathogenicity of the species remains to be

determined, E. americana has been reported from poly-

microbial bacteremia (Pien et al. 1983), from two blood

cultures from a 75-year-old man after cholecystectomy
(Devreese et al. 1992), and from wound colonization
(Bear et al. 1986). The organism was isolated separately

from both eyes of a woman aged 30 years (Heizmann

and Michel 1991). Her clinical signs and symptoms

included adhesive eyelids, itching, and edematous upper

and lower lids. Relief of symptoms was effected with

amoxycillin-clavulanate therapy. Plasmid profiling was

used to investigate an episode. of pseudobacteremia due

to the contamination of blood coagulation tubes with ,E

americana (McNeil et al. 1987a, b).

HAFNIA

Def in i t ion

Halnia organisms are usually motile and usually produce

gas from glucose. Acid is formed from arabinose,
glycerol, maltose, mannitol, mannose, rhamnose, treha-

lose, and xylose. Indole is not produced. Most strains

utilize citrate (if tested at 30'C) but do not hydrolyze

urea or produce H2S detectable in triple sugar iron agar.

Phenylalanine is not deaminated and gelatin is not lique-
fied. Most strains grow in Mpller's KCN medium. Argi-

nine dihydrolase is not produced but both lysine and

ornithine are decarboxylated. The organisms occur in

the feces of humans and other animals and are also

wiclespread in the

content of the DNA

is llafnia alvei.

Classification

natural environment. The G + C
is 52-57 molTo and the type species

This organism has at times been placed in the genus

Enterobacter under the names '-8. alvei' and'E. hafniae.'

However, DNA-DNA hybridization studies reveal that

the organism deserves separate generic status (Brenner

1978). Three DNA-relatedness groups have been recog-

nized in H. alvei and these may be elevated to separate

species at some future date.

Morphological and cultural
characteristics

Strains grow well on ordinary media, producing grayish

convex colonies L-2 mm in diameter on nutrient agar at

37'C after incubation for 24 h.

Biochemical activit ies

H. alvei ferments a much narrower range of sugars than

do members of the genus Enterobacter: it acidifies salicin

an<I sucrose late, or not at all, and lactose and sorbitol

only rarely, and does not attack adonitol, dulcitol, or

inositol. It is not encapsulated and does not liquefy

gelatin. M@ller (1954) greatly advanced the knowledge

of this species when he showed that, although strains

were able to grow at 37"C, many of their biochemical

activities at this temperature were irregular. The effect

of temperature on motility was also critical: many were

nonmotile at 37"C, but nearly all were motile at 30"C.

At 22'C they all gave a positive VP reaction, grew on

Simmons' citrate medium, and formed gas in sugars,

though any one or all of these reactions might be inhib-

ited at 37"c.

Antigenic structure

Forty-nine serotypes were recognized by Sakazaki
(1961) and the total was extended to I97 by Matsumoto
(1963, 1964).

Susceptibil i ty to antimicrobial agents

Isolates that display resistance to conventional anti-
biotics, including cephalosporins and penicillins, have

been reported (Klapholz et al. 1994).

Habitat and pathogenicity

Hafnia organisms are isolated from the feces of humans

and other animals; they are also found in sewage, soil,

water, and dairy products. They were rarely considered
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pathogenic, but Albert et al. (1992) described seven
strains from diarrheal stools of children that resembled
enteropathogenrc Escherichia coli (EPEC). These strains
produced attaching and effacing (AE) lesions in rabbit
ileal loops and fluorescent actin staining in infected
HEp-2 cells. In addition, a DNA probe, from a chromo-
somal gene required by EPEC to produce AE lesions,
hybridized to chromosomal DNA from all seven H. alvei
strains. These findings indicated a sharing of virulence-
associated properties at the phenotypic and genetic
levels by H. alvei and EPEC. H. alvei strains with these
properties were considered diarrheagenic. Ridell et al.
(1994) found an epidemiological association of H. alvei
with diarrhea, because the organism was isolated from
12 (16 percent) of 77 adult Finnish tourists to Morocco
who developed diarrhea and from none of 321 tourists
without diarrhea (p < 0.001). The strains were negative
for the AE lesion by an in vitro fluorescent actin
staining test and also did not show homology to the E
coli AE gene (eaeA) by PCR. The results suggested that
a mechanism or mechanisms other than the AE lesion
may also be involved in the association of H. alvei with
diarrhea. It has also been noted that eaeA-postttve
strains have characteristic biochemical properties,
including the ability to assimilate 3-hydroxybenzoate
and the inability to assimilate histidine and 2-ketogluco-
nate (Ridell et al. 1995). Ginsberg and Goldsmith (1988)
reported a neonate with necrotizing enterocolitis and
subsequent ileal perforation from whom the organism
was isolated from both blood and stool. H. alvei may
also be a potential pathogen in patients with chronic
underlying illness (Klapholz et al. 1994).

KLUYVERA

Definit ion

Kluyvera organisms are motile and usually form gas
from glucose. Acid is produced from arabinose, cello-
biose, glycerol, lactose, maltose, mannitol, raffinose,
rhamnose, salicin, sucrose, trehalose, and xylose. Indole
is produced by most strains. Most strains grow on
Simmons' citrate medium. They do not hydrolyze urea
or form H2S detectable in triple sugar iron agar. Pheny-
lalanine is not deaminated and gelatin is not liquefied.
Most strains grow in M6ller's KCN medium. Arginine
dihydrolase is not produced; most strains decarboxylate
lysine and all decarboxylate ornithine. They occur in
human clinical specimens and the natural environment.
The G + C content of the DNA is 55-57 mol7" and the
type species is Kluyvera ascorbata.

Classification

The name Kluyvera was originally proposed in 1956 by
Japanese workers; they recognized two species: 'Kluy-

vera citrophila,' in which citrate was utilized, and
'Kluyvera noncitrophila,' in which it was not. These

names were little used in succeeding years and do not
appear in the Approved Lists of Bacterial Names
(Skerman et al. 1980). In 1981, Farmer and coworkers
reproposed the name Kluyvera; their studies of DNA-
DNA hybridization led them to recognize three
genomic groups, two of which they named K. ascorbata

and Kluyvera cryocrescens. The third genomic group

was subsequently named Kluyvera georgiana (Miiller

et al. 1996).

Cultural characteristics and biochemical
activities

Strains grow well on ordinary media and form colo-
nies 1-2 mm in diameter on nutrient aear after 24 h at
37"C.

The characteristic biochemical reactions of the genus

are given in Chapter 51, Enterobacteriaceae: general

characteristics, Table 51.1). Most workers will attempt to
identify strains only to the genus level. In addition to the
reactions mentioned previously, neither adonitol nor i-
(zyo)inositol is acidified, the MR test is positive, and

the VP test negative. Most strains ferment malonate.

Susceptibil i ty to antimicrobial agents

Kluyvera strains are generally susceptible to anti-
microbial agents (see Farmer et al. 1981). Strains of K.
cryocrescens often display large zones of inhibition

around disks containing carbenicillin and cephalothin
whereas strains of K. ascorbata do not.

Habitat and pathogenicity

Strains of Kluyvera have been isolated from milk,

sewage, soil, and water, but most of those so far identified
have come from human sources, especially sputum and,
less commonly, urine; a number were from feces (some

from patients with severe diarrhea) (Fainstein et al.1982,

Aevaliotis et al. 1985) and a few from blood cultures (one

associated with a catheter-related infection) (Wong 1987).
Thaller et al. (1988) recorded the isolation of a K. uyo-
crescens strain in pure culture from a gall-bladder pus

specimen from a 76-year-old woman with acute cholecys-

titis. Yogev and Kozlowski (1990) treated a child who

developed peritonitis due to K. ascorbata. The repeated

isolation of the organism in pure culture from the perito-

neal fluid and its isolation from postmortem subdiaphrag-
matic microabscesses suggested it was clinically signifi-
cant. There is, however, as yet, little definite evidence

that the organisms are of clinical signiflcance in humans.

Luttrell et al. (1988) described a soft tissue infection

caused by Kluyvera spp. in a previously healthy woman.
Successful treatment required incision and drainase of
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the wound in addition to the administration of antibiotics.

Sierra-Madero et al. (1990) described a case of bacter-

emia and mediastinitis in a man following open-heart

surgery. Dollberg et al. (1990) described a Kluyvera sp.

recovered from the urine of a previously healthy 5-year-

old child with clinical and laboratory evidence of acute

pyelonephritis. Their findings suggest that this organism

can cause severe disease even in previously healthy,

immunocompetent children.

LECLERCIA

Definit ion

Leclercia organisms are usually motile and usually

produce gas from glucose. They often form a yellow

pigment. Acid is produced from adonitol, arabinose,

cellobiose, dulcitol, lactose, maltose, mannitol, rhamnose,

salicin, trehalose, and xylose. Indole is formed. They do

not grow on Simmons' citrate medium, seldom hydrolyze

urea, and do not produce H2S detectable in triple sugar

iron agar. Phenylalanine is not deaminated and there is

no liquefaction in nutrient gelatin stab culture within 5

days, but weak gelatinase production is detectable by the

plate test. Strains grow in Mgller's KCN medium but

show no decarboxylase activity. They are isolated from

various human clinical specimens, food, water, and the

environment; their clinical significance remains uncertain.

The G + C content of the DNA is 52-55 mol% and the

type species is Leclercia adecarboxylata.

Classification

This organism was originally described as Escherichia

adecarboxylata by Leclerc (1962) from a collection of

strains isolated from water. Strains of the species are,

however, easily distinguished from E. coli as they acidify

adonitol, ferment malonate, and are KCN tolerant, as

well as failing to form lysine decarboxylase or produce

alkali when grown on Christensen's citrate medium.

Ewing and Frfe (1972) included E. adecarboxylata in

Enterobacter (now Pantoea) agglomerans (syn. Erwinia

herbicola), but the former yields gas from glucose,

produces indole, and acidifies dulcitol and inositol, all

characters that distinguish it from typical strains of P.

agglomerans. More recent DNA-DNA hybridization

studies show that E. adecarboxylata sholld be placed in

a separate genus for which the name Leclercia was

assigned (Tamura et al. 1986).

Cultural characteristics and biochemical
activities

Strains grow well on ordinary media. The biochemical

characteristics of the organism are given in Chapter 51,

Enterobacteriaceae: general characteristics, Table 51.1).

In addition to the characters mentioned above, strains

fail to produce acid from glycerol, inositol, and sorbitol.

The MR reaction is positive and VP reaction negative.

Malonate is fermented and B-galactosidase produced.

Susceptibil i ty to antimicrobial agents

All strains are susceptible to ampicillin, carbenicillin,

cephaloridine, colistin, gentamicin, kanamycin, and nali-

dixic acid, but resistant to penicillin. Most strains

are also susceptible to chloramphenicol, streptomycin,

sulfadiazine, and tetracycline.

Habitat and pathogenicitY

Isolations have been made from various human clinical

specimens including blood, feces, sputum, urine, and

wounds. There are no definite indications of pathogeni-

city. Strains also occur in the environment, food, and

water.

LEMINORELLA

Definit ion

Leminorella organisms are nonmotile, and they may or

may not produce gas from glucose. Acid is produced

from arabinose and xylose and generally also from

glycerol. Indole is not formed. Strains may or may not

grow on Simmons' citrate medium. They do not hydro-

lyze :urea but produce H2S detectable in triple sugar iron

agar. Phenylalanine is not deaminated and gelatin is not

liquefied. Growth does not occur in M6ller's KCN

medium. They do not show any decarboxylase activity.

They are isolated predominantly from human fecal

specimens but their clinical significance remains to be

determined. The G + C content of the DNA has not

been determined and the type species rs Leminorella

grimontii.

Classification

This genus, with its two species L. grimontii and

L. richardii, was described by Hickman-Brenner et al.

(1985). DNA-DNA hybridization studies indicated the

existence of a third species but it was represented by

only a single strain so no name was proposed for it.

Cultural characteristics and biochemical
activities

In general, colonies are not as large as those of other

species of Enterobacteriaceae, but growth occurs on

MacConkey agar. Leminorella sttains are unique amongst

the Enterobacteriaceae in that although they produce H2S

and ferment arabinose and xylose, they are otherwise
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relatively inactive. The biochemical characteristics of the
genus and tests useful in differentiating the two named
species are shown in Chapter 51, Enterobacteriaceae:
general characteristics, Table 51.1. If strains grow only
weakly, they may fail to give appropriate resulrs in these
tests making species assignment difficult or incorrect.
Strains of L. richardii may fail to produce acid from
glucose even though they acidiff arabinose, glycerol, and
xylose. Some strains of L. grimontii are anaerogenic.
Strains fail to produce acid from adonitol, cellobiose,
inositol, lactose, maltose, mannitol, raffinose, rhamnose,
salicin, sorbitol, sucrose, and trehalose. The MR reactlon
is positive in most strains of L. grimontii and negative in
strains of L. richardii; the VP reaction is negative in both
species. Malonate is not fermented and p-galactosidase is
not produced.

Susceptibil i ty to antimicrobial agents

Leminorella strains are susceptible to colistin, but resistant
to ampicillin, carbenicillin, cephalothin, and penicillin.

Habitat and pathogenicity

Two strains of L. grimontlj were isolated from urine and
all other Leminorella strains have come from fecal speci-
mens. Their clinical significance remains to be deter-
mined.

MOELLERELLA

Definit ion

Moellerella organisms are nonmotile and do not produce
gas from glucose. Acid is produced from adonitol,
glycerol, lactose, mannitol, raffinose. and sucrose. Indole
is not formed. Strains may or may not grow on
Simmons' citrate medium. They do not hydrolyze urea
or produce H2S detectable in triple sugar iron agar.
Phenylalanine is not deaminated and gelatin is not lique- .
fied. Strains may or may not grow in M6ller's KCN
medium and they show no decarboxylase activity. They
are isolated predominantly from human feces but their
clinical signiflcance remains to be determined. The
G + C content of the DNA has not been determined
and the type species is Moellerella wisconsensis. This
genus and its single species were described by Hickman-
Brenner et al.  (1984).

Cultural characteristics and biochemical
activities

Strains grow well on ordinary media. On MacConkey
agar, colonies are bright red with precipitated bile
around them, thus resembling E. coli colonies. The char-
acteristic biochemical reactions of M. wiscon^rer?srs are

given in Chapter 51, Enterobacteriaceae: general char-
acteristics, Table 51.1. ln the original description of the
species, strains were reported to grow on Simmons'
citrate medium and not to ferment arabinose; strains do
not form acid from dulcitol, inositol, maltose, rhamnose,
salicin, sorbitol, trehalose, or xylose. The MR reaction is
positive and the VP reaction negative. Malonate is not
fermented and B-galactosidase is produced.

Susceptibil i ty to antimicrobial agents

Strains are resistant to colistin but susceptible to cepha-
lothin, chloramphenicol, gentamicin, and nalidixic acid.

Habitat and pathogenicity

The species is predominantly isolated from human feces
and, although in some cases the patient was reported to
have had diarrhea, there is no evidence at present that
M wisconsensls is the cause. The organism has also been
reported from a bronchial aspirate.

RAHNELLA

Definit ion

Rahnella organisms are motile and produce gas from
glucose. Acid is produced from arabinose, dulcitol,
lactose, raffinose, rhamnose, and sorbitol. Indole is not
formed. Strains grow on Simmons'citrate medium. They
do not hydrolyze urea or produce H2S detectable in
triple sugar iron agar. Phenylalanine is not deaminated
but gelatin is slowly liquefied. Strains do not grow in
Mgller's KCN medium and show no activity in lysine or
ornithine decarboxylase media, but some strains produce
a dihydrolase for arginine. The organisms are isolated
predominantly from water and nonpolluted soil, but
their clinical significance remains to be determined. The
G + C content of the DNA is 53 mol% and the type
species is Rahnella aquatilis. This genus and its single
species were described by Izard et al. (1979).

Cultural characteristics and biochemical
activit ies

Strains grow well on ordinary media at 30 and 37'C;
they also grow at 4'C, but not at 41'C. The biochemical
characteristics of the organism are given in Chapter 51,
Enterobacteriaceae: general characteristics, Table 51.1).
In addition to the characteristics mentioned above,
strains acidify glycerol, maltose, mannitol, salicin,
sucrose, trehalose, and xylose but fail to produce acid
fiom adonitol and inositol. The MR reaction is negative
and the VP reaction is positive. Malonate is fermented
and p-galactosidase is produced.
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Susceptibil i ty to antimicrobial agents

Funke and Rosner (1995), who isolated the organism

from blood cultures of a human immunodeficiency virus

(HIV)-infected intravenous drug abuser, obtained a

favorable outcome after a 14-day course of ciprofloxacin.

Habitat and pathogenicity

Goubau et al. (1988) described a case of septicemia in a
patient with acute lymphoblastic leukemia. Harrell et al.
(1989) reported the isolation of R. aquatilis from the

bronchial washing of a patient with acquired immunode-

Iiciency syndrome (AIDS). Alballaa et al. (1992)

reported a case of urinary tract infection in a renal

transplant patient. Hoppe et al. (1993) described repe-

ated isolations of the organism from the blood of a
pediatric bone marrow transplant recipient, probably

related to inappropriate handling of a Hickman catheter.

A case of a surgical wound infection in a patient who

underwent a prosthetic surgical intervention was

reported by Maraki et al. (1994). Oh and Tay (1995)

reported isolation of R. aquatilis from the blood of a

diabetic patient and a patient with laryngeal carcinoma;

both patients recovered from their infection after treat-

ment with parenteral antibiotics including gentamicin.

TATUMELLA

others in this family in growing less well and in surviving

less readily on laboratory media.

Cultural characteristics and biochemical
activities

Colonies are 0.5-1.0 mm in diameter, low convex with

enlire edges, semitranslucent, smooth, and glossy after

incubation for 24 h on blood agar. In general, colonies

are not as large as those of other species of Enter-

obacteriaceae, but growth occurs on MacConkey agar.

The characteristic biochemical reactions of the species

21s, given in Chapter 51, Enterobacteriaceae: general

characteristics, Table 51.1). In addition to the properties

mentioned above, strains fail to form acid from adonitol,

L-arabinose, dulcitol, l-inositol, lactose, maltose, D-

mannitol, raffinose, L-rhamnose, o-sorbitol, and starch;

the MR and VP reactions are negative, and malonate is

not fermented. A few strains form arginine dihydrolase,

part icularly at25C.

Susceptibil i ty to antimicrobial agents

Unlike most of the other members of the Enterobacter-

iaceae, strains of Tatumella are susceptible to cephalos-

porins and penicillins, and to aminoglycosides, chlor-

amphenicol, and tetracycline.

Definit ion

Tatumella organisms differ from other members of the

Enterobacteriaceae in that, when grown at 25'C, over 50

percent of strains are motile by means of polar,

subpolar, or lateral flagella (versus peritrichous flagella).

Gas is not formed from glucose; acid is produced from

glycerol, salicin, sucrose, and trehalose. Indole is not

formed. Most strains grow on Simmons' citrate medium

at 25"C. The organisms do not hydrolyze urea or
produce H2S detectable in triple sugar iron agar. Pheny-

Ialanine is deaminated and gelatin is not liquefied.

Growth does not occur in Moller's KCN medium.

Lysine and ornithine are not decarboxylated, but some

strains produce a dihydrolase for arginine. The organ-

isms are isolated predominantly from the human respira-

tory tract but their clinical significance is as yet uncer-

tain. The G + C content of the DNA is 53-54 mol% and

the type species is Tatumella ptyseos.

Classification

This genus and its single species were described by

Hollis and coworkers (1981). Studies of DNA-DNA

hybridization show that, despite the absence of peri-

trichous flagellation, the species is correctly placed in

the Enterobacteriaceae. Its members also differ from

Habitat and pathogenicity

The organism is commonly associated with the human

respiratory tract. Most isolates have been recovered in

sputum, but Tatumella has also been found in feces and

urine, and in blood cultures. Its pathogenicity is at

present uncertain.

YOKENELLA

Definit ion

Yokenella organisms are usually motile and usually

produce gas from glucose. Acid is formed from arabi-

nose, cellobiose, maltose, mannitol, rhamnose, trehalose,

and xylose. Indole is not produced. Most strains utilize

citrate, but do not hydrolyze urea or produce H2S

detectable in triple sugar iron agar. Phenylalanine is not

deaminated and gelatin is not liquefled. Generally, they

grow in M@ller's KCN medium. Lysine and ornithine are

decarboxylated and most strains produce arginine dihy-

drolase. They are isolated predominantly from human

wounds but their clinical significance is as yet uncertain.

The G + C content of the DNA is 58-60 mol% and the

type species, Yokenella regensburgei, was described by

Kosako et al. (1984).
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Cultural characteristics and biochemical
activities

Strains of Y. regensburgei grow well on ordinary media.
The biochemical characteristics of Y. regensburgei are
given in Chapter 51, Enterobacteriaceae: general char-
acteristics, Table 51.1). Additional characteristics not
given in the definition of the genus include failure to
form acid from adonitol, dulcitol, lactose, sorbitol, and
sucrose; B-galactosidase is produced. Y. regensburgei
differs from the closely related species, H. alvei, rn its
failure to ferment glycerol, ability to produce acid from
melibiose, resistance to both colistin and the Hafnia-
specif,c bacteriophage, and having a very weak catalase
reaction.

Susceptibil i ty to antimicrobial agents

Strains of Y. regensburgei are resistant to colistin and
penicillin and susceptible to chloramphenicol, genta-
micin, kanamycin, nalidixic acid, and sulfadiazine.

Habitat and pathogenicity

Y. regensburgei is infrequently encountered but a
number of isolations have been made from human
wounds. The organism has been isolated from a 74-year-
old man with a septic knee and from a 35-year-old
immunocompromised woman who had a transient
bacteremia without overt signs of sepsis (Abbott and
Janda 1994).

OTHER GENERA

The following genera have been proposed, but will not
be discussed in detail: Erwinia from plants; Budvicia
(Bouvet et al. 1985) and Pragia (Aldovr{ et al. 1988;
Schindler et al. 1,992) from water; Buttiauxella (Ferragut
et al. 1981; Miiller et al. 1996) from slugs, snails, and
water; Obesumbacterium (Shimwell 1963; Priest et al.
1973) from breweries; and Xenorhabdus (see Thomas
and Poinar 1979) associated with certain nematodes and
with insect larvae parasitized by them. The former
Xenorhabdus luminescens now resides in a separate
genrs Photorhabdus; it has been reported in clinical
material (Farmer et al. 1989), but it is rare. Trabulsiella
guamensis and enteric groups 58, 59, 60, 68, and 69 are
also not discussed.
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INTRODUCTION Tison 1999).*4 number are also important pathogens of

aquatic animals (Baumann et al. 1984). The niost famous
The taxonomy of the Vibrionaceae is controversial and member of the genus is Vibrio cho-lerge, the causative

rapidly evolving. The family was originally proposed by agent of cholera. It is not clear when cholera first arose;

Y"fS"_gr-l9Q. The last edition of Bergey's Manual for descriptions of dije_a.g_e _--sqCgggllg 9l_cl9l9ry--qpp-93l".11
systematic bacteriology included four genera in the Sanskrit wrifings more than 1 000 years ago (Longmate

family: Vibrio, Aeromonas, Photobacterium, and Plesio- 1966; Politzer 1959). Cholera is one' df the classic

y91gs_(paumafrn_et al.l944). Aeromonas has now been plagues and in the nineteenth century was almost

fr*" itr bwn Tamily, the Aeromonadaceae. Plesiomonas ' unequaled in its ability to engender fear and panic.

remains controversial, brit is more closely related to Seven cholera pandemic_s llavg begn r9_c-oldeQ -qfngg -f*8.17

-enteric-s, particularly Pyolgus,thanto.Vibrio. This leaves 
- 

(Barua 19i92;Kaper et al. 1995). Cholera was one of the

VibrioandPhotobacteriumasthe onlyremaininggenera first diseases recognized, by J_o!l-lqgy_, to be water-
-in Vibrfonapeae that app€l? onThe-Appfoved=r-iili oi borne (Holmber_g 1992fGngiit" Dee1. With the

€u9!gj!aL"Nu-"t- (www.bacterio.cict.fr). Several other ;dtenf-oi-modern water purification and sewage treat-

genera have been proposed for addition to Vibriona- ment, cholera has become a rarity in the developed

ceae: Allomonas, Listonella, Enhydrobacter, Salinivibrio, 
'world. 

However, it continues to be a significant cause of

and Enterovibrio (www.the-icsp.org/taxa/vibrio). These 
' 

morbidity and mortality wofdyi{g, particularly in devel-

genera, as proposed, would not include the recognized oping countries wilh poglsaUilation The current or

human pathogens or the most well-known environ- - sevenlh pandemic initially appeared in the Celebes

mental strains. The exception is that it has been islands in Indonesia in 1.961. and has sini6-Tpiea*<l

proposed that V. anguillarum, an important fistr-"through di;: itt. UlOOt" Fast. Africa, pg1:-9f Europe,

pathogen, be moved to Listonella anguillarum. The and Latin America (Barua 1992; Politzer 1959). The

human pathogenic member of Photobacterium, Photo- appearance of cholera in Latin America, in the 1990s,

bacteriumdamselae, wasformerly V. damsela andwillbe was the first time. cho!9119 lad sp1-e-a.Q to.!.he-.A4qricas

discussedjrnJfiscliipter- if'over a century. BJiween 1.991. and 1993, there were
'- 

fliere are currentlymolelbAn S proposed species of more lhgn 82Q 000 cases and 7 000 deattls- in South

Vibrio (www-fhe-iafiorgitaxalvibrio.l, 
- 

of 
- 

w]iicfr oiriy 
' ' 

America (Tauxe et al. 1994). Also within the past

a6ouf a dozen are human pathogens (Holmberg 1992; decade, a new serogroup, 0139, has emerged as an
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agent of epidemic cholera. From October 1992, V.
cholerae 0139 Bengal was recovered from cholera
patients in India and Bangladesh and this new serogroup
spread rapidly through Asia It has been proposed that
this may be the beginning of the eighth pandemic, but
only time will reveal whether this strain will spread glob-
al ly (Kaper et al.  1995; Morris et al.  1994; Chiang and
Mekalanos 1999).

Cholera has become rare in the developed world, but
an appreciation of the importance of other Vibrio spp.
as human and animal pathogens is growing. These
noncholera vibrios cause serious wound infections wher-
ever people are exposed to warm seawater. People with
underlying liver or immune disorders can develop highly
fatal septicemia following consumption of raw or under-
cooked seafood (Strom and Paranjpye 2000; www
cdc. gov/ncidod/dbmd/di seaseinf o/vibriovulnifi cus_g.htm).
V. vttlni.ficus is the species most commonly associated
with septicemia and is responsible for >90 percent of the
deaths due to vibrios in the USA (www.cdc.gov/
ncidod/dbmd/diseaseinfo/fi les/VibCSTEggweb.pdf ; www.
cdc. gov/ncidod/dbmd/diseaseinfo/ l i les/CSTE_Vibrio_

2000.pdf). Noncholera vibrios also cause sporadic
gastroenteritis associated with the consumption of
seafood. Of these. V. parahaemolyticus is the most
frequently isolated. I t  is one of the most important
causes of gastroenteritis in Asia and is the Vibrio
species most frequently isolated from clinical samples
in the USA (Morris and Nair 2001; Tison 1999). A
pandemic due to V. parahaemolyticus O3lK6 has been
documented (Arakawa et al. 1999; Chiou et al. 2000;
Chowdhury et al. 2000).

DEFINITION

Genus

Vibrios are gram-negative, asporogenous, straight,
curved, or comma-shaped rods They are motile by
means of sheathed monotrichous or multitrichous polar
flagella (McCarter 2001). Vibrios are halophilic and
predominately oxidase-posit ive (Baumann et al.  1984).
Sodium chloride stimulates the growth of all vibrios and
is required by most. The minimal concentration for
optlmum growth varies from 0.029 to 4.1 percent NaCl.
Vibrios are facultatively anaerobic. They can ferment
many sugars with mixed acid production. Respiration
uses oxygen as the electron acceptor. Vibrios are ubiqui-
tous in aquatic environments. They are found in the
water column, in sediments, and associated with plants,
invertebrates. and vertebrate animals within those
dcosystems. The interaction of vibrios with animals may
be commensal, mutualistic, or pathogenic. The guanine
diid cytosine (G+C) content of DNA is 38-51 mol%.
The type species is V. cholerae.

Species

Many new species have been proposed; some are
defined only by DNA-DNA hybridization studies or
rDNA sequences. Currently there 3Jg,-_4q_..p.roposed
Vibrio spectes listed by the Vibrio Working Group of
the International Committee on Systematics of Prokai-
yotes (ICSP) (www.the-icsp.org/taxa/vibrio). Twelve
species are considered human pathogens: V. alginoly-
ticus, V. cholerae, V. cincinnatiensis, V. damsela (P.

damselae), V. fluvialis, V. furnissii, V. harveyi (synonym

V. carchariael. V. hollisae. V. merschnikovii. V. mimicus,
V. parahaemolyticus, and V. vulnificus (Morris and Nair
2001; Tison 1999). These species are the most frequently
isolated by clinical laboratories. However, the impor-
tance of some of these species as pathogens remalns
unclear.

HABITAT

Vibrios are ubiquitous aquatic organisms whose range
is determined by salinity, temperature, and nutrient
availability (Heidelberg et al. 2002). In temperate
-climates, 

vibrios peak in the water column during the
s-ummer months and may be very abundant. The

'seasonal distribution of human infections generally

correlates with this inerease. When water temperature
drops, so does the concentration of vibrios and they
may become limited to sedi4ents (Barbieri et al. 1999;
ilaumann et al. 1984; DePaola et al. 2003; Morris and
Nair 2001; Motes et al. 1998). Vibrios are normal inha-
bitants of marine, eltuarine, and, to a more limited

)extent, fresh-water environments (Pinhassi and Berman
2003; Strom and Paranjpye 2000). Vibrios that require
lower concentrations of salt. such as V. cholerae and V.
m.imicus, can be found in fresh-water lakes and-_rivers
as well as estuarine anq marine enviranqlents.
Although fecal contamination of drinking water, is
important in the epidemiology of cholera, it should be
stressed that V. cholerae is a n-o._rmal inhabitant of even
pristine aquatic habitats (Colwell and Huq 1994; Holm-
berg 1992). Infection of humans does act as an amplili-
cation cycle that is important in the gpidgani-c-spread of

-V. cholerae (Morris and Nair 2001; Merrell et al. 2002).
In developing countries, shedding of V. cholerae in
diarrheal stools contaminates local water supplies,
resulting in higher counts of V. cholerae in the water

and increased rates of human infection. However.

increased concentrations in rivers may predate and
predict human outbreaks (Franco et al. 1997). Halo-
philic vibrios are abundant in estuarine and marine
environments. They can form biofilms and may be inti-
mately associated with plants, f,sh, and zooplankton,

shellf,sh, and other invertebrates (Castro et al. 2002;

Chiavelli et al. 2001; Heidelberg et al. 2002; Ostling
et al. 1993; Pedersen et al. 1997a'. Watnick and Kolter
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1999). Their relationship with higher organisms can

range from mutualistic to pathogenic. Strains of V.

fischeri are symbionts of sepiolid squid, colonizing their

light organs and supplying bioluminescence (Nishiguchi

2002). V. parahaemolyticus and V. vulnificus are

concentrated by filter feeders such as oysters (DePaola

et al.  1998; Morris and Nair 2001; Strom and Paranjpye

2000; Wright et al 1996). V. anguillarum, P damselae,

and V. vulnificus are important pathogens of flsh
(B iosca e t  a l .1996;  Love e t  a I .1981;  Pedersen e t  a l .

1997 a).

Vibrios can exist in the environment in several forms.

The most easily studied is planktonic, when they occur

in the water column as free-living individual cells. This

occurs most frequently when nutrients are plentiful and

water temperatlrres are warm. When nutrients are

limited, the cells become less metabolically active, lose

their flagella, and take on a small round morphology

called a spherical ultramicrocell (Oliver 1993; Ostling

et al.  1993). Cytoplasmic granules disappear and the

nuclear region becomes condensed (Hood et al. 1986).
During cold periods, vibrios may be found primarily in ;
sediments or attached to surfaces. Attachment to specific I
Substrates such as shellfish and copepods may requirei

.the production of specific enzymes or lectins (Chiavelli',

et al.  2001; Pruzzo et al.  1996). Cells may also respond

to starvation and/or cold by entering a viable but

nonculturable (VBNC) state. I t  is not clear whether
-ultramicrocells and VBNC forms are related. In the

VBNC state, the cells are physiologically active but will

not grow under routine laboratory conditions (Colwell

and Huq 1994; Xu et al. 1982). This state is accompanied

by ultrastructural -changes including a reduction in cell

-size and changes in the outer mgmbrane, (Kondo et al.

1994; Oliver 1993; Strom and Paranjpye 2000). V.

cholerae can also excrete an exopolysaccharide that

leads to formation of clumps in liquid culture and a

wrinkled or rugose colony morphology on laboratory

media (White 1938). These rugose forms show increased

resistance to chlorine and other biocides (Rice et al.
1993) This abiiity of vibrios to respond to changes in

their environment may be what allows them to persist in

so many environmental niches.

MORPHOLOGY

Microscopic

Vibrios are straight to curved or comma-shaped and 0.5-

0.8 ;rm wide (Baumann et al 1984). Rapidly growing
- 

cultures often show straight forms that are indistinguish-

able from other gram-negative rods. Curved and comma

shapes are most common in the early stationary phase.

Old or stressed cultures may form coccoid shapes, long

filaments, and S forms. In liquid media, vibrios show

vigorous darting motility.

Colony morphology

Vibrios can produce a large variety of colony morpholo-

gies on nonselective media. Most produce smooth,

convex, creamy colonies. Acapsular isolates tend to

produce translucent colonies, while encapsulated strains

are more opaque and may even be somewhat muccoid

for heavily encapsulated V. vulnificus strains. Capsule
' 

production can be reversibly switched off resulting in a

mix of translucent and opaque colonies, and single colo-

I nies may produce translucent and opaque sectors

(Johnson et al. 1992; Simpson et al. 1987; Wright et al.

1990). Rough mutants, which have truncated lipopoly-

, saccharides (LPS), produce a more granular appearance

and cannot be serotyped. Vibrios can also switch
I between the common smooth morphology and a wrin-

, kled. or rugose, colony morphology that is adherent to

I the agar and difficult to emulsify (White 1938). In Z
' cholerae, this phenotype is associated with the produc-

tion of an exopolysaccharide and increased resistance to

chlorine, ultraviolet (UV) light, and other environmental

stresses (Rice et al. 1993). V. parahaemolyticus, V.

harveyi, and V. alginolyticus may swarm on solid media

due to the production of lateral flagella (McCarter

2001). Swarming occurs most frequently at room

temperature.

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Culture

Samples for vibrios should be processed expeditiously

and never refrigerated. Fecal specimens should be

placed in Cary Blair transport media. Enrichment

broths such as alkaline peptone water, incubated for 6-

8 h, can be useful for increasing recovery of V. cholerae

from formed stools, food samples, and water samples A

second enrichment step is often used for food and water

samples. Vibrios grow rapidly on most nonselective

media containing 0.5-1.0 percent NaCl. Most vibrios will

not grow in nutrient agar without added salt and the

range of salt concentrations that support growth is an

important test for identifying the many species of vibrios

(Tison L999; Kaper et al.  1995).

Several selective media have been designed to isolate

V. cholerae but their sensitivity and specificity for

other species of vibrios is not clear. The most commonly

used selective media is thiosulfate-citrate-bile salts-

sucrose (TCBS) agar. Some species, such as P. damsela,

V. hollisae, and V. cincinnatiensis, do not grow or grow

poorly on TCBS. There is some loss of plating efficiency

even for V. cholerae on TCBS and this varies from

manufacturer to manufacturer and from lot 
- 
to lot

(Franco et al.. 7997; West et al. 1982; Tison 1999). In

addition to selecting for vibrios, TCBS differentiates
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strains by their ability to ferment sucrose. V. cholerae,V.
alginolyticus, and, V. fluvialis ferment sucrose, producing
yellow colonies. Green colonies are nonsucrose-
fermenting species, such as V. vulnfficus, V. mimicus, V.
parahaemolyticus, P damselae, V. hollisae, and, V.
metschnikovii. Other selective media include taur-
ocholate tellurite gelatin agar (TTGA) (or Monsur's
agar) (Kay et al. 1994), polymyxin-mannose-tellurite

agar (Shimada et al. 1990), and thiosulfate-chloride-
iodide agar (Pfeffer and Oliver 2003). Vibrios will also
grow well on blood agar and usually as clear lactose-
negative colonies on MacConkey agar after overnight
incubation. Blood agar plates from stool cultures should
be examined for oxidase positive colonies to increase
recovery of vibrios and Aeromona.r spp. (Tison 1999)

Blood agar is particularly useful for isolation, recogni-
tion, and identification of vibrios as it allows one to test
individual colonies for oxidase production. V. cholerae
'and Z vulnfficus tend to form smooth, creamy, buff-
colored colonies. Others, such as V. metschnikovii, and
V. alginolyticlr.r, appear as rather flat grayish glistening
colonies andV. alginolytlcr.rs usually swarms. V. mimicus,
V. hollisae, V. fluvialis, P. damsela, V. metschnikovii, and.
some 7. cholerae are B-hemolytic on T-soy agar with five
percent sheep blood after overnight incubation at 35-
37'C. Classical biotype V. cholerae 01 are nonhemo-
lytic, but most strains of eltor biotype, serogroup 0139,
and non-O1, non-O139 V. cholerae are B-hemolytic. V.
metschnikovii produces a double zone of hemolysis.
Alpha-hemolytic or nonhemolytic species include I/.
parahaemolyticus, V. alginolyticus, and V. vutnificus. \
Although not B-hemolytic on sheep-blood agar, V. para- j

haemolyticus is B-hemolytic on Wagatsuma agar, whichl
contains human blood. This is known as the Kanagawa ,i
phenomenon and is associated with virulence (Tison I
1999:  Joseph e t  a l .  1982.1 .

Gqowth requirements

All vibrios are halophilic, and most will not grow in
media lacking sodium chloride. The range of salt that
supports growth is a useful characteristic for species
identification. V. cholerae and V. mimicus have the
lowest requirement for salt and will grow on media
without added salt (e.g. nutrient agar). Marine species
such as V. alginolytiazs and V. aerogenes have the
highest salt requirements (Baumann et al. 1984).
Because most common laboratory media contain only
0.5 percent salt, it is important to add salt to one percent
to decarboxylase broths, sugar fermentation broths, and
other biochemicals when identifying vibrios.

.,Vibrios generally grow well between 14 gqd_40'C- V.
metschnikovii and V. anguillarum will grow slowly at
4'C, but mo,Et strains rapidly become nonviable or
nonculturable below 10'C. Vibrios also tolerate a range
of pu r--tS-ta {0. The gastric acid barrier rs an

important protection against vibrio infection and
patients with reduced stomach acidity are at inCieased

risk for infection. Food can act as a buffer; reducing the
infectious dose required to produce cholera (Kaper et al.
1995) .

METABOLISM

o-Glucose is fermented with the production-qJ aci.d but
rarely gas, except in V. furnissii, .V.. aerogenes, and,
rarely, P. damselae (Baumann et al. 1984). The main

froducts of fermentation are formic, acetic, lactic,
succinic, and pyruvic acids and ethanol. Some species
produce acetoin and acetyl methyl carbanol (Voges

Proskauer positive). Vibrios are highly degradative,

excreting many enzymes, including cytolysins, proteases,

elastases, amylase, gelatinases, chitinases, nucleases,
lipases, sulfatases, and lecithinases, into the substrate
(Baumann et al. 1984; Ostling et al. 1993; Pedersen et al.
'1997a; Janda et al. 1999). Most species are oxidase-
positive and reduce nitrate to nitrite. All are chemo-
organotrophs; most can grow in minimal medium with
D-glucose and NH+ as sole carbon and nitrogen sources,
respectively.

CELLULAR ORGANIZATION

Flagel la

Flagella allow the bacteria to move through liquids and
respond to food sources through chemotaxis and are
involved in biofilm formation. Most vibrios, when grown

in liquid media, produce a single polar flagellum with a

sheath that is an extension of the outer membrane
(McCarter 2001). Vibrios with monotrichous flagella

include V. parahaemolyticus, V. alginolyticus, V.
g!o-!e"4qg, V. harveyi, V. vulnificus, and L. anguillarum.

Some species (V. harveyi, V. fischeri, V. logei, V. salmo-
nicida) produce 11fts 9t ? to !,? sheathed polar flagella
(Baumann et al. 1984). In V. parahaemolyticus, expres-
sion of polar flagella requires about 60 genes that are
mostly contained within two regions. Flagella are
required for full virulence of V. cholerae and V. para-

haemolyticus (Kaper et al. 1995; McCarter 2001).

On solid or highly viscous media, some vibrios
produce elongated swarmer cells that produce both
polar and peritrichous flagella. The large numbers of
peritrichous flagella are not sheathed, have a different
wavelength than the polar flagella, and allow the

organism to swarm across the surface of the agar. 7.
parahaemolyticus, V. alginolyticus, V. diabolicus, and V.
pectenicida show this swarming behavior (Baumann et al.
1984; McCarter 2001). The lateral flagella are encoded
by a separate region of the chromosome from the polar

flagella and controlled by the scrABC genes-in V. para-

haemolyticus (Boles and McCarter 2002).
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Pi l i

Vibrios also produce a variety of pili or hmbriae
(Baumann et al.  1984). One of the best studied is the
toxin coregulated pilus (TCP), produced by epidemic
strains of V. cholerae. TCP is a type IV pilus encoded on
a pathogenicity island-indTs ciltlcat ior virulence for
two reasons. Stuciies with isogenic mutants have shown
that TCP is required for attachment to human intestinal

'Triucosa 
and that this is a necessarv steo in infection- 

(Kaper et al.  1995; klose 2001). fCp is aiso the attach-
ment site of CTXS, the lysogenic phage carrying cholera
toxin (CT) geiies (Chiang and Mekalanos 1999).
'- 

V. cholerae 01 of the eltor biotype and V. cholerae
0139 produce 1 s.econd type IV pilus, the mannose-
'Sensitive 

hemagglutinin (MSHA) (Chiang and Meka-
lanos 1999; Tacket et al.  1998). MSHA, thin f lexible pi l i ,
are rarely produced by classilal strains (Kaper et al.
1995) .  The roTe 'o f  MSHA in  human v i ru lence is  some-
what unclear. Antibodies against MSHA are protective
againSt infection with eltor strains (Osek et al. 1992), but
a deletion mutant in MSHA still produced diarrhea and
an immu_ne-respolse -in volunteers (Tacket et al. 1998).
MSHA may also play a role in adherence to
zooplankton (Chiavel l i  et al.  2001).

A third colonization factor is produced by CT-producing
V. cholerae.The cep gene is located in the core virulence
region near the eTgenes. Cep has a predicted amino-acid

r sequence that shows homology with a flexible pilus of
. Aeromonas hydrophila and mutations show reduced colo-
,nization in infant mice (Kaper et al. 1995). However, the
rrole in human pathogenesis, if any, is unclear.

Nonepidemic strains of V. cholerae, V. para-
haemolyticus, and V. vulni/icus also have pili that may
be involved in colonization (Honda et al 1988; Naka-
Sone and Iwanaga 1991; Nakasone and Iwanaga 1990a;
Nakasone and Iwanaga 1990b; Paranjpye et al.  1998).
Further work is needed to determine the role of anv of
these pili in virulence.

Cel l  wal l

The LPS of vibrios is an important component of the
cell wall. It is also the major determinant of serogroup.

- 
As in other gram-negative bacilli, vibrio LPS consists of
lipid A, core polysaccharide, and an O polysaccharide
side chain that determines the serogroup. In V. cholerae
01, the l ipid A consists of a B-1,6-l inked glucosamrne
disaccharide backbone with two phosphoryl groups
(Janda et al. 1988). The core polysaccharide contains
KPO (ketoJ-deo_xy-D-mannose-octulosonic acid), n-
g-lucoqe, L-glycero-l-nanno-heptose, D-fructose, and
ethanolamine phosphate (Manning et al. 1994:). There is
Variation in core polysaccharide among V. cholerae
selogroups (Nesper eL al. 2002). The O-polysaccharide
of V. cholerae 01. is a perosamine (4,6-dideoxy-D-

mannose) homopolymer acetylated with 3-deoxy-
't--glycero-tetronic 

acid with approximately 17-18

repeating subunits (Manning et al. 1994). The O poly-

saccharide of O139 strains has a hexasaccharide

repeating subunit identical to the repeating subunit of

the capsular polysaccharide (CPS). However, the LPS is

truncated with only one or two subunits of the 0139

antigen (Cox et al. 1,996; Knirel et aL f997). There is a

great deal of heterogeneity in the O-side chains of

vibrios (Iguchi et al. 1989; Iguchi et al. 1993; Kondo and

Hisatsune 1989). Like V. cholerae 0139, the LPS O-side

chains of V. parahaemolyticus and V. vulnificus are very

short and are termed lipooligosaccharides (LOS)

(Bahrani and Oliver 1991; Iguchi et al.  1995).

Capsules

V. vulnificus and non-Ol V. cholerae produce acidic

polysaccharide capsules that are important to their

ability to cause extraintestinal infections (Johnson et al.

1992; Simpson et al.  1987; Wright et al 1990). The Z

vulnificus capsule shows a high degree of heterogeneity

and is present on pathogenic and environmental strains

(Bush et al. 1997; Hayat et al. 1993). V. para-

haemolyticus produces a capsule (Chatterjee and Neogy

1972). but its role in virulence is not known. V. cholerae

01 do not prodriie capsules, but capsules are commonly
" produced by V. cholerae of serogroups other than 01

(Morris and Nair 2001). An acapsular mutant of a non-

01. non-O139 V. cholerae strain was less virulent in a

mouse model (Johnson et al. 1992). V. cholerae 0139 is

a special case. These strains produce a polysaccharide

capsule with a hexasaccharide repeating subunit
(Preston et al. 1995). The 0139 LPS has one or two of

this identical rep,eating subunit as its O-side chain (Cox

et al. 1996). The genes encoding the capsule and O

antigen are found in the same chromosomal location as

the 01 antigen genes in eltor strains (Comstock et al.
'l996; 

Stroeher et al. 1998). The presence of a capsule in

these strains may be the result of an error in LPS synth-

esis rather than by synthesis of a separate polysaccharide

as occurs in other V. cholerae. However, the presence of

a capsule still leads to the possibility that OL39 strains

have the potential to cause extraintestinal infections in

susceptible hosts.

GENETIC MECHANISMS

Chromosomes

The entire genome of V. cholerae has recently been

sequenced and it was discovered that it has two circular

chromosomes (Trucksis et al. 1998; Heidelberg et al.

2000). V. parahaemolyticus also has two chromosomes

(Makino et al. 2003; Tagomori et al.2002). One of the

chromosomes may have started as a megaplasmid, but
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both now contain essential genes. Recombination / The temperate bacteriophage K139, isolated from

between the chromosomes can occur. It is not known 0139 and 01 strains, has recently been sequenced
whetheral lvibriossharethisuniquegeneticorganization. (Kapfhammer et aI.2002). This phage is a member of

the kappa family of phage, which have previously been

described rn V. cholerae Ol. These phage encode a
f]a1m!=ds and integlon: ; protein, GIo, that may be involved in virulence (Chiang

= 
i and Mekalanos 1999). This phage uses the 01 antigen as

Plasmids are common in vibrios, but their functions are \ its receptor, suggesting that phage infection predated the
largely unknown (Biosca et al. 1996; Pedersen et al. \ conversion of an 01 eltor to serogroup 0139.
1997b; Wiik et al. 1989). Recently, a number of trans- \ Bacteriophage have also been found in V. para-

missible integrons encoding antibiotic-resistance genes \ haemolyticus (Chan et al. 2002), V. vulnificus (DePaola

have been found on plasmids or on the chromosome of j et al. 1998), and V. harveyi (Oakey and Owens 2000).
vibrios The SXT element, a conjugative integrating 

i 
The role of these phage in the ecology and virulence of

element;has been isolated from Z cholerae C)l39 strains / vibrios remains to be determined. However. all of these

and encodes resistance to streptomycin, trimethoprim, { recent developments in the genetics of vibrios suggest

and sulfamethoxizole. This 62-Kb region is integrated \ that horizontal gene transfer and recombination are
into a specific site on the chromosome and is self-trans- | relatively frequent events and the genome of vibrios is

missible by conjugation (Chiang and Mekalanos 1999; 
I Rlastic and continually evolving. It is likely that we will

Waldor et al. 1996). In another study of 94 non-O1, non- | see the emergence of new pathogenic clades of I/.

Ol39 V. cholerae strains examined,, 22 strains were I cholerae and other vibrios in the future.
found to have class I integrons on plasmids or in the i

chromosome. These integrons encoded resistance to
trimethoprim, amikacin, tobramycin, streptomycin, spec-
tinomycin, and erythromycin (Thungapathra et al.2O02).

Phage

There are over 180 tailed and at least ten filamentous
phage, both lytic and lysogenic, that infect vibrios (Kapf-

hammer et aI.2002). These can be used for phage typing
schemes and may be responsible for horizontal gene

transfer. One of the more exciting new discoveries about
V. cholerae pathogenicity is that the genes for cholera
toxin are carried on the lysogenic bacteriophage CTXQ
and that the receptor for CTXS is the TCP (Waldor and
Mekalanos 1996; Mekalanos et al. 1997). CTXd is a fila-
mentous phage that is usually integrated into the 7.
cholerae genome but can also replicate as a plasmid
(Waldor et al. 1996; Mekalanos et al. 1997). Both

cholera toxin and TCP are largely conserved within
clonal serogroup 01 and 0139 strains, but these findings
suggest that horizontal gene transfer may allow new
epidemic strains to arise in the future (Chiang and
Mekalanos 1999). This possibility is supported by the
recent observation that CT and TCP were found in a
clonal group of serogroup 0141 strains that causes
severe diarrhea (Dalsgaard et al. 2001).

A general transducing phage, CP-T1, has been identi-
fied from V. cholerae. This temperate phage is capable
of mediating horizontal gene transfer. Transfer of
cholera toxin genes and the TCP pathogenicity island
into nontoxigenic strains can also be mediated by CP-T1
(O'Shea and Boyd 2002; Boyd and Waldor 1999).
General transducing phage have also been described for
V. parahaemolyticus and V. alginolyticus (Muramatsu

and Matsumoto 1991).

LABORATORY ISOLATION AND
IDENTIFICATION

Genus identif ication

The first step in laboratory identification of vibrios is to

assign the isolate to the correct genus. This is becoming

more challenging because of changes in phenotype,

discovery of more Vibrio spp. with unusual character-

istics, and the fact that many laboratories no longer have

access to conventional biochemicals. Many of the minia-

ture biochemical test panels used in today's clinical

laboratories are not reliable in differentiatingVibrio spp.

from Aeromonas spp. or in correctly identifying the

species of either of these genera (Carnahan et al. 1996).

These systems may have a limited number of vibrios in

the database and the panels can give false negative tests

due to the low salt concentration. It is important for the

laboratory to be aware of these difficulties and to proac-

tively look for vibrios in clinical specimens, particularly

when there is a history of consumption of raw or under-

cooked shellfish, exposure of wounds to seawater, or

foreign travel. Vibrios, on nonselective media are similar

in appearanc-e to enterics, A ero-mo ias 2iV., A$!te"-it- --
mollg,s*tkJgglloldes- Vibrios grow well on commonly used

nonselective media but may be overgrown by other

bacteria, particularly in stool cultures. Addition of a

selective agar such as TCBS can increase recovery of

vibrios. Growth and colony morphology on TCBS agar

is helpful in identifying vibrios but is not sufficient even

as a screening tool. Not all vibrios will grow on TCBS

and there- is siln1liclnt lot-to-lot variation in selectivity.

The 
'oxidase 

test is readilv available in clinical labora-
-toils-i"d 

particularly criti.ul for sefarating vibrios,

Aeromonas spp.. and Plesiomonas shigelloides [rom
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enteric gram-negative rods. Vibrios (except V. metschni-
kovii and V. gazogenes), aeromonads, and P. shigelloides
are oxidase-positive (Baumann et al. 1984; Tison 1999).
In the Kovac's oxidase test, fresh growth is exposed to a
1 percent aqueous solution of n,n,ni,n'.tetramethyl-p-
phenylenediamine. Oxidase-positive colonies produce a
purple color. It is important to use fresh growth from
media that does not contain carbohy,drate and to use
simultaneous positive and negative controls. Tests suih
as triple sugar iron (agar) (TSI) or Kligler's iron agar
(KIA) can be useful to separate vibrios from Enter-
obacteriaceae and oxidase-positive nonfermentors.
Vibrios ferment sugars but do not produce gas from
glucose (except some strains of V. furnissii and P.
ilamsela). Susceptibility to the vibriostatic compound
2,4-diamino-6,7-diisopropyl-pteridine phosphate (O1129)
used to be a key test for identifying vibrios. In the past,
all vibrios were sensitive to 150 p"g Oll29 and all aero-
monads and enterics were resistant. Unfortunately, in
recent years, resistance to O1129 has become widespread
in V. cholerae (Huq et al. 1,992; Nath and Sanyal 1992)
and has also appeared in other species (Pedersen et al.
1997a; Dalsgaard et al. 1997). The string test and growth
in 6 percent NaCl remains valuable for identifying
vibrios. The string test is performed by mixing a large
loop of growth from a noninhibitory agar with a drop of
0.5 percent sodium deoxycholate on a glass microscope
slide (Baumann et al. 1984; Tison 1999). The deox.
ycholate lyses vibrios, releasing the cellular contents,
which causes the solution to become viscous. When the
loop is slowly lifted off the slide, a viscous 'string' is
visible between the slide and the loop-like cheese on a
particularly gooey pizza. Some strains of V. para-
haemolyticus, V. cincinnatiensls, and P. damsela give
variable results Most Aeromonas spp., P. shigelloides,
and enterics are string-test-negative. Salt requirements
are a valuable test for separating these groups of organ-
isms and can be helpful for species identification The
salt requirement is tested by growth in nutrient broth
with 0 percent or 6 percent NaCl added. Vibrios can

Test

Oxidase

String test

Gas from glucose

10;t 0.1129
150 pt O1129
0% NaCl '

6 %  N a C l

V. cholerael
V. mimicus

grow at 6 percent NaCl, while aeromonads, P. shigel-

loides, and enterics cannot. The halophilic vibrios cannot

grow at 0 percent NaCI. Salt broths must be inoculated

lightly so that they are not visibly turbid before incuba-

tion. and the inoculum should be fresh from a nonselec-

tive medium. The tubes should be examined at 24 h, but

negative tubes may be held for up to 7 days (Morris and

Nair 2001; Tison 1999). Key tests are summarized in

Table 58.1. Several tests should be considered before

delinitively assigning a strain to a speciflc genus. Clinical

laboratories may wish to involve a reference laboratory

in identification of these organisms. However, due to the

significance of vibrios or aeromonads isolated from

blood, sterile body sites, or wounds, a preliminary report

should be communicated to the physician as rapidly as

possible and not be delayed for definitive identification.

a,

Species identif ication

For many years, laboratory identification of vibrios was

relatively simplistic. Vibrios need only to be divided into

two groups V. cholerae 01 and nonagglutinable (NAG)

or noncholera vibrios (NCV). Identification of I/.

cholerae 01 meant not only a diagnosis of cholera but

also a public-health emergency. NAG or NCV vibrios

were regarded as essentially similar. A relatively few

biochemical tests and'a slide agglutination test were

sufficient to distinguish these two groups. We now recog-

nize that no! all y- cholerae 0L produce CT, that other

serogroups may produce CT, that there are many species

of NCV, and that identiflcation of other l4brlo species is

important for understanding their pathogenesis and

epidemiology. Identification of vibrios is no longer

simple but requires a battery of biochemical tests.

Testing for toxins and other virulence factors may also

be required.

To begin identification of the pathogenic vibrios,

fermentation of sucrose, as seen on TCBS agar. is

helpful. V. cholerae, V. alginolyticus, V. fluvialis,

Plesiomonas
shigelloides Enterobacteriaceae

Tabf e 58.1 Differential characteristics of Plesiomonas shiqelloides, Vibrionaceae, Aeromonidaceae, and Enterobacteriaceae

R

R
S/R
s/R
+

R

R

+
+

sd

sd

+

Halophil ic
vibrios

+-

+ b
c

5/R

s

Aeromonas

+, 90 percent  pos t ive react ion;  ,  90 percent  negat ive react ion;  V,  var iable or  +;  S,  suscept ib le;  R,  resistant
a) V. metshcnikovti and V. gazogenes are oxidase-negative
b) V. parahaemolyticus, V. cincinnatiensis, and P damsela are variable
c) V. furnissii and P damsela are varable
d) Many strains of V. cholerae rn India and Banqladesh have become resistant
e) Performed rn nutrient broth
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V. furnissii, and V. cincinnatiensis ferment sucrose and
have yellow colonies. V. parahaemolyticus, V. mimicus,
V. vulnificus, P. damselae, V. hollisae, and V. metschni-

kovii do not ferment sucrose, so their colonies are green.

Occasional strains of V. vulnificus that ferment sucrose
have been reported. For definitive, reliable identiflca-

tion, classical tube biochemicals should be used and

supplemented to a final concentration of 1 percent NaCl.
Tests should be incubated in ambient air at 35-37'C and
read daily for up to 3 days. V. cholerae and V. mimicus

can be differentiated from other vibrios by their ability
to grow in nutrient broth without added salt. V. cholerae
is sucrose-positive and V. mimicus is sucrose-negative.

Different concentrations of salt from one to eight
percent can help differentiate species (Baumann et al.
1984). Lysine decarboxylase (LDC), ornithine decarbox-
ylase (ODC), and arginine dihydrolase (ADH) are key
tests for dividing vibrios into groups. V. hollisae is the
only clinical species that is negative for all three tests. P.

damselae, V. fluvialis, and V. furnissii are ADH-positive.

Other critical tests are indole, Voges-Proskauer,

Simmon's citrate, and fermentation of arabinose (Tison

1999; Baumann et al. L984). Fermentation of myo-

inositol is key for identification of V. cincinnatiensis.

Key tests for separating the pathogenic vibrios are listed

in Table 58.2.

Biotypes

V. cholerae 01 can be broken into classical and eltor

biotypes. Classical strains are nonhemolytic, do not
agglutinate chicken erythrocytes, are Voges-Proskauer-

negative, and are sensitive to polymyxin B. Eltor isolates
have the opposite reactions, although nonhemolytic
strains are becoming more common. The biotypes can
also be separated by susceptibility to a panel of lytic
bacteriophage. Isolates from the sixth pandemic were all
of the classical biotype. The seventh pandemic is char-
acterized by eltor biotype strains, although occasional
classical isolates are still seen (Kaper et al. 1995).

V. vulnificus also has two biotypes. Biotype 1 strains
colonize shellfish and are associated with human infec-

tions. They are indole- and ornithine decarboxylase-
positive. Biotype 2 strains are associated with infections

of culture eels, have the same serotype, and are indole-
and ornithine decarboxylase-negative (Biosca et al. 1996;

Strom and Paranjpye 2000).

ANTIMICROBIAL SUSCEPTI BILITY

Treatment of cholera and other severe diarrhea with
antibiotics can reduce the duration of the disease and
Iength of time that vibrios are shed, but it is less impor-

tant than appropriate fluid and electrolyte replacement
(Bhattacharya 2003; Kaper et al. 1995). Cholera is often
treated with tetracycline (Holmberg 1992). Before the

advent of V. cholerae 01.39, trimethoprim-sulfamethox-
azole and furazolidone were also used to treat cholera,
but 0139 strains are generally resistant to these drugs
(Waldor and Mekalanos 1994). On the other hand,
prompt, appropriate, and aggressive antibiotic treatment
of extraintestinal vibrio infections is critical for survival.
There are limited studies on the susceptibility of the
halophilic vibrios. Most vibrios tested are susceptible to
tetracyclines, aminoglycosides, chloramphenicol, mono-
bactams, carbapenems, and fluoroquinolones (Morris
et al. 1985; Tang et al. 2002; Khan et al. 2002; Wong
et al. 2000). A combination of minocycline and a fluoro-
quinolone or cefotaxime may be most effective (Chuang
et al. 1998; Tang et al. 2002). Antibiotic resistance in 7.
cholerae has increased dramatically in recent years,
making susceptibility testing a necessity (Morris and
Nair 2001; Dromigny et al. 2002; Thungapathra et al.
2002; Ranjit and Nurahan 2000; Garg et al. 2000).

TYPING

Serotyping

The main vibrio antigenic structures important for sero-

typing are similar to those in enterics. The O-side chain

of the LPS constitutes the somatic (O) antigen and the

flagellum constitutes the H antigen. The O antigen

forms the basis for most vibrio typing schemes, as the H

antigens are common to all vibrio species. Most sero-

typing schemes for vibrios were developed before it was

known that vibrios hav€ capslGiild t-.-h-"r"foi"tapsular

(K) antigens have not been extensively studied.

There are serotyping schemes for several species of

vibrios. These are of great importance in tracking

outbreaks. However, only typing sera for V. cholerae

serogroups 01 and 0139 and serotypes Inaba and

Ogawa are readily available. The use of the extended

serotyping schemes is generally limited to a few refer-

ence laboratories. Several serotyping schemes have been

developed for typing V. cholerae based on the O antigen

side chain of the LPS (Kaper et al. 1995). They all iden-

tify strains of the sixth and seventh pandemics as

serogroup 01, but differ for other serogroups. The Saka-

zaki typing scheme is currently most widely used, recog-

nizing more than 140 serogroups for I/. cholerae

(Shimada et al. 1994). Serogroup 01 can be further

divided into Inaba, Ogawa, and Hikojima serotypes.

Hikojima represents an unstable transitional state where

both Inaba and Ogawa antigens are expressed (Manning-

et al. 1994; Tison'T999): Dirring epidemics, strains can

shift between serotypes with i change-oa6t?*q a

Inaba being more common than the converse. This

change is due to mutal ions in rfbT (Kaper et al.  1995).

V. parahaemolyticus has li-O intigens and more than

60 K antigens (Wong et al. 1996; Janda et al. 1988). Iz.

vulnificus has seven O antigen groups, but all flagellar
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antigens are the same (Shimada and Sakazaki 1984). At
least 23 serotypes of V. anguillarumhave been identified
(Pedersen et al. 1999). V. fluvialis and y. furnissii can
also be serotyped (Shimada et al.  1999).

Phage typing

The sensitivity pattern of different strains of V. cholerae
to lytic bacteriophage is another useful tool for tracking
the spread of cholera. Phage can be used for differ-
entiating classical from eltor biotypes of V. cholerae 07
(Mukerjee 1963, Takeya et al.  1981) and now phage
specilic for 0139 Bengal strains have been identified
(Albert et al. 1996). Additional phage have allowed
discrimination between 01 strains of the same serotype
and biotype (Basu and Mukerjee 1968). An updated
typing scheme has been reported (Chattopadhyay et al.
1993), and typing has been expanded to include 0139
Bengal strains (Chakrabarti et al. 2000). A phage typing
scheme has also been reported for V. fluvialis
(Suthienkul 1993). The use of phage typing is limited to
a few reference labs by the availability of typing phage
and a lack of consensus in the typing schemes (Kaper
et al.  1995).

Molecular typing

The difficulties inherent to phage typing have led to a
search for new, easier, and more sensitive typing
methods. Modern molecular typing methods are widely
available, highly discriminatory, and robust (Arbeit
1999). Standard molecular typing methods work well
with vibrios. These include multilocus enzyme electro-
phoresis (MLEE or MEE), amplified fragment length
polymorphisms (AFLP), pulsed-field gel electrophoresis
(PFGE), ribotyping, and sequencing (Kaper et al. 1995;
Popovic et al. 1995; Romalde et aL 2002; Thungapathra
et al. 2002; Wong et al. 2000). MLEE or zymovar
analysis uses variations in the electrophoretic mobility of
several enzymes to divide bacteria into electrophoretic
types. This method has been used to track the spread of
cholera in South America and Southeast Asia (Beltran
et al. 1999; Wachsmuth et al. 1993) and can be expanded
to other vibrios (Momen and Salles 1981). AFLP has
been used to differentiate strains of V. cholerae (Lan
and Reeves 2002), P. damselae (Botella et aL.2002), and
other vibrios (Janssen et al. 1996). PFGE may the most
commonly currently used method for molecular typing
due to its high degree of discrimination and applicability
to many organisms (Arbeit 1999). It has been used for a
variety of vibrios (Osawa et al 1996; Pedersen et al.
1997a; Romalde et al. 2002; Ryang et al. 1999; Wong
et al. 2000; Yeung et al.2002). PFGE is easy to perform,
very versatile, reproducible, and discriminatory.
However, gel patterns can be somewhat difficult to
interpret and lab-to-lab comparison of gels is particu-

larly problematic. Ribotyping analyzes restriction frag-
ment length polymorphisms of the genes encoding
rRNA. Its advantages are that it can be used on any
bacterium and an automated instrument that allows
excellent lab-to-lab comparison of data has been devel-
oped (Gendel et al. 2001; Yeung et a1.2002). Sequencing
of single genes such as ctxA, ctxB, hsp60, and recA
shows promise as a molecular typing method (Kaper

et al. 1995; Kwok et al. 2002; Stine et al. 2000). It is
currently limited by the expense of sequencing, but it
has the advantages of excellent lab-to-1ab reproducibility
and ease of analysis. Most importantly, sequence data
provide information about the phylogeny and evolution
of pathogens that is not available from the other typing
methods. Recent evidence that recombination is
common in bacteria, means that the use of multiple
genes, or multilocus sequence typing (MLST), is
preferred over sequencing of a single gene (Byun et al.
1999; Smith et al. 2000).

NORMAL FLORA

Vibrios are not part of the usual flora of humans. They
should always be reported by the clinical microbiology
laboratory when recovered. Isolation of a vibrio from a
sterile body site or a wound is highly significant.
However, not every individual carrying vibrios in the
gastrointestinal 11a9! shoyls symptoms. 

-ThiJ 
la reen

during cholera epidemics, where up to 60-75 percent_of
patients may be asymptomatic (Kapei et al. 1995).

-'Chrbnic cairleis of-Vibrios appear to be rare, but short-
term shedding in asymptomatic patients has been
reported for V. cholerae during cholera epidemics and in
pilgrims returning from Mecca, and for other vibrios in
visitors to the US Gulf Coast (Morris and Nair 2001).

PATHOGENICITY

Vibrios cause a range of infections from diarrhea, to
localized wound, eye, and ear infections, to necrotizing
fasciitis, to highly fatal septicemia. The most important
and well-known pathogen in the genus is V. cholerae,
the etiologic agent of epidemic cholerae. Cholera ranges
in severity from inapparent infections to cholera gravis
with massive efflux of fluids and electrolytes. In its most
severe form, cholera is characterized by prolific secre-
tory diarrhea, resulting in 'rice-water' stools. Fluid loss
can reach 200 ml/kg body weight/day (Chiang and
Mekalanos 1999). Untreated, cholera leads to hypovo-
leq!:- shock, acidosis, circulatory collapse, and death in

-dult. as well as children (Kaper et al. 1995). Epidemic
strains of Z cholerae (serogroups O1 and 0139)
produce cholerae toxin. Until a decade ago it was
believed that only serogroup 01 strains could cause
epidemic cholera. ln 1992, a new serogroup, 0139,
appeared in India and Bangladesh. This 0139 Bengal
stiain caused an epidemic that spread rapidly through
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Asia. The clinical picture was identical to that of

cholera, except that adults were more frequently

affected, showing that previous infection with O1

cholerae was n_ot-protective. (Morris et al. 1994; Waldor

and Mekalanos 1994). It has since been shown that 0139

Bengal strains are very closely related to OL eltor strains
(Bik et al. 1995; Johnson et al. L994; Stine et al. 2000;

Waldor and Mekalanos 1994). The major difference is

that the genes responsible for O-antigen and capsule

biosynthesis in 0139 have replaced the 01 antigen gene

of 01. 01 and 0139 strains produce the same virulence

factors: cholera toxin, zonnula occludens toxin (ZOT),

accessory cholera enterotoxin (ACE), and TCP. V.

cholerae is a classic model of a toxigeniC enteric

pathogen; the bacterium uses a pilus, TCP, to colohize

t!" S"! eld _CT causes tlie diarrtieja (Holmberg 1992).

The importanc-e of CT and TCP have been unequi-
v6-cally demonstrated by volunteer, animal, and epide-

miologic studies. Cholera toxin has been intensively

studied in terms of mode of action, site of action, genetic

regulation and molecular structure. Rarely, strains of

non-OL, non-O139 V. cholerae, and V. mimicrzs, particu-

larly in Asia, carry CT. Fluid replacement by oral rehy-

dration therapy and/or intravenous fluids is the key to

treating cholera (Bhattacharya 2003; Kaper et al. 1995).

Although V. cholerae is the only vibrio that causes

cholera, several other species cause diarrhea. V. para-

haemolyticus is a leading cause of food poisoning in

Japan and Southeast Asia (Joseph et al. 1982; Wong

et al. 2000). According to Centers for Disease Control

and Prevention (CDC) surveillance, V. parahaemolyticus

is also the most common vibrio isolated and the leading

cause of vibrio gastroenteritis in the USA (www.cdc.govi

ncidod/dbmd/diseaseinfo/fi les/VibCSTE99web.pdf ; www.

cdc.govincidod/dbmdidiseaseinf o/fi les/CSTE_Vibrio_2000.
pdf). A newly identified serotype, O3:K6, has recently

been responsible for pandemic outbreaks (Arakawa et al.

1999; Chiou et al. 2000; Yeung et al.20O2). Other species

associated with diarrhea are V. alginolytlcus, non-CT-
producing V. cholerae, V. fluvialis, V. hollisae, and V.

mimicus (Morris and Nair 2001; Janda et al. 1988). A

variety of enterotoxins are associated with these organ-

isms. but are not as well studied as CT. Several other

species, such as V. furnissii, V. mimicus, V. fluvialis, V.

hollisae, and V. vulnificus, have been isolated from stools

of patients with diarrhea, but causality is not clearly

demonstrated (Dalsgaard et al. 1997 Holmberg 1992).

In addition to causing enteric disease, vibrios are

important causes of wound infections and septicemia.

Wound infections are often associated with injuries

exposed to estuarine or marine environments and can be

associated with signiflcant tissue destruction (Barber and

Swygert 2000; Penland et al. 2000). V. vulnificus gener-

ally produce the most severe infections, often requiring

surgical debridement. The wound infection can advancet

to cellulitis with extensive skin necrosis, myositis, and

necrotizing fasciitis that may mimic gas gangrene.

Wound infections may progress to septicemia, and the

fatality rate ranges from 20 to 30 percent (Morris and

Nair 2001; Strom and Paranjpye 2000). Noncholera

strains of V. cholerae, V. alginolyticus, and P. damselae

also cause wound infections (Tison 1999).

Septicemia occurs secondary to wound infections or

primarily following consumption of raw or undercooked

seafood. V. vulnificus is the most important cause of

primary septicemia due to vibrios. In the USA, infection

typically follows consumption of raw oysters. Data from

the CDC showed that more than 95 percent of patients

had consumed raw oysters within the past 7 days (Strom

and Paranjpye 2000). V. vulnificus is responsible for

more than 90 percent of deaths due to vibrios. Fatalities

were predominantly in people older than 50 and most

occur in men. Estrogen may play a protective role,

explaining the gender difference in disease (Merkel et al.

2001). Septicemia occurs primarily in people with predis-

posing conditions such as liver disorders, immunosup-

pression, increased serum iron, or other chronic diseases.

Cases have been reported from patients with cirrhosis, a

history of alcohol abuse, cancer, liver transplantation,

acquired immune deficiency syndrome (AIDS), hemo-

chromatosis, and thalasemia major (Strom and Paranjpye

2000). Patients present with a sudden onset of fever and

chills, vomiting, diarrhea, and abdominal pain. Secondary

skin lesions often appear, progressing to bullae formation

and necrosis. Endotoxic shock often occurs and can

rapidly lead to death. Primary septicemia is fatal in 60-75

percent of patients. Rapid treatment of septidemia and

wound infections with antibiotics is critical (Morris and

Nair 2001; Strom and Paranjpye 2000). Tetracyclines or

fluoroquinolones appear to be effective and may be used

in combination with gentamicin or chloramphenicol

(Chuang et al. 1998; Morris et al. 1985).

Vibrios are also important pathogens of animals. 7.

vulnificus of biogroup 2 are pathogens of eels (Biosca

et al. 1996). P. damselae was originally described as a

cause of ulcers in damselfish (Love et al. 1981) and has

been associated with wound infections of a variety of

fish and other marine vertebrates (Pedersen et al.

7997a). V. anguillarum is the causative agent of disease

in marine flsh and shellfish (Pedersen et al. 1997b). V.

tapetis catses brown ring disease in clams (Castro et al.

2002). These diseases can cause losses to aquaculture;

their prevalence in the wild is unknown.

VIRULENCE FACTORS

V. cholerae

The most well-known virulence factor of vibrios is CT, a

heat-labile enterotoxin produced by V. cholerae of

serogroups 01 and 0139. This toxin is responsible for

the fulminate, dehydiating diarrhea characteristic of

cholera sravis. CT is a member of the family of heat-
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labile enterotoxins that includes the Escherichia coli LT.
This multimeil. to*ln has one A subunit (holotoxin,
MW 27.2 kDa) that is active intracellularly and five
identical B subunits (MW 11.6 kDa) that form a ring.
The A subunit is activated by cleaving the holotoxin to
form .A1 and ,A2 peptides joined by a disulfide bond The
'B 

subunit ring interacts with GMl receptors on human
cells, allowing the toxin to bind. The Gy1 receptor is a
ganglioside [galactose B1+3 N-acetylgalactosamine B1
{N-acetylneuraminic acid a2-3) +glucose-ceramide].

Neuraminidase, also secreted by V. cholerae, aids in the
-binding 

of CT by cleaving other gangliosides to-.Gy1.
- Once binding occurs, the A subunit translocates into the

cel l  and interacts with G proteins that control adenylate
cyclase. Adenylate cyclase catalyzes the conversion of
adenosine 5/ tr iphosphate (ATP) to cycl ic adenosine
f-monophosphate (cAMP). The increased levels tf
intracellular cAMP causes increased secretion of

-chloride 
ions by intestinal crypt cells and decreased

NaCl-linked absorption by villus cells, changing the
osmotic gradient. This change in the transepithelial
osmotic gradient causes fluids to be excreted into the
Iu'men of the bowel, resulting in diarrhea (Kaper et al.
1994; Klose 2001). CT may also increase the intensity of
diarrhea by interacting with prostaglandins and the auto-
romic nervous system. (Kaper et al. 1995; Peterson and
Ochoa 1989).

The secretory effect of CT can be detected in animal
models such as the removable intestinal tie adult rabbit
diarrhea (RITARD) model, rabbit ileal loop (RIL)
model, or the infant mouse assay (Pierce et al. 1988;
Spira et al. 1981; Spira et al. 1983). CT can also be
detected in vitro by enzyme-linked immunosorbent assay
(ELISA) and gene probes or in tissue culture (Nair and
Takeda 1994; Franco et aI.1,997).

The structural genes, ctxAB, encoding CT lie within
core region encoded on a lysogenic bacteriophage,
CTX$ (Waldor and Mekalanos 1996). The core element
also contains additional toxin genes, ace and, zot, and a
colonization factor gene, cep, and is flanked by RS1
elements. The RS1 elements allow for ampliflcation and
deletion of the core region (Waldor and Mekalanos
1994). There are multiple copies of the core region in
most strains; classical strains generally have two widely-
separated copies, while the core region of eltor and
0139 strains is found at single chromosomal locations,
although there may be tandem repeats (Kaper et al.
1995; Trucksis et al.  1998).

Before CT can exert its effect, V. cholerae must be
able to colonize the intestine. The major colonization
factor for epidemic strains of V. cholerae is the toxin-
coregulated pilus. Mutations that lack TCP have
reducecl coloniZafioh and diarrhea in animal and volun-
teer models (Kaper et al. 1995). TCP is composed of
long filaments 7 nm in diameter that form bundles
(Taylor et al. 1987). The major pilin subunit, TcpA,
shares homology with type IV pili of other bacteria.

Eltor and classical biotypes both express TCP, although
there are some variations. The predicted amino-acid
sequences of the two biotypes share 82-83 percent

homology; there are some epitope differences, and the
environmental conditions required for expression are
different. Expression of TCP requires genes in the tcp
operon and tcpG at a separate location (Chiang and
Mekalanos 1999). The tcp operon lies within a patho-
genicity island, called the vibrio pathogenicity island
(VPI) or the TCP pathogenicity island (Karaolis et al.
1998; Faruque et al. 1998). TCP serves as the receptor

for CTXS.

Expression of CT and TCP is regulated by the ToxR-
ToxT regulatory cascade. This system allows the
bacterium to respond to a variety of environmental
signals. The ToxR system controls expression of at least
17 genes including CT, TCP, Ace, and the outer-
membrane proteins OmpT and OmpU. ToxR is a 32-
kDa transmembrane protein with homology to two-
component response regulators. ToxR binds directly
upstream of ctxAB, ompU, and toxT, increasing their
expression, possibly with the aid of ToxS. ToxT, an
AraC-like protein, can also directly upregulate CT
expression. ToxT, in turn, activates other genes,

including those for production of TCP. This system
allows multiple genes at different locations on the chro-
mosome to be coordinately regulated so that they
respond to the same environmental conditions (Bina

et al.2O03; Chiang and Mekalanos 1999; Mekalanos et al.
1997; Klose 2001). ToxR homologs have been found in
many other Vibrio spp. (Lin et al. 1993; Vuddhakul et al.
2000). ToxR has been shown to directly regulate genes

in V. anguillarum (Oktda et al. 2001) and to affect regu-
lation of outer-membrane proteins and bile resistance in
V. mimicus, V. fluvialis, and V. parahaemolyticus

(Provenzano et al. 2000).

V. cholerae 01, with a deletion of ctxA, can still
produce significant diarrhea and abdominal discomfort
in volunteers. This may be due to the presence of ZOT
and ACE (Morris and Nair 2001). The zot and ace genes

are located within the CTXS element containing CT
genes. ZO'l acts by loosening the tight junctions

(zonnula occludens) of small-intestinal mucosa, thereby
increaSiiig intesilnhl perme-abil,itl (Fasano et al. 1991;
Fasario et aI. 

'l9W; 
Kaper et al. 1995). ACE increases

the short-circuit current in Ussing chambers and causes
fluid accumulation in RIL (Trucksis et al. 1993). Both of
these toxins may add to the loss of fluids into the lumen

of the bowel. Other studies have shown that zot and ace
are involved in CTXS morphogenesis (Chiang and
Mekalanos 1999). Further work is needed to clarify the
relative importance of these dual roles of ZOT and
ACE, and how they evolved.

Additional toxins can occur in V. cholerae but are not
well characterized. These can occur in both epidemic
and nonepidemic strains of V. cholerae. These include a
shiea-like toxin that has not been cloned and several
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hemolysins/cytolysins (Kaper et al. 1995). Some non-O1,

non-O139 V. cholerae produce a heat-stable enterotoxin

that has been shown to cause diarrhea by epidemiologic

and volunteer studies (Arita et al. 1986; Bagchi et al.

1993; Morris et al. 1990). This toxin has 50 percent

protein sequence homology to the heat-stable toxin (ST)

of enterotoxigenic Escherichia coli (ETEC) (Ogawa et al.

1990). To differentiate the heat-stable toxin of E. coli
(ST) from that of V. cholerae, the V. cholerae toxin is

called non-agglutinating (vibrio) stable toxin (NAG-ST),

because non-O1 V. cholerae are referred to as non-

agglutinating vibrios in the older literature. There rs an

association of NAG-ST with Sakazaki O14 serogroup

strains suggesting a clonal origin (Sarkar et al. 2002). It

is possible that V. cholerae, like E coli, has nonpatho-

genic members as well as pathogenic clades character-

ized by specific virulence genes or pathogenicity islands.

V. vulnificus

V. vulnificus is primarily an agent of septicemia and

wound infections and its virulence is not well under-

stood. Host factors are clearly of great importance in V.

vulnificus infections; septicemia is rarely seen in people

without underlying conditions. Strains also show consid-

erable variation in virulence in mouse models and no

one has yet been able to clearly link specific factors with

increased virulence. The one feature that has conclu-

sively demonstrated to play a role in pathogenesis is the

polysaccharide capsule (Simpson et al. 1987). Acapsular

mutants showed a significant increase in the LD56 in

mouse models (Wright et al. 1990). However, most

strains of V. vulnificus produce capsules, regardless of

virulence (Bush et al. 1997; Hayat et al. 1993;' Stelma

et al. 1992). As with other pathogens, the CPS protects

the bacteria from complement and phagocytosis

(Johnson et al. 1984; Musher et al. 1986; Strom and

Paranjpye 2000; Tamplin et al. 1985). The capsule may

also contribute directly to septic shock by activating

inflammatory cytokines (Powell et al. 1997).

Other virulence factors that have been proposed are

LPSs, cytolysin, protease/elastase, collagenase, pili, and

the ability of the organism to acquire iron from the host.

The LPSs of many gram-negative pathogens are known

to be potent inducers of septic shock (Alexander and

Rietschel 2001). Studies with I/. vulnfficus LPS suggest

that it is less active than that from E. col/, although it

does elicit inflammatory cytokines (Powell et al. 1997:'

Strom and Paranjpye 2000). Further work is needed to

understand the role of LPS and CPS in the induction of

shock.

Iron utilization is clearly important in the pathogeni-

city of lz. vulnificus. Diseases leading to increased serum

iron are a risk factor for V. vulnificrzs susceptibility, and

iron loading of mice decreases the LD56 (Wright et al.

1981; Wright et al. 1985). V. vulnificus produces sidero-

phores and can utilize a number of iron-containing

compounds (Simpson and Oliver 1983). Shifting from a

high to a low iron environment may be a signal for exp-

ression of virulence factors (Strom and Paranjpye 2000)'

A number of extracellular enzymes have been shown

to have activity in animal and cell culture modes, but

their importance in virulence is not clear (Morris and

Nair 2001; Strom and Paranjpye 2000). Mutations in

cytolysin, protease, or elastase resulted in little change

in the LD5e in mouse models, suggesting that these

toxins are not necessary for virulence (Shao and Hor

2000; Wright and Morris 1991).

Pili are important colonization factors for other

vibrios and may contribute to V. vulnificzs pathogeni-

city. A recent report that inactivation of vvpD, wil}l'

resulting loss of pili, caused a significant increase in the

LD5o in mouse models is intriguing. However, this muta-

tion also had defects in protein export that could be

responsible for the loss of virulence (Paranjpye et al.

1998). At this time, it is clear that CPS and iron-acquisi-

tion systems are important for survival in the blood

stream of the host; what is not clear is how V. vulnificus

produces the extensive tissue destruction and shock

characteristic of infections with this organism.

V. parahaemolyticus

Our knowledge about the factors responsible for viru-

lence of V. parahaemolyticus and, even more so, other

Vibrio spp. is very limited. V. parahaemolyticus patho-

genesis has traditionally been associated with production

of a thermostable direct hemolysin (Vp-TDH) that can

be detected by p-hemolysis on Wagatsuma agar, desig-

nated the Kanagawa phenomenon (Tison 1999). Dele-

tion of the gene encoding TDH reduces, but does not

eliminate, the enterotoxic effect in Ussing chambers and

rabbit ileal loops (Xu et al. 1994). In recent years, a

variety of TDH-related toxins (Vp-TRH) have been

found in Kanagawa-negative clinical strains. TRH and

TDH share about 70 percent sequence homology.

Recently, urease-positive strains have been associated

with outbreaks (Osawa et al. 1'996; Wong et al. 2000).

The genes for TDH and urease (tdh and ure) are linked

in a region that looks like a pathogenicity island (Park

et al. 2000). Pili have also been proposed as necessary

virulence factors.

Research on the virulence factors of the othet Vibrio

species has only just started. Indeed, many of these

species were not accurately identified until the past

decade or so, and we are stitl trying to understand their

significance in human and animal disease. Many vibrios

produce pili, toxins, enzymes, capsules, and other

products that could be involved in virulence. Many years

of research will be needed to clarify these issues'

Although V. cholerae is one of the most intensively

studied bacterial pathogens; it still has the power to
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surprise us. Vibrios will continue to infect us and
intrigue us for the foreseeable future.
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Aeromonads are gram-negative, oxidase- and catalase-
positive, facultatively anaerobic rods. Most species and
subspecies are motile by means of a single polar
flagellum. Some strains also produce numerous lateral
flagella. Nitrates are reduced and anaerogenic fermenta-
tion of many common monosaccharides, disaccharides,
glycosides, and some alcoholic sugars (o-mannitol,
glycerol) occurs. Acid is rarely produced from pentoses
(except L-arabinose), methyl pentose, trisaccharides, and
noncarbohydrate compounds (n-inositol). Aeromonads
are resistant to both 10 and 150 pg of the vibriostat ic
agent Oll29. Nutritional requirements are simple. Salt
supplementation is not required for growth; high salt
concentrations (6-7 percent) are inhibitory. Many extra-
cellular enzymes are produced including cytolytic toxins,
proteases, nucleases, lipases, sulfatases, lecithinase, chit-
rnase, amylase, and stapholysin. Aeromonads are
commonly found in aquatic environments, soil, and agri-
cultural produce and in the gastrointestinal contents of
fish, reptiles, amphibia, and higher vertebrates. Some
species are pathogenic for humans and tish The G + C
content of DNA is 57-63 mol%.

" There are presently 17 species in the genus , ero-
monas (Table 59 1). At least ten of these have been
implicated in human disease, but ,4. hydrophila, A.
caviae, and A. veronii biovar sobria have been most
commonly isolated from human infections. The type
species is A hydrophila.

Aeromonads are common inhabitants of the microbial

biosphere. They can be isolated from virtually any fresh-

water source excluding hot springs (Hazen et al. 1978).
During colder seasons they are often recovered from
poikilothermic animals and freshwater environments

although usually in low numbers. However, during the
warmer months of the year their relative numbers

increase due to elevated water temperatures (Chauret

et al. 2001). Aeromonads can be isolated from potable

water sources (wells, reservoirs, drinking fountains)
(Borrel l  et al.  1998; Chauret et al.2001; Vi l lar i  et al.

2003) and numerous foods including dairy products,

meats, fish, shellfish, and fresh produce (Krovacek et al

1992; Kirov 2001; Isonhood and Drake 2002). Recovery

from such diverse sources hinders epidemiological inves-

tigations attempting to link cases of Aeromonas-

associated gastroenteritis with particular food vehicles.

Aeromonas species can also be recovered from the

marine environment, particularly from estuaries, bays,

and inlets where salinity values are lower. A. caviae is
prevalent in marine samples, while A. hydrophila hybri-

dization groups (HG) (HG1, HG2, and HG3), A. veroni i

biovar sobria ar'd A. popoffii predominate in freshwater
(Borrell et al. 1998; Soler et al. 2002). Althou.gh Aero-
monos is not generally considered to be part of the

normal human flora, fecal carriage rate in asymptomatic

individuals can approach 3 percent in temperate regions,

and reach over 30 percent in developing countries
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Table 59.1 Current members of the qenus Aeromonas

HGU

2
4

1 1

6

1

9
5

3

1 2

1 0
tt

Former names/synonyms

A. hydrophila genomospecies 2
A. punctata

A. eucrenophila subgroup l l

En ter ic  g roup 501

A. enteropelogenes

A. ichthiosmia

Comment

Human s t ra ins  conta ined in  th is  HG are  mot i le  and
grow at 35"C

Not the A. sobria isolated from cl inical samples

Biovar veroni i  [ODC*]
Biovar sobria [ODC-]; this is the species isolated from

clinical samples previously referred to as'A. sobria'

Species

A. allosaccharophila

A. bestiarum

A. caviae

A. culicicola
A. encheleia
A. eucrenophila
A. hydrophila l5l"
A. jandaei

A. media
A. molluscorum

A. popoffii

A. salmonicida l5l

A. schubertii

A. simiae

A. sobria
A. trota
A. veronii
A. veronii

ODC, orni th ine decarboxylase
a) CDC hybr id izat ion group (Janda 200'1)
b)  Number in parenthesis indicates number of  subspecies

(Kirov 2001). Aeromonads have been isolated from
many other species and higher vertebrates including
birds, dolphins, seals, alligators, opossums, dogs, pigs,
cattle, sheep, horses, water buffaloes, tamarins, and
monkeys. A notable habitat is the digestive tract of
Hirudo medicinalis, the medicinal leech, in which a pure
culture of ,4 veronii biovar sobria is normally found
(Graf 1999a).

MORPHOLOGY AND CELL STRUCTURES

Aeromonas bacilli are (0.3-1.0) mm x (1.0-3.5) mm rn
size. They are morphologically indistinguishable from
other enteric organisms such as E. coli. Curved forms
are not present. Cellular morphology is independent of
culture conditions.

S-Layers

The outermost surface of some strains of Aeromonas
species including A. salmonicida, A. hydrophila, A. schu-
bertii, and A. veronii is the S-layer, or paracrystalline

surface layer (formerly termed A-layer). The S-layer can
be detected by electron microscopic analysis (thin

section) of uranyl acetate stained cells (Figure 59.1a, b)
(Kay and Trust 1991; Kokka et al.  1991). A single 50-
53 kDa protein forms the S-layer through an entropy-
driven self-assembly process: the subunits are arranged
in a tetragonal array. The structural genes for the

S-layers of A. salmonicida (vapA), A. hydrophila (ahsA)

and atypical A. salmonicida (vapAo,ro) have been cloned

and sequenced (Belland and Trust 1987; Chu et al. 1991;

Thomas and Trust 1995a; Maurice et al. 1999). The

vapA gene encodes a 502 amino acid protein, containing

a 21-residue amino-terminal signal peptide that is

cleaved following translocation of VapA across the cyto-

plasmic membrane. The ahsA gene encodes a protein

that has a predicted M. of 45 000, however the observed

molecular mass of the purified protein is 52 000. This is

due to post-translational modification of AhsA, as

evidenced by the presence of phosphotyrosine in AhsA

and also in S-layers of A. veronii biotype sobrla strains

(Thomas and Trust 1995a). Production of VapA is regu-

lated by multiple promoters, and by the product of the

abcA gene, a bifunctional protein also required for lipo-

polysaccharide (LPS) side-chain biosynthesis (Noonan

and Trust 1997). SJayer subunits are secreted across the

outer membrane by specific proteins with homology to

proteins of the general secretory pathways: in A. hydro'

phila to the PulD family of type II secretion proteins

and in A. salmonicida to a family of ATP-binding

proteins (Thomas and Trust 1995b; Noonan and Trust

1997). Following assembly, the array is held in position

by hydrophobic and polar interactions, and it has been

proposed that the LPS O-polysaccharide side chains

help to anchor the SJayer to the outer membrane, with

the O-chains protruding through the S-layer array

(Noonan and Trust 1997).
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Figure 59.1 (a) S-layer of A vercnii biovar sobia AH1,
(b) S-layer o/A veronii biovar sobria AHl labelled with specific
antibodies against the S-layer hnked to colloidal gold spheres,
(c) polar flagella of A hydrophila AH-3, (d) lateral flagella of A
hydrophila AH-3, (e) straight pili o/A veronii biovar sobria AHl
lmaoes are courtesv of Susana Merino and Juan M Tomds
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Capsules

Capsules have been detected in several Aeromonas

species using light microscopy of India ink preparations

and electron microscopy of ruthenium red-stained thin

sections (Kuijper et al. L989; Martinez et al. 1995). The

capsule of A. salmonicida has been shown to be

composed of glucose, mannose, rhamnose, mannuronic

acid, and N-acetylmannosamine (Garrote et al. 1992),

while capsules of -4. hydrophila strains belonging to

serotypes O:11 and O:34 contained o-glucose, n-

mannose, L-rhamnose, D-mannuronic acid, and acetic

acid (Martinez et a\. 1995). Zhang and colleagues have

recently cloned the capsule gene cluster of an A. hydro-

phila O18 isolate from a diseased flsh: the l7 562 base

pair sequence includes 13 genes, which are arranged into

three regions similar to those found in group II capsule
gene clusters of other gram-negative bacteria (Zhang

et aI. 2002). Region II contained five genes with homo-

logies to capsule biosynthesis genes found in other

bacteria, and regions I and III contained capsule trans-
port genes. In a further study, two types of group II

capsules were identifled on the basis of their region II

structure (Zhang et al. 2003). Ten out of 33 A. hydro-
phila isolates were found to produce group II capsules,

with group IIA mainly found in the O:18 and O:34

serogroups, and IIB in the O:21 and O:27 serogroups.

Lipopolysaccharide

The LPS of aeromonads consists of typical lipid A-core

oligosaccharide-O polysaccharide components. Electro-

phoretic analysis of the LPS of mesophilic strains reveals

three major patterns: heterogeneous ladderlike bands

typical of smooth LPS, homogeneous bands of medium

length uniquely associated with the O:11 serogroup, and

a fast-migrating band suggestive of a rough chemotype,

seen in O:22 strains (Janda 2001). Early investigations

by Shaw and Hodder (1978) identified three major core

oligosaccharide chemotypes based upon the presence or

absence of n-glucose, o-galactose, D-glycero-D-manno-

heptose and r--glycero-D-mannoheptose in each form.

Further studies have revealed the presence of some

additional sugars as part of the core component,

including 3-acetamido-3,6-dideoxy-r--glucose in chemo-

type III (Banoub and Shaw 1981) and n-glucosamine in

chemotype I (Michon et al. 1984). The basic structure

for each of these three chemotypes has been published

(Banoub and Shaw 1981; Banoub et al. 1983; Michon

et al. 1984). The O-polysaccharide structure has been

determined for a few selected isolates. Chemical analysis

of two serologically related strains of A. salmonicida and

A. hydrophila revealed a very similar repeating unit

structure with -4)-r--Rha linked (1+3) to either N-

acetylmannosamine (A. salmonicida) or N-acetyl-

glucosamine for A. hydropftlla (Shaw et al. 1983; Shaw

and Squires 1984). Both strains showed partial O-acety-

lation of either N-acetylmannosamine at position 4 or

L-rhamnose at position 2. An A. caviae isolate also

contained L-rhamnose linked to N-acetylmannosamine,

but its pentasaccharide repeating unit also contained l-

galactose, N-acetylgalactosamine and o-glucuronic acid

(Linnerborg et al. 1996). The O-polysaccharide of at A.

hydrophila O:34 strain contained N-acetylgalactosamine,

D-mannose and 6-deoxy-L-talose (6dTal) arranged in

tetrasaccharide repeating units (Knirel et al. 2002).'fhe

6dTal exhibited an unusual random acetylation, carrying

no, one or two 0-acetyl groups at any positions. Finally,

A. trota O-polysaccharide was found to consist of hexa-

saccharide units containing sugars including 3,6-dideoxy-

L-xylo-hexose or colitose (Knirel et al. 1996). The sero-

logical cross-reactivity of the A. trota sttain and Vibrio

cholerae O139 Bengal is explained by the presence of a

similar colitose-containing epitope in the capsular poly-

saccharide of the latter.

Genetic analysis of LPS biosynthesis genes in aero-

monads is limited as yet. The O-antigen gene cluster

from a virulent A. hydrophila strain has been cloned and

sequenced (Zhang et al. 2002). The cluster is 77 296

base pairs long and comprises L7 open reading frames

(ORF). Genes for the synthesis of rhamnose and

mannose, transferase genes and saccharide-processing

genes were identified. The abcA gene of A. salmonicida

encodes an ATP-binding cassette transPort protein

required in O-polysaccharide biosynthesis and in ener-

gizing O-polysaccharide transport to the cell surface

(Chu et al. 1995).

Flagella

Mesophilic aeromonads usually possess a single, polar

flagellum, but can also express multiple lateral flagella

(Figure 59.1c, d). The constitutively expressed polar

flagellum is unsheathed, and allows motility in liquid

environments (Rabaan et al. 2001). Genes and loci

involved in the production of polar pili have been identi-

fied in several species. A polar flagellin locus of A.

caviae conlarns five genes: two flagellins are encoded by

flaA and flaB (Rabaan et al. 2001). Each is a glycosy-

lated protein with predicted size of 31.7 kDa The two

flagellins share 92 percent amino acid homology, but

both are required for optimal flagellum function

(Rabaan et al. 2001). A polar flagellar locus (/g) of A'

hydrophila contains 16 genes, including two chemotaxis

genes, but no flagellin structural genes (Altarriba et al.

2003). The region is conserved in A. caviae and A.

veronii biovar sobria. The flmA and flmB genes are

found in A. caviae and other mesophilic aeromonads,

and are involved in polar flagellum assembly (Gryllos

et al. 2001). An early report described peritrichous

flagella on about 18 percent of mesophilic Aeromonas

strains grown on solid medium at 22'C (Shimada et al.
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1985). Optimization of growth conditions revealed that
at least 50 percent of mesophilic aeromonads produce
unsheathed lateral flagella (Kirov et al. 2002). Lateral
flagellins were recently purified from .4. caviae and, A.
hydrophila (Gavin et aI. 2002). They are glycosylated
proteins that differ from polar flagellin, and share
highest amino acid homology with the lateral flagellin
LafA of V. parahaemolyticus. Lateral flagellin genes
lafA-U (A. hydrophila) and lafAl, lafA2, and fliIJ were
cloned and sequenced (Gavin et al. 2002). As with the
tandem polar flagellin genes, A. caviae has two lateral
flagellin genes lafAl and lafA2, while A. hydrophila has
only one (lafA). Mttagenesis studies showed that both
lafAl and, lafA2 are required for motility in semi-solid
agar, and for swarming motility on Eiken agar (Gavin
et al. 2002; Kirov et al. 2002) suggesting that the A.
caviae flagellum has a complex f,lament composed of
both lateral flagellins. Mutations that abolished polar
flagellum production apparently inhibited lateral
flagellum expression, although lateral flagellin was still
detectable by Western blot (Gavin et al. 2002; Kirov
2003). The flgN gene in the polar flagella operon of A.
hydrophila is required for lateral flagella formation and
swarming (Altarriba et al. 2003) demonstrating another
link between the two flagellar types.

Despite A. salmonicida being defined as a nonflagel-
lated, nonmotile species of the genus, there have been
sporadic reports suggesting that some strains may
exhibit motility (Mclntosh and Austin 1991). Umelo and
Trust (1997) presented the first genetic evidence that A.
salmonicida is capable of producing flagella: the
tandemly located flaA and flaB genes are 79 percent
homologous to each other and share high homology to
the polar flagellin genes of A. caviae (Umelo and Trust
1997; Rabaan et al. 2001). Electron microscopy showed
that A. salmonicida can indeed express unsheathed polar
flagella, albeit on less than 1 percent of cells grown
under normal laboratory conditions (Umelo and Trust
1997). A. salmonicida also possesses a full complement
of lateral flagellum laf genes, which are functional with
the exception of the flagellin gene lafA (Merino et al.
2003). As lafA is inactivated by insertion of transposase
8, of the IS3 family, this may explain the lack of produc-
tion of lateral flagella in A. salmonicida.

Piri

Aeromonas pili fall into two major morphological types:
short, straight or rigid pili that are numerous on the cell
surface, and long, flexible pili present in lower numbers
(Figure 59.1e) (Carrel lo et al.  1988; Kirov et al.  1995).
Straight pili have diameters of 7-9 nm, are composed of
subunits of 17-18 kDa. and are common in environ-
mental isolates (Ho et al. 1990; Honma and Nakasone
L990; Kirov et al. 1995). The N-terminal amino acid
sequence of pilin from a clinical A. hydrophila isolate

showed homology with E. coli type 1 and Pap pilins (Ho

et al. 1990). Unlike these ,E coli pili, however, the
straight pili do not mediate hemagglutination.

The flexible pili have diameters of 4-7 nm and are the
predominant type on fecal isolates (Carrello et al. 1988;
Kirov et al. 1995; Kirov and Sanderson 1996). They are
type IV pili, whose pilin subunits share significant N-
terminal amino acid homology. Two families of type IV
pili have been identified. The Bfp (for bundle-forming
pili) have pilins of 79-23 kDa (Hokama et al. 1990;
Nakasone et al. 1.996; Kirov et al. 1998). Their N-term-
inal amino acid sequences have closer homology to the
type IVA pilins such as the mannose-sensitive hemag-
glutinin of V. cholerae, than to the type IVB pilin of E.
coli Bfp (Kirov and Sanderson 1996). Unlike other type
IV pili, Aeromonas Bfp do not mediate twitching moti-
lity (Kirov et al. 1999). A second family of type IV pili

was identified following the cloning of the gene cluster
tapABCD from a strain of 'A. hydrophila' (A. bestiarum
HG2) (Pepe et al. 1.996). The cluster has also been
cloned from A. veronii biovar sobria (Barnett et al.
1997) and A. salmonicida (Masada et al.2002) and has

been identified in other Bfp-positive strains and in all
Aeromonas species (Barnett and Kirov 1999). Tap pilins

have a predicted size of 17 kDa and are more closely
related to type IVA pilins of P. aeruginosa and N.
gonorrhoeae than to Aeromonas Bfp (Barnett et al.
1997). A third flexible pilus is not of type IV: it is
produced by an ,4. hydrophila strain at 22'C under iron-
depleted conditions and is composed of a novel 46
amino acid polypeptide termed mini-pilin (Ho et al.
1990). The mini-pilin structural gene fxp was not
detected in over 160 other Aeromonas strains (Ho et al.
1992; Kirov 2001). The fxp gene is homologous to cep,
which encodes the virion capsid protein of CTX Phi, a
filamentous phage encoding cholera toxin. It has thus
been suggested that this flexible pilus may actually be a
filamentous phage (Waldor and Mekalanos 1996).

Outer membrane proteins

Four outer membrane proteins ol A. hydrophila have
been purified and shown to be channel-forming proteins

or porins (Jeanteur et al. 1992). Porin I, a 47 kDa OMP,
was identified as a maltose-inducible maltoporin. It was
subsequently cloned from A. salmonicida, where the size
predicted from the sequence was 46 kDa (Dodsworth

et al. 1993), and from A. veronii, where the predicted

size of the 48 kDa 'Omp48' was 44 kDa (Yazqu,ez-

Jtarez et al.2003). This discrepancy may be due to asso-
ciation of porins with LPS, which could affect size deter-
mination on SDS-PAGE. Porin II of A. hydrophila, a
39 kDa protein (Jeanteur et al. 1992), exhibits highest
sequence similarity to porins OmpN, PhoE, and OmpF
from E. coll (Nogueras et al. 2000). A 43 kDa porin of
A. salmonicida has an N-terminal amino acid seouence
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identical to that of porin II (Lutwyche et al. 1995). Porin

III (36 kDa) is inducible in low-phosphate medium, and

resembles the general anion porin PhoE. Porin IV
(27 kDa) has a unique N-terminal sequence and forms

small cation-speciflc channels. Proteins V (30 kDa) and
VI (25 kDa) were only partially characterized (Jeanteur

et at. 1992). A 28 kDa OMP of A. salmonicida, wrth

relatively nonselective pore-forming ability, was

reported to have amino-terminal sequence homology

with protein V (Lutwyche et al. 1995). This was subse-
quently identifled as one of two A. salmonicida OmpA

homologs which migrate as a doublet on SDS-PAGE

with apparent M. of 27l28kDa prior to extraction with
hot phenol, or 32133 kDa following phenol extraction
(Costello et al. 1.996). Numerous functions have been

attributed to the OmpA family of proteins, which are

major OMPs of gram-negative bacteria, including main-
tenance of cell structure and morphology. The posses-

sion of two tandem ompA genes was shown to be wide-

spread among Aeromonas spp. (Costello et al. 1996).

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

On nonselective agar media Aeromonas isolates typi-

cally appear as tan to buff-colored, smooth, convex colo-
nies 3-5 mm in diameter after overnight incubation at
35-37"C. Most A. salmonicida strains involved in fish

infections produce a brown water-soluble pigment on

tyrosine-containing agar (Donlon et al. 1983) and rare

strains belonging to other groups, in particular some

biotypes of A. media, A. bestiarum, and A. euuenophila

elaborate a similar pigment on media such as trypticase
soy agar (Janda et al. 2002; Abbott et al. 2003). Most

aeromonads can grow in media containing up to 4
percent NaCl and over a pH range of 5-9 (Austin et al.

1989). Alkaline peptone water (pH 8.6), commonly used

for the isolation of vibrios. can also be used to enrich for

the presence of Aeromonas species. Because growth

requirements are simple, aeromonads can be routinely

cultured on many nonselective, differential, and selective

agars. Many Aeromonas strains produce B-haemolysis on

sheep blood agar, a phenotypic characteristic useful in

separating aeromonads from other enteric bacilli. Some
strains produce a double zone hemolysis, with an outer

incomplete zone of clearing and an inner zone of

complete B-hemolysis.
Classically, aeromonads have been divided into two

large groups based upon differential temperature optima
for growth. Psychrophilic strains, most commonly exem-
plified by the flsh pathogens A. salmonicida ssp. salmoni-

cida, A. salmonicida ssp. masoucida, and A. salmonicida

ssp. smithia, grow best at temperatures ranging between
22 and 28"C (Austin et al. 1989). Mesophilic strains,
primarily associated with human infections, grow opti-

mally between 35 and 37'C. However, many mesophilic

strains can grow at temperatures ranging between <5

and 45'C (Kirov 2001; Isonhood and Drake 2002).

METABOLISM AND PHYSIOLOGY

Aeromonads are chemo-organotrophs using a wide

variety of sugars and carbon sources for energy (Popoff

1984). Glucose is metabolized both aerobically and

fermentatively with or without the production of gas

(CO2, Hr). Transport systems have been characterized

for sugars including maltose (Honer zu Bentrop et al.

1994), fructose and mannose (Binet et al. 1998). When

grown in the presence of glucose, certain strains of A.

hydrophila, A. veronii biovar sobria and A. caviae

become nonviable after 24 h, a phenomenon termed

suicide or acid toxicity. This has been attributed to cata-

bolite repression by glucose of tricarboxylic acid (TCA)

cycle enzymes, an overproduction of acetic acid and

decrease in pH below 5.2 (Namdari and Cabelli 1990).

Both acid toxicity and amylase production by A. hydro'

phila require the transcriptional regulator cAMP

receptor protein (CRP) and are linked to cAMP levels

(Kidd and Pemberton 2002). A. hydrophila and A.

salmonicida also regulate gene expression through an

N-acylhomoserine lactone-dependent quorum sensing

system, which controls production of proteases and

biofllm development (Lynch et aI.2002).

A number of studies have documented the existence

of a viable but nonculturable (VBNC) state in A. salmo-

nicida and A. hydrophila. In one case, storage of A.

hydrophila in sterilized distilled water at 4"C resulted in

a VBNC state after 7 weeks, while storage at 25"C

caused the bacteria to enter the classical starvation

survival state with little decline in viability, forming a

mixture of rods and cocci (Mary et al.20O2). The extent

of resuscitation from the VBNC state is still contro-

versial (Wai et al. 2000; Mary et al.2002).

GENETIC MECHANISMS

Physical and preliminary genetic maps of A. hydrophila

and A. salmonicida have been constructed, revealing

single circular chromosomes and genome sizes of 4.5

and 4.6 Mb, respectively (Dodd and Pemberton 1998;

Umelo and Trust 1998). The location of six loci

for degradative enzymes and ten sets of ribosomal genes

were defined in the -4. hydrophila genome, while the

A. salmonicida map showed that some known virulence-

associated genes are not clustered on the chromosome.

Further details await completion of the A. salmonicida

slbsp. salmonicida genome project which is currently

in progress (see http://wit.integratedgenomics.com/

GOLD/).

In A. salmonicida, close to 100 percent of the strains

analyzed carry multiple plasmids: small, multi-copy plas-

mids of 1-6 kb and large 11-150 kb plasmids (Toranzo

et al. 1983; Belland and Trust 1989; Boyd et al. 2003).
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Most -4. salmonicida slbsp. salmonicida strains carry a
highly conserved group of cryptic plasmids of 5.0, 5.2,
and 5.4 kb, which have now been sequenced, revealing
them to be ColEl and ColE2-type plasmids (Boyd et al.
2003). For other Aeromonas species the frequency of
plasmid carriage is much lower. Chang and Bolton
(1987) screened 75 clinical isolates and found only 20
(27 percent) to carry plasmids. Only one plasmid
(pSOB1) was conjugative upon mating experiments with
E. coli. In later studies, 39 percent of human fecal aero-
monads carried plasmids (Morita et al. 1990) and trans-
ferable plasmids were detected in 33 percent of motile
Aeromonas species from Indian clinical and environ-
mental sources (Chaudhury et al. 1996), bur plasmid
carriage rate was only 16 percent in (mainly) Australian
isolates (Brown et al. 1997). Some plasmids detected in
A. hydrophila have been assigned to the lncC or IncU
incompatibility groups. IncU plasmids are rarely found
in genera other than Aeromonas (Hedges et al. 1985;
Aoki and Takahashi 1987).

Plasmid-mediated antibiotic resistance in select Aero-
monas sftains includes cephalexin, cefoxitin, erythro-
mycin, and furazolidone (Chaudhury et al. 1996), novo-
biocin and carbenicillin (Hanes and Chandler 1993),
streptomycin and sulfonamides (Hedges et al. 1985) and
kanamycin, streptomycin, tobramycin, and ticarcillin
(Chang and Bolton 1987). Several classes of tetracycline
resistance determinants have been described on R plas-
mids including tetA, tetC and /erD (Aoki and Takahashi
1987; Schmidt et al. 2001; L'Ab6e-Lund and Sorum,
2002). In addition to antibiotic-resistance markers,
several other properties have been found to be plasmid-
mediated in individual Aeromonas strains including
production of a mini pilin (Ho et al. \992), precipitation
after boiling (Toranzo et al. 1983), regulation of attach-
ment and hemolytic activities (Hanes and Chandler
1993), and production of a Shiga-like toxin (Haque et al.
1996), but none of these plasmids are widely dissemi-
nated among motile aeromonads (Brown et al. 1997).
Virulence plasmids may play a more signiflcant role in
A. salmonicida: Type III secretion genes in A. salmoni-
clda subsp. salmonicida are located on a 140 kb plasmid,
loss of which correlates with loss of virulence for
cultured fish cells (Stuber et al. 2003).

CLASSIFICATION AND TAXONOMY

The classification and nomenclature of aeromonads over
the past 30 years has led to much confusion and misun-
derstanding in the literature regarding the role vanous
species play in disease processes of both clinical and
veterinary importance. This confusion has been exacer-
bated by the development of multiple molecular tools to
assess the phylogenetic depth and relatedness of aero-
monads and aeromonad-like organisms, leading to an
expanding number of species and subspecies within the
genus. This process will undoubtedly continue for the

foreseeable future as microbiologists investigate aero-
monads recovered from various environmental and
animal sources including aquatic ecosystems, soils,

insects, and fish.

Phylogenetic studies

It is now well established that aeromonads represent a

unique line in the y-subclass of the phylum Proteo-

bacteria. Early studies by Colwell et al. (1986)

employing 55 and 165 rRNA cataloging indicated aero-

monads possessed enough phylogenetic depth and evolu-
tionary distance from other members of the family

Vibrionaceae (Vibrio, Photobacterium, Plesiomonas) to

warrant their transfer to a discrete new eubacterial

family, the Aeromonadaceae. These pioneering studies

have been confirmed in subsequent phylogenetic related-
ness investigations using molecular chronometers such as
small-subunit (165) rDNA and B-subunit of DNA gyrase
(gyrB) gene sequencing (Martinez-Murcia et al. 1992;

Ruimy et al. 1994; Ydnez et al. 2003). Thus, consensus

agreement from a number of phylogenetic studies indi-

cates that Aeromonas species represent a distinct line of

bacteria in the y-subclass from those of Vibrio, Plesio-

monas, and other enterobacteria. At present the family

Aeromonadaceae consists of two genera, Aeromonas and

Tolumonas.

Classification

The classification and naming (nomenclature) of Aero-

monas specres, subspecies, and groups has a checkered

history. The early history (prior to L960) recognized two

main groups or species based upon biochemical char-
acteristics, growth temperatures, and disease syndromes.

These two groups were A. hydrophila (motile, growth at
35'C, principally associated with human/animal diseases)

and A. salmonicida (nonmotile, best growth at 25-28C,

fish pathogen). By the mid-1970s, at least two distinct
groups within A. hydrophila had been detected based

upon numerical taxonomy analysis of over 200 indepen-

dent characters (Popoff and Vdron 1976). These two
groups were designated A. hydrophila and A. sobna.

By the late 1970s and early 1980s a systematic evalua-

tion of the DNA relatedness of all aeromonads was
independently undertaken by Canadian, French, and
United States groups using DNA-DNA hybridization.

The end result of these studies was that of the four

recognized species at that time, three of these (,4,. hydro-
phila, A. sobria, A. caviae) were genetically hetero-
geneous at the DNA level, that is, multiple DNA groups

(taxa) existed in each species although they could not be
phenotypically separated from one another (Popoff et al.
1981). Thus these three heterogeneous nomenspecies

actually contained multiple DNA groups within them

and were often referred to as phenospecies.
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Based on DNA pairing studies principally conducted

by the Centers for Disease Control (CDC) and the Insti-

tute of Pasteur, an unofficial consensus system of

naming each DNA group, or HG, was proposed to avoid

confusion. The type strains of previously named species,

such as A. hydrophila, A. salmonicida, A. caviae, and A.

sobria constituted HGs l, 3, 4, and 7 respectively; the

remaining HGs remained unnamed since biochemical

traits to clearly separate these groups from existing

species were not available. Initially L2 separate DNA

groups could be discerned based upon DNA-DNA reas-

sociation kinetics. By the late 1980s, phenotypic char-

acteristics that could separate several of these groups

were discovered and a number of these taxa were named

such as A. veronii (HG 10) and A. schubertii (HG 12).

By the early 1990s most of these original HGs were

named and the use of formal HGs became outdated as

165 rDNA sequencing and other molecular tools took

center stage in the naming of species since DNA hybri-

dization studies were more expensive, technically

demanding, and more time consuming to generate

results.

Table 59.1 lists the L6 currently named Aeromonas

species using the nomenclature that is most familiar to

microbiologists worldwide, although some of these

proposed species names may be in violation of rules of

the Bacteriological Code 1990, and therefore their taxo-

nomic standing may be questionable. The most recently

named species of the genus Aeromonas are A. culicicola,

isolated from the midgut of female Culex quinque-

fasciatus mosquitoes (Pidiyar et al. 2002), A. simiae,

isolated from monkey feces (Harf-Monteil et aL.2004),

and A. molluscorum isolated from bivalve mollusks

(Mifrana-Galbis et al. 2004).

Classification issues and controversies

There are currently a large number of issues with many

of the named species. This includes priority of publica-

tion (A. enteropelogenes = A. trota), deposttion of type

strain in two readily accessible international culture

collections (A. culicicola), and the legitimacy of other

proposed species. In addition, it does not appear feasible

for many of the more recently described species to be

identified using simple conventional biochemical tests.

Examples would include A. allosaccharophila, A. enche-

leia. and A. culicicola. Even with older established

species, such as A. media and A. eucrenophila, individual

isolates can present a diagnostic challenge to the best

laboratories. Finally, there is still taxonomic confusion in

the medical literature regarding 'A. sobria' and its use in

commercial identification databases. The correct name

for isolates with the 'A. sobria' phenotype that are

isolated from clinical material is 'A. veronli biovar/

biotype sobria'. An excellent resource for more informa-

tion on such issues is the List of Bacterial names with

Standing in Nomenclature (LBSN) of Euz6by (www.

bacterio.cict.frl).

LABORATORY ISOLATION AND
IDENTIFICATION

lsolation

Aeromonads grow well on most media routinely used

for the isolation of gram-negative pathogens. From

sterile body sites such as blood or cerebrospinal fluid

(CSF), or from contaminated sites where all species are

typically identified (wounds), their isolation is straight-

forward. However, when recovery from the gastro-

intestinal tract is attempted, their isolation can some-

times be problematic. Many Aeromonas isolates

(species) are sucrose-positive and/or lactose-positive and

almost all strains fail to ferment D-xylose. Thus,

moderate selective and differential media such as

MacConkey, Hektoen enteric, and xylose lysine des-

oxycholate agars are unsatisfactory for the routine isola-

tion of all fecal isolates. Many other enteric media

including selective agars (brilliant green, bismuth sulfite)

and eosin methylene blue are highly inhibitory to aero-

monads and are therefore of little practical value either

(Desmond and Janda 1986).

The approach to the recovery of aeromonads from

gastrointestinal samples is dependent upon both the

relative frequency of their isolation from stool samples

plus the isolation rate of several other enteric pathogens

such as Yersinia enterocolitica. If the incidence of Aero-

monas-associated gastroenteritis is not high then the

most practical approach is probably to include a blood

agar plate (with or without ampicillin), as a safeguard to

recover strains not picked up on moderately selective

and differential media (e.g. MacConkey). Blood agar has

the advantage of detection of B-hemolytic colonies,

which covers most Aeromonas species and strains

(Abbott et al. 2003). Many strains of Aeromonas

produce characteristic 'double-zones' of hemolysis on

blood agar consisting of an outer zone of partial (incom-

plete) hemolysis and an inner zone of complete hemo-

lysis. Colonies growing on blood agar can be spot tested

for oxidase and indole positivity, further confirming the

presence of aeromonads. The addition of 10-20 pglml of

ampicillin to blood agar helps to reduce the amount of

competing microflora; however, it should be noted that

5-10 percent of all aeromonads and all strains of A. trota

are ampicillin-susceptible and thus will be missed on

media to which this antibiotic has been added.

A couple of other approaches to the isolation of

aeromonads from feces are possible. If the incidence of

Y. enterocolitica is high enough, cefsulodin-irgasan-

novobiocin (CIN) agar can be used for a dual purpose

as studies have shown that both pathogens can be

successfully isolated off this medium (Altorfer et al.
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1985). On CIN agar, aeromonads produce 'bul ls eye,
colonies. If the incidence of Aeromo,?ds gastroenteritis
is high (>1 percent), a selective medium specifically
designed for the recovery of aeromonads may be
warranted and Jeppesen (1995) has reviewed a number
of these media.

t!_en1i!icat!9:n

SCREENING REACTIONS

While it is anticipated that most oxidase- and indol-
positive strains recovered from the gastrointestinal tract
will most likely belong to the genus Aeromonas, sttch
isolates can be confused with less frequently encoun-
tered species belonging to the genera Vibrio and Plesio-
monas. Because of this phenotypic similarity between
these groups in rapid spot tests and the fact that
commercial identification systems are notoriously poor
rn correctly identifying these species (Park et al. 2003), it
is important to perform screening tests prior to complete
biochemical characterization of isolates in a conven-
tional or miniaturized format. There are a number of
tests that are useful in placing such isolates into the
appropriate genus. These tests include growth on
nutrient agar with 0 percent NaCl and on thiosulphate-
citrate-bile salts-sucrose (TCBS) agar, susceptibility to
the vibriostatic agent 01129, gas from glucose fermenta-
tion, acid from the fermentation of sucrose and m-
inositol, and M@eller's decarboxylase and dihydrolase
tests (Abbott 2003). Once results are determined to the
genus level, complete biochemical characterization
can be undertaken with the appropriate choice of
biochemical tests.

COMMERCIAL

There have not been any comprehensive studies
published on the ability of commercial systems to
correctly identify aeromonads, vibrios, and plesiomonads
to species since the initial investigations of Overman
et al. (1985). However, a number of case reports suggest
that the accuracy of these systems is less than what
would be desirable (>90 percent accuracy). Major
problems include the inability of kit systems to identify
aeromonads to species, distinguishing A. caviae from l/.

fluvialis, and the misidentification of the Aeromonas
species (in particular the ornithine decarboxylase-posi-
tive A. veronii biovar veronii) as Vibrio species
(Overman et al. 1985; Abbott et al. 1998; Park et al.
2003)

CONVENTIONAL

Conventional identification is, at present, the method of
choice for identifying Aeromonas isolates to species in
the clinical laboratory. For the most common species
associated with human disease (A. hydrophila, A. cawae,
A veronii biovar sobria) a few simple tests that are

readily available in most laboratories can accurately
identify these genomospecies. These tests include
Voges-Proskauer, Mpeller's decarboxylase and dihy-
drolase reactions, gas from glucose, esculin hydrolysis,
and fermentation of L-arabinose. To identify the less
frequently encountered species a larger collection of
tests needs to be employed, including some assays (oL-
lactate, stapholysin, elastase) which are not readily avail-
able in many diagnostic laboratories. The presence of
some rare species can be suspected, however, by unusual
biochemical test results such as the inability to ferment
o-mannitol (A. schubertil), susceptibility to ampicillin
(A. trota), and acid production from t-sorbitol (A.

salmonicida). Biochemical tests useful in the identifica-
tion of Aeromonas species that can be isolated in the
clinical laboratory are listed in Table 59.2. Flow charts
and special tests to separate Aeromonas groups or
complexes can be found in Abbott et al. (2003).

MOLECULAR

Over the past few years a number of probes have been
developed to detect isolates belonging to the genus
Aeromonas or specific genomospecies. These molecular
assays could be used to identify isolates where conven-
tional or commercial biochemical test results fail to
provide a satisfactory answer with a high level of confi-
dence. A digoxigenin-generic DNA probe to detect all
Aeromonas species has been published. The probe
targets a 237 bp region of the glycerophospholipid-

cholesterol acetyltransferase gene (Chac6n et aL 2002);
similar organisms including vibrios and a number of
enteric species were nonreactive with this probe.

Species-specific probes or polymerase chain reaction
(PCR) assays have also been developed for A. hydro-
phila (Casc6n et al. 1,996; Oakey et al. 1999), A. caviae
(Khan and Cerniglia 1997), A. jandaei and A. schubertii
(Ash et al. 1993), and A. trota (Khan and Cerniglia
1997; Khan et al. 1999). While most of these probes/

assays look very promising, few have undergone
rigorous analysis including testing with wild type aero-
monad isolates and against nonrelated gram-negative

species including vibrios, plesiomonads, and enteric
bacteria.

ANTIMICROBIAL SUSCEPTI BILITY

Aeromonads are generally ampicillin resistant and
susceptible to the third generation cephalosporins,

aminoglycosides, tetracycline, trimethoprim-sulfa-
methoxazole, chloramphenicol, and newer groups or
classes of agents including the quinolones, carbapenems,
and monobactams (Burgos et al. L990; Koehler and
Ashdown 1993; Vila et al. 2002). Variable resistance is
reported to agents including the penicillins ticarcillin and
piperacillin, and to some of the first and second genera-

tion cephalosporins (Janda 2001). In some cases the
variability may be due to species specificity of anti-



@oc@Yos
I

@o!oo@
'

GooCoohmA
\iaa@€
,

N+cJ >
,

ni 5

e
6

A
I

n
6x
;i

Y
i6

+
o

E
>

A
a

+
l+

l>
| 

+
>

 
l>

 
t+

>
 

| 
|

l+
llll>

lll

+
l+

+
+

l+
+

l
tlllll

+
+

 
l+

+
 

l+
+

 
l+

+
 

| 
lll

+
l+

+
+

l+
+

l+
lllll

l>
+

>
>

+
+

l>
>

llll

ll>
>

l 
+

+
+

l+
>

>
+

ll

ll+
>

l 
+

>
+

l+
>

+
+

ll

+
l+

+
+

>
+

+
l+

+
>

l>
>

TPoafqr
*.9

,

ss,

<
d

 
+

o

B
 

<
+

 
|

*F
o

o
.I

tr
>

Y
e

ti*
;'r

.v
s

d
 

<
U

 
+

>
Eo

q
,

a
 

q
a

 
+

 >
o!o

s
a

-
R

S
*\E

, 
q

<
.+

 
+

-!o
l

0
,

!
G

.!l 
Y

-
o

L
Y

"
:

@
n

-

ti 
H

 
or 

,j'

6
-

v
^

,(! 
u

 
'>



'| 534 Aeromonas

microbial profiles. In vitro susceptibility to first genera-
tion cephalosporins such as cephalothin and cefazolin is
species associated as most strains of A. veronii biovar
sobria are susceptible while the majority of A. hydro-
phila and A. caviae isolates are resistant (Koehler and
Ashdown 1993; Vila et al. 2002). As yet there are few
reports that examine large numbers of the more recently
recognized species. In a study of the antimicrobial
susceptibility patterns of four species implicated in
human disease, the majority of A. jandaei isolates were
resistant to ticarcillin, piperacillin, and imipenem, while
A. veronii biovar veronii isolates were 100 percent
susceptible to piperacillin and 100 percent resistant to
ticarcillin (Overman and Janda 1999). A. trota is unique
among the aeromonads in being susceptible to ampicillin
(Carnahan et al. 1991) and 80 percent of strains were
also susceptible to cefazolin (Overman and Janda L999).
Resistance to colistin has been identified as differ-
entiating A. jandaei and, A. hydropftlla (resistant or vari-
ably resistant) from other aeromonads (Fosse et al.
2003a). In contrast, Kampfer and colleagues (1999)
found little evidence of species specificity in a study of
strains representing 14 of the currently described species.

Variable levels of resistance may also reflect acquired
resistance in isolates from particular geographical
regions. Although clinical Aeromonas isolates have been
reported to contain R plasmids these do not appear to
play a major role. Ko and colleagues (1996) have
reported emerging antibiotic resistance in clinical
isolates in Taiwan, to agents including tobramycin,
cefixime, trimethoprim-sulfamethoxazole, and tetra-
cycline, but the origin of this resistance is unknown.
Class 1 integrons mediate antibiotic resistance in envir-
onmental strains of A. salmonicida (L'Ab6e-Lund and
SOrum 2001) and motile aeromonads (Schmidt et al.
2001), with gene cassettes conferring resistance to oxyte-
tracycline, sulfonamide/trimethoprim, and aminoglyco-
sides. These integrons are in some cases associated with
conjugative R plasmids, and perhaps may provide an
environmental pool of resistance genes capable of
transfer to human pathogenic aeromonads.

Resistance to BJactam antibiotics in Aeromonas spe-
cies is often caused by inducible BJactamases, with some
strains producing multiple enzymes. Such resistance can
be induced by a wide range of antibiotics including peni-
cillin, cephalosporins (including cefoperazone), and
carbapenems (Bakken et al. 1988). At least three
different, chromosomally mediated B-lactamases can be
produced by mesophilic aeromonads: group l/class C
cephalosporinase, group 2dlclass D penicillinase and group
3/class B metallo-B-lactamase (Rossolini et al. 1996).
The genes for the three B-lactamases of A. veroniibiovar
sobria have been cloned and sequenced (Walsh et al.
1998): cepS encodes a group 1 cephalosporinase, AmpS
is a group 2d enzyme hydrolyzing mainly penicillins, and
lruiS encodes a class 3 metallo-B-lactamase active mainly
against carbapenems. Equivalent genes have been sequ-

enced from A. hydrophila and A. jandaei. Sequence
analysis of chromosomal cephalosporinase of A caviae,

Cav-1, suggested it to be the putative ancestor of
plasmid-mediated groupl/class C B-lactamases of the
FOX family found in E. coli and Klebsiella (Fosse et al.
2003b).

TYPING

A number of different methodologies have been devel-

oped to type Aeromonas isolates. Typing methods inher-
ently are not used to identify isolates to species (such as
a DNA probe), but rather to determine strain related-
ness (identity, nonidentity) between two or more
isolates. There are a number of reasons why typing
methods may be employed. These include epidemiologic
investigations related to potential outbreaks or pseudo-

outbreaks of disease caused by aeromonads, to identify
biotypes within established genomospecies, to detect
biochemically unique biovars within a species which may
represent a new taxon (species), and the association of
specific subtypes within a species with ecologic niches,
disease settings, or pathogenic potential.

Conventional

By far the simplest and least expensive method for

determining strain relatedness is biotyping. This tech-
nique is underutilized today due to the advent of mole-
cular typing procedures, yet is highly accurate if
performed correctly and can be done in most labora-
tories. Aeromonas species are a very metabolically

active group and can attack a wide range of substrates

including carbohydrates and digest or hydrolyze
numerous protein, lipid, and complex carbohydrate-like

compounds including casein, elastin, starch, and esters
(Abbott et al. 2003). At least two, and preferably three,
biochemical test reactions should be different between
two or more strains to ensure that they are not related if
one uses biotyping methods to fingerprint strains. These
test results should be reproducible under defined condi-
tions. For determining new biotypes, the same rules
apply except that the biochemical differences must
always be to the same tests.

There are some inherent problems with biotyping.
First, biochemical reactions are both temperature- and
media-dependent so these factors are important to
control (Altwegg et al. 1987). A second issue is that
some biochemical reactions with some Aeromonas

species appear to be linked as recently reported for the
fermentation of melibiose and raffinose (Abbott et al.
2003). Finally, some laboratories may not have a number
of substrates or tests that show considerable variability

within the genus such as gluconate oxidation, utilization
of lLlactate, and production of the enzymes elastase
and stapholysin just to name a few.
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Serotyping

Another useful typing system is based upon the presence
or absence of unique lipopolysaccharide antigens
(somatic, O) on the cell surface. Serogrouping of aero-
monads is an established typing technique since isolates
possess many different combinations of somatic anti-
gens. The most widely used serogrouping system has
been that developed by the National Institute of Health
(Tokyo, Japan), which consisted of 44 O-serogroups
(Sakazaki and Shimada 1984). The system has subse-
quently been expanded to now include 96 distinct O
serogroups (Korbsrisate et al. 2002).

Serotyping is a useful technique but does have a
number of limitations. Few laboratories today still
perform serogrouping of aeromonads. The National
Institute of Health (Tokyo, Japan) has discontinued
serogrouping although the O-serogroup 1 to O-
serogroup 44 and R strains are available from the Japan
Collection of Microorganisms, RIKEN (Wako, Saitama,
Japan). Several serogroups (O:11, O:16, O:18, O:34,
O:83) are also fairly common, so that existence of
isolates that possess these identical antigens does not
necessarily imply that they are the same strain. Finally, a
fairly large percentage of strains are 'untypable' or
'rough' which makes the technique useless for deter-
mining strain relatedness for these isolates.

Molecular

Molecular methods have certainly come into vogue as
the most common method used to type or fingerprint
Aeromonas strains despite the cost, technical equipment
and expertise required, and the limited association of
aeromonads with outbreak disease. Common molecular
methods currently utilized include restriction fragment
length polymorphism (RFLP) of 165 rRNA genes and
165-235 rDNA spacers (Borrell et al. 1997 Martinez-
Murcia et al. 2000), ribotyping (Moyer et al. 1,992),
random amplification of polymorphic DNA (RAPD)

and PCR amplification of enterobacterial repetitive
intergenic consensus (ERIC) sequences (Davin-Regli

et al. 1998). Pulsed-field gel electrophoresis (PFGE) has
also been used in several studies to fingerprint Aero-
monas strains (Talon et al. 1996; Borchardt ef al. 2003).
Satisfactory resolution has been obtained using restric-
tion endonucleases XbaI, SpeI, and, SwaL

As with other techniques, there are certain limitations
to molecular typing methods. Co-migration of RAPD-
PCR amplicons has been noted in one study (Oakey et al.
1998) and another investigation has indicated that RFLP
analysis of PCR-amplified 165 rRNA genes can produce
misidentifications (Graf I999b). Thus, all interpretations
of strain relatedness based upon a single technique should
be interpreted cautiously, and the ideal situation would
be to use two or more distinct typing methods.

BACTERIOPHAGES AND BACTERIOCINS

Aeromonas bacteriophages belonging to the families

Myoviridae, Siphoviridae, and Podoviridae have been

identified and partially characterized (Ackermann et al.

1985; Ackermann 2001). These bacteriophages exhibit

different speciflcities for components located on the cell

surface. The receptor for some phages (LPS-core oligo-

saccharides, O-antigen polysaccharide, flagellum) has

been identifled (Merino et al. 1.992). 
^fwo Aeromonas

phages belonging to the Myoviridae are distantly related

to coliphage T4 (Matsuzaki et al. 1999). There are no

reports of well-characterrzed bacteriocins in Aeromonas,

but bacteriocin-like activity has been observed, including

a recent report of antibacterial activity by A. hydrophila

against a number of gram-positive genera (Messi et al.

2003). No recognized phage or bacteriocin typing system

for aeromonads has been established.

PATHOGENICITY AND VIRU LENCE
FACTORS

Aeromonads are involved in both intestinal and extra-

intestinal human infections (Janda 1991). A large

number of putative virulence factors have been identi-

fled. but in most cases definitive evidence linking these

to human disease is lacking.

In gastroenteritis, the chref Aeromonas viruler'ce

factor in the disease process is the enterotoxin (Janda

1991). A number of distinctly different molecules

produced by aeromonads have been shown to possess

enterotoxigenic activity. The most common enterotoxin

is a cytotoxic/cytolytic B-hemolysin, or aerolysin,

produced by species including A. hydrophila, A. veronii,

A. caviae, atd A. trota.'[he structural gene aerA was

first cloned from an A. bestiarum fish isolate (Howard

and Buckley 1986); its homolog actA from a diarrheal A.

hydrophila strain shares 89 and 93 percent DNA and

amino acid homologies, respectively (Chopra and

Houston 1999). Aerolysins have molecular weights

ranging from 49 to 54 kDa, cause fluid accumulation in

infant mice and rabbit ligated ileal loops and are rapidly

lethal for mice. They are also cytotoxic for a wide

variety of eukaryotic cells (Janda 2001). Recent flndings

provide possible mechanisms for the intestinal fluid

secretion and pathology associated with Aeromonas

infection: ActA and an aerolysin-like hemolysin of A.

veronii biovar sobria stimulate the production of cyclic

AMP (Chopra et al. 2000; Fujii et al. 2003). ActA also

stimulates the production of tumor necrosis factor alpha

and other proinflammatory cytokines and activates

arachidonic acid metabolism in macrophages, due to

initiation of several early cell signaling pathways

(Chopra et al. 2000; Ribardo et al. 2002). The pro-

aerolysin has been crystallized and shown to be a

pore-forming toxin that oligomerizes into a ringJike
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heptameric structure: this inserts into membranes and
forms channels, destroying cell integrity and causing
apoptosis in certain cell types (Fivaz et al. 2001). The
inactive precurser binds to a variety of receptors, by
recognizing the glycan cores of glycosylphosphatidyl

inositol-anchored membrane proteins (Abrami et al.
2003). A second family of beta-hemolysins exhibits 45-51
percent amino acid sequence homology to the V. cholerae
HlyA hemolysin. Aeromonad HlyA toxins have less than
20 percent amino acid sequence identity with Act/aero-

lysin and are larger (6a-69 kDa) (Wong et al. 1998).

A number of cytotonic enterotoxins have also been
described. They are nonhemolytic, and most cause either
elongation of CHO cells or rounding of Y1 adrenal cells
and an increase in intracellular cAMP levels. but sizes
and reactivity with cholera antitoxin (CT) are variable.

\on-CT-reactive cytotonic enterotoxins include heat-
stable proteins of 15-20 kDa and the 7l kDa Ast
protein (Chopra and Houston 1999; Sha et al.2002). A
4SkDa heat-labile protein (Alt) also studied by Chopra
and colleagues (1996) possesses some amino acid
homology to phospholipase C of A. hydrophila. Other
enterotoxins have exhibited DNA homology and/or
immunological cross-reactivity with CT (Schultz and
McCardell 1988; Chopra and Houston 1999) and with
Shiga-like toxin 1 (Haque et al. 1996).

Aeromonads secrete a wide variety of enzymes and

other molecules, the role of which in human infection is
generally not yet established. They include several
metalloproteases and serine proteases and a number of
DNases that have been cloned and sequenced. Aero-
monas secretes multiple lipases, including glyceropho-

spholipid:cholesterol acetyltransferase (GCAT) that is
implicated in fish pathogenicity (Janda 2001). Lecithi-
nase (phospholipase C) was shown to be required for
virulence of A. hydrophila O34 strains in mice (Merino

et al. 1999). A. hydrophila was recently reported to
express enolase activity under in vivo growth conditions;
enolase is a glycolytic enzyme implicated as a virulence

factor in gram-positive bacteria (Sha et al.20O3). Acqui-
sition of iron from the host is essential for virulence, and
many bacterial pathogens secrete siderophores that are
compounds with high affinity for iron. Aeromonads
secrete at least two catechol siderophores: a novel
phenolate termed amonabactin is the predominant side-
rophore in A. hydrophila and A. caviae, while enter-
obactin is present in A. veronii biovar sobria and A.
jandaei (Byers and Arceneaux 1993).

Adhesion to the intestinal epithelium is likely to be an
essential virulence factor for aeromonads causing enteric
infections. Filamentous structures implicated as adhesins

include the flexible Bfp pili and both polar and lateral
flagella (Kirov et al. 1999; Gryllos et aL.20Ol; Gavin et al.
2002; Kirov 2003). Other potential adhesins include LPS,
a 43 kDa outer membrane protein (OMP), carbohy-
drate-reactive porins, capsule and the S layer (Francki

and Chang 1994; Merino et al. 1996; Noonan and Trust

1997; Kirov 2001; Rocha-De-Souza et al. 2003). Some

strains of A. hydrophila, A. veronii biovar sobria, A.

caviae and A. schubertii have been demonstrated to

invade cultured epithelial cells such as HEp-2 and intest-

inal Caco-2 and Henle 407 (Lawson et al. 1985;

Krovacek et al. 1995; Shaw et al. 1997; Granum et al.

1998; Rocha-De-Souza et al. 2003). A suggested link

with dysentery or hemorrhagic colitis is not yet

confirmed; inability to establish an animal model that

faithfully reproduces the gastrointestinal syndrome asso-

ciated with Aeromonas infection has hindered such

investigations. One study using the removable intestinal

tie adult rabbit diarrhea model has been partially able to

link histological and pathological changes in the intes-

tine with the probable site (ileum) of infection and inva-

sion (Pazzaglia et al. 1990).

For systemic disease, results of cumulative LD50

studies in mice support clinical data indicating that

strains belonging to the phenospecies A. hydrophila and

A. sobria are inherently more pathogenic than A. caviae

(Janda et al. 1994) while -4. jandaei and A. schubertii arc

also documented causes of bacteremia (Janda and

Abbott L998). Virulence factors thought to play a role in

invasive disease include S layers (Kokka et al. 1992),

capsule (Aguilar et al. 1999), LPS (Merino et al. 1998),

B-hemolysin activity (Chopra and Houston 1999), and

resistance to complement-mediated lysis (Janda et al.

1994) which in mesophilic aeromonads is mediated by

both capsular and LPS layers (Merino et al. 1998;

Aguilar et al. 1999). Aeromonas virulence is clearly

multifactorial, and it is likely that new virulence factors,

such as the recently-discovered cagA-llke gene in envir-

onmental isolates (Datta et al.20O3), await discovery.
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CAMPYLOBACTER

DEFINITION

Campylobacter organisms are slender, spirally curved,

nonspore-forming, gram-negative rods, 0.2-0.5 pm wide

by 0.5-5 pm long. Cells may form coccoid bodies in old

cultures or cultures exposed to air. Except for C. gracilis

and C hominis, cells are motile with a characteristic

corkscrewlike motion by means of a single polar

unsheathed flagellum at one or both ends of the cell (C.

showae has multiple unipolar flagella). Campylobacters

are microaerophilic to anaerobic and have a respiratory

type of metabolism. They grow at37"C but not at 15'C.

Hydrogen may be required by some species for micro-

aerobic growth. They are oxidase-positive (except C.
gracilis). They are nonsaccharolytic; energy is obtained

from amino acids or tricarboxylic-acid-cycle inter-

mediaries. Menaquinone-6 and a methyl-substituted

menaquinone-6 are the major respiratory quinones.

Guanine plus cytosine (G+C) content of DNA 29-

46 mol"/o. The type species is Campylobacter fetus.

HISTORICAL PERSPECTIVE AND
CLASSIFICATION

1544
1546

The generic name Campylobacter (Greek, curved rod)

was given by Sebald and V6ron (1963) to the group of

bacteria formerly known as the microaerophilic vibrios.

These organisms cause two major groups of disease:

fetal infections of cattle and sheep and acute enter-

ocolitis of humans. The former was for many years the

only known pathogenic activity of campylobacters; it was

only during the 1970s that their role as enteropathogens

came to light (Butzler et al. 1973: Skirrow 1977). It is

likely, however, that the first recorded encounter with

campylobacters was in 1886 when Theodor Escherich

described small vibrios in the large-intestinal mucus of

infants who had died of cholera infantum. His drawings

leave little doubt that he was looking at Campylobacter

Campylobacter and Arcobacter
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jejuni (or Campylobacter coli), but he was unable to
cult ivate them and he did not think they were patho-
genic (Escherich 1886).

The first isolation of campylobacters was made in 1906
by McFadyean and Stockman (1913) from the urerine
exudate of aborting sheep. A few years later Smith
isolated a similar organism from fetuses oI aborting cows
and named it Vibrio lizrrzs (Smith and Taylor 1919). The
disease came to be known as vibrionic abortion. Much
later. Florent (1959) showed that a form of the infect ion
known as bovine infectious infertility was due to a
variety of V. fetus transmitted from carrier bulls to cows
during coitus. He named the organism Vibrio .foetus var.
v ene rialis (now Cantpy lob acter fetus subsp. v ene realis).

ln 1927. another microaerophil ic vibrio was isolated
from the jt:junum of calves with diarrhea and later
named Vibrio jejuni (Jones et al.  1931) ln 1944, Doyle
isolated a sjmilar vibrio from pigs suffering from swine
dysentery; he named it Vibrio coll (Doyle 1948). These
became C jejuni and C. colJ, respectively, with the
formation of the genus Campylobacter by Sebald and
Vdron in 1963, although no examples of the original I/.
jejuni or V. coli strains had at that time survived. King
(1962) carried out the Iirst systematic examination of the
few microaerophilic vibrios that had then been isolated
from humans and in so doing she gave the first deflnitive
description of the group now represented by C. jejuni

and C col i  (her 'related vibrios').  These species are now
known to be, among the leading causes of acute bacterial
diarrhea worldwide.

In the 191'0s there was much confusion over campylo-
bacter nomenclature (Skirrow 1990), but the classif ica-
tion of V6rtn and Chatelain (1973) forms the basis of
currently approved nomenclature The application of
molecular rnethods, notably 165 rRNA sequencing,
shows that the genera Campylobacter, Arcobacter, Heli-
cobacter, and, WoLinella form a group, rRNA superfamily
VI, which Vandamme et al.  (1991) regarded as a dist inct
phylum far removed from other eubacteria. Trust et al.
(1994) make a case for placing the group in the epsilon
subdivision of the class Proteobacteria

Campylobacter and Arcobacter are now included in
the family Campylobacteraceae as proposed by
Vandamme and De Ley (1991). Campylobacter currently
contains 18 r;pecies, of which three, C. fetus, C. hyoinres-
tinalis, and C jejuni, are divided into subspecies
(Table 60.1) The taxonomy of campylobacters is
reviewed by On (2001)

HABITAT

Campylobacters enjoy a widespread reservoir in nature.
C. jejuni and C. coli are present in a wide variety of wild
and domesti,o animals, especially birds. Their host adap-
tation is reflected by their high optimum growth
temperature of around 42'C. Domestic poultry are espe-
cially prone to colonization and are a maior source oI

Figure 60.1 Campylobacter felus from a 48-h blood agar culture
(x l  300)

human infection (Vellinga and Van Loock 2002). Pigs
are the main hosts for C. coli. Another species belonging
to this 'thermophilic' group, C. /arl, is regularly found in
seagulls As a result of this extensive animal reservoir,
virtually all natural waters are contaminated with C.
jejuni. C. coli. and C. luri.

C. fettrs slbsp. venerealls is more strictly parasitic in
that it is adapted to the bovine genital tract and not to
the intestine C. sputorum biovar sputortm, C. concisus,
C. rectus. C. curvus, C. showae, and C. gracilis form part
of the natural gingival flora of humans

, \

t

r !
,

,
, ,  I

t T * ,

, q q

e  . t  *  /  
* x

t

t l  '

,

* \ \
It

Figure 60.2 Campyiobacter jejuni from a 24-h blood agar culture
(x l  300)
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MORPHOLOGY

The most striking feature of campylobacters is their spir-
illar conformation (Figures 60.1 and 60.2). This reflects
adaptation to the mucous environment of the intestinal
mucosa, as spiral bacteria are able to move easily
through viscous fluids (Ferrero and Lee 1988; Shige-
matsu et al. 1998). Most campylobacters have a single
unsheathed flagellum inserted at one or both poles of
the cell (monotrichate or amphitrichate). Exceptions are
C. showae, which has up to five unipolar flagella, and C.
gracilis, which has none. At each pole of the bacterial
cell there is a thickening of the inner cytoplasmic
membrane in the form of a truncated cone, tapering in
C. jejttni and blunt in C. fettLs. At the apex of this cone
there is a cup-shaped depression occupied by a large
(80-120 nm) disk pierced at its center by the hook of the
flagellum This arrangement is similar to that in Spir-
illum spp., except that h C. fetus and C. jeiuni the disk
has a 'cartwheel' structure consisting of 11 spoke-like
arms (Curry et al. 1984). This structure is apparently
unique to campylobacters.

Motility is rapid and darting, with the bacteria spin-
nrng around their long axes in a corkscrew fashion C.
jejuni swim at an average speed of nearly 40 pm/s
compared with about 13 pm/s for Escherichia coli
(Shigematsu et al.  1998; Karim et al.  1998). They are
able to pass through a 0.6-pm membrane filter, a prop-
erty used for isolating Campylobacter spp. from clinical
samples (Bolton 2001). In some species, notably C.
jejuni and C. lari, cultures that are postmature or
exposed to atmospheric oxygen undergo coccal transfor-
mation (Figure 60.3). This seems to be a degenerative
process ln response to toxic oxygen derivatives and low

Figure 60.3 Campylobacter jejuni Predominantly coccal forms
from a blood agar culture exposed to air for 24-h (r I 300)

osmolality (Harvey and Leach 1998; Reezal et al. 1998).
Several studies have shown that these coccal forms do
not grow on subculture, but the possibility that they can
revert to spiral forms in the gut remains unanswered.
The existence of viable but nonculturable (VBNC) cells
is somewhat contentious, but Tholozan et al. (1999)

claim to have shown that such cells have a much
increased cell volume with low potassium content and
membrane potential.

CU LTURAL CHARACTERISTICS,
METABOLISM, AND GROWTH
REQUIREMENTS

Campylobacters are strictly microaerophilic and do not
grow in air on primary isolation, yet oxygen (5-10
percent) is normally required for growth. Plate cultures
of C. jejuni exposed to air have been shown to adapt to
aerobic conditions (Jones et al. 1993). The oxygen sensi-
tivity of campylobacters is due to the vulnerability of
their strongly electronegative dehydrogenases to super-
oxides and free radicals, especially when they are rn a
resting state. The key to successful cultivation of campylo-
bacters is to add supplements that scavenge these
offending compounds. A simple and widely used supple-
ment consists of ferrous sulfate, sodium metabisulfite,
and sodium pyruvate (FBP), each to a final concentra-
tion of 0.05 percent. The effect of media composition on
the aerotolerance of campylobacters is explored and
reviewed by Hodge and Krieg (1994). Most campylo-
bacters require CO2 (1-10 percent) for growth (Bolton
and Coates 1983).

Some species, notably C. sputorum and C. fetus, can
grow anaerobically in the presence of certain electron
acceptors such as fumarate, aspartate, or nitrate (V6ron
et al. 1981); indeed, C. sputorum has been described as
an aerotolerant anaerobe, and growth is not enhanced
by adding FBP. C. sputorum, C. concisus, C. mucosalis,
C. curvus, C rectus, and C. hyointestiLealls usually
require hydrogen for primary growth. Hydrogen also
enhances the growth of C. jejuni and, C. coli, which use it
as a major energy source through the action of powerful
dehydrogenases (Hoffman and Goodman 1982). C. fetus
possesses cytochromes b and c, and C. jejuni cyto-
chromes b, c, and d. Cytochrome c is membrane-bound.

The fatty-acid composition of campylobacter cells is
distinctive. The major fatty acids are tetradecanoic
(14:0), hexadecanoic (16:0), hexadecenoic (16:1), octade-
canoic (18:0), octadecenoic (18:1), and, in the case of C.
jejuni and C. coli, 19-carbon cyclopropane (19:0 cyc)
acids (Lambert et al. 1987; Brondz and Olsen 1991) The
major isoprenoid quinones of campylobacters are mena-
quinone-6 and a methyl-substituted menaquinone-6
(Moss et al. 1984). The latter appears to be unique to
campylobacters.

Under ideal conditions. C. fetus and most other
campylobacters produce visible growth after 24 h at
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37'C, but colonies are not well formed until 48 h. C.
jejuni, C. coli, and C. lari grow optimally at 4243C and
for this reason are sometimes referred to as the 'thermo-

philic' group, even though they are not thermophilic in
the strict sense. Colonies of most species are circular and
convex, but those of C. jejuni, C. coli, and C. lari are flat
and droplet-like and tend to spread on moist agar
(Figure 60.4). A light, even turbidity is produced in
broth cultures, but if a little agar is added growth this is
restricted to a band about 2 mm below the surface.

Susceptibil i ty to physical and chemical
agents

In general, campylobacters are more susceptible to

adverse environmental conditions than most bacterra.

HEAT AND COLD

C. fetus and C. jejuni give D-values of 1 min or less at

60"C in raw, pasteurized, or skimmed cows' milk (Gill

et al. 1981). Thus, conventional pasteurization proce-

dures should kill large inocula. Exposure to tempera-

tures of 50'C, or below 4'C, causes sublethal injury to C.

iejuni and makes organisms unduly susceptible to rifam-

picin and 0.1 percent sodium deoxycholate (Humphrey

and Cruikshank 1985). A similar effect is produced by

exposure to ethylenediaminetetraacetic acid (EDTA), so

the nature of injury is probably cell-membrane damage.

Freezing and thawing causes a 1-2 lo916 fall in viable

numbers, but bacteria remain alive for many months at

20C. C. jejuni can survive for several weeks in natural

water at 4"C, but for much shorter periods at tempera-

ture above 15"C.

DRYING

Heavy saline suspensions of C. jejuni, C. coli, and C.

laridis exposed to drying survive for 2-I0 h at 37'C

(Doyle and Roman 1982a), whereas suspensions in

skimmed milk or Brucella broth dried and held at 4C

survive for several weeks (Fernandez et al. 1985).

GAMMA AND ULTRAVIOLET RADIATION

C. jejuni is at least as sensitive to ^y-radiation as salmo-

nellae (Lambert and Maxcy 1984) and more sensitive to

ultraviolet (UV) irradiation than E. coli (Butler et al.

1e87).

DISINFECTANTS

Hypochlorites, phenols, iodophors, and quaternary

ammonium compounds have all been shown to kill C.
jejuni within l- min at standard working dilutions. Chlor-

amine at a concentration of 1 mg/l kills C. ieiuni at least

as rapidly as it does E. coli (Blaser et al. 1986a).

PH

C. fetus, C. jejuni, and C. coli have a pH grow range of

5.5-8.0. At pH values below 5.0 or above 9.0 there is a
progressive inactivation although some strains of C. fetus
can grow slowly at pH 9.0.

SALT

Most campylobacters do not grow in broth or on semi-

solid agar containing more than 1.5 percent NaCl. C.

sputorum slbsp. bubulizs and biotype fecalis are the

main exceptions in that they grow in the presence of 3'5

percent NaCI. C. jejuni and C. coli are progressively

inactivated by concentrations higher than 1.5 percent,

but the rate is temperature-dependent (Doyle and

Roman 1982b). For example, at room temperature C.
jejuni can survive for 3-5 days in the presence of 4.5
percent NaCl, whereas at 4'C it can survive for 3 weeks

in 6.5 percent NaCl, albeit with a fall in viable numbers

of several log1e values. Therefore it is possible lhat C.
jejuni and C. coli cortld survive in salted uncooked meats

if initial contamination was heavy (Abram and Potter

1e84).

Figure 60.4 Campylobacter jejuni. Surface colonies on blood agar, 24 h at 37'C
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ASCORBIC ACID

Ascorbic acid is bactericidal to C. jejuni at 5 mmol/I, a
concentration that is present in a wide range of foods
(Juven and Kanner 1986).

GENETICS

C. fetus, C. jejuni, and C. coli have small genomes
ranging in size from 1100 to 1700 kb, which is only
about one-third the size of the E. coli genome. This is
consistent with the limited biochemical repertoire of
campylobacters. The genome of C. jejuni strain (NCTC
11168) has been sequenced (l 647 a81 bp) and found to
contain several hypervariable regions encoding surface
structures. These probably reflect a survival strategy
whereby the organism is able to live for long periods
outside its animal hosts. The study of campylobacters at
the molecular level has posed problems. -faylor (1992)
suggested that difficulties in cloning and expressing
genes from C. jejuni might be caused by the presence of
unusual campylobacter promoter sequences not utilized
effectively in E. coli. The latter may lack accessory
genes that are needed to process campylobacter gene
products, and DNA may be unstable due to differences
in methylation. In order to facilitate the cloning and
expression of campylobacter genes, a number of shuttle
and suicide plasmid vectors have been developed
(Taylor 1992). Housekeeping and antibiotic-resistance
genes have been cloned, but the only virulence factors
that have been studied in any detail are the flagellar
genes (see section on Flagella and motility).

Plasmids ranging in size from 2.0 to 162 kb have been
detected in 19-32 percent of isolates of C. jejuni and C.
coli, btrt apart from tetracycline resistance, no function
has been attributed to them.

The subject of campylobacter genetics is dealt with
fully by Taylor (1992) and also by Bereswill and Kist
(2002).

CELL.WALL COMPOSITION AND
ANTIGENIC PROPERTIES

The historical development of this subject is described in
Skirrow 1990. The outer membrane of campylobacters
includes specific immunogenic proteins and lipopoly-
saccharide (LPS) with a lipid A portion similar to that of
other gram-negative bacteria.

Surface antigens

killing and phagocytosis, which may explain why C. fetus
is able to cause systemic infection (Blaser and Pei 1993).
It is an immunodominant antigen and it carries at least
four antigenic specificities. Significantly, antigenic varia-
tion may arise in vivo in the bovine genital tract.

Nothing equivalent to this S layer has been found in
C. jejuni or C. coli. These species have major outer-
membrane proteins (MOMP) of MW 43-44 kDa in
single isometric form (porins), which are only weakly
immunogenic but cross-reactive with antisera raised
against other Campylobacter spp. C. /etas strains possess
two MOMPs of MW 45-47 kDa, each consisting of a
single or predominant isomer. Other (heat-labile)
protein antigens are expressed on the cell surface and
flagella. In the case of C. jejuni, C. coli, and C. lari they
are the dominant immunogens during infection, and they
are the serodeterminants for the Lior serogrouping
scheme, which recognizes some 160 serogroups. Sialyla-
tion of these surface proteins and glycolipids strongly
influences serum resistance and virulence (Guerry et al.
2000a).

Pebl is a conserved protein antigen among C. jejuni

and C. coli strains to which most infected patients

seroconvert (Pei et al. 199I). It would appear to be a
promising vaccine candidate.

LPS (heat-stable) antigens

C. fetus has two heat-stable LPS antigens, A and B, with
high-molecular-mass components. Strains of C. fetus
sttbsp. venerealls possess the A antigen, whereas strains
of subsp. /e/as possess either the A or the B antigen.

By contrast, the LPS and lipooligosaccharide (LOS)

components of C. jejuni, C. coli, and, C. lari show great

antigenic diversity. These antigens were originally
thought to form the basis of the Penner serogrouping
scheme of Penner and Hennessy (1980) (see below), but
it now appears that the main determinants are high-
molecular-weight capsular polysaccharides (CPS), which
are possessed by most strains (Karlyshev and Wren
2001). Campylobacter CPSs are unusual in being heat-
stable, unlike the CPSs of other gram-negative bacteria.
LPS antigens are immunogenic in patients naturally
infected with campylobacters, but the nature of the anti-
body response has received only limited study (Blaser

and Perez-Perez 1992).

LABORATORY ISOLATION AND
IDENTIFICATION

C. fetus and C. rectus are unique among campylobacters
in possessing a microcapsule, or S layer, consisting of
high-molecular-weight proteins (90-160 kDa) arrayed in
the form of a lattice. Unlike most protein antigens, it is
able to resist boiling for several minutes. In the case of C.

fetus, this S layer confers resistance to serum-mediated

In a clinical context the main role of the laboratory is to
detect campylobacters in the feces of patients with diar-
rhea. For same-day deliveries to the laboratory, feces
can be transported in conventional containers, but if
longer delays are anticipated, feces should be put in
transport medium such as Cary-Blair medium and kept
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cool. Transport medium should also be used for rectal
swabs.

Direct detection in feces

In the case of liquid feces, a direct smear or wet prepara-

tion may reveal the presence of curved rods characteristic
of campylobacters. For Gram staining, it is essential to
counterstain with carbol fuchsin or basic fuchsin. since
campylobacters do not stain well with safranin.

Commercial kits are available for the direct detection
of C. jejuni and C. coli antigens in feces, for example by
latex agglutination (Hindiyeh et al. 2000; Dediste et al.
2003). Molecular identiflcation methods based on the
polymerase chain reaction (PCR) can detect several
species of campylobacter, including uncommon species
that are difficult to culture. An advantage of PCR
methods over culture is the detection and speciation of
the organism on the same day, but they are expensive
and labor-intensive and do not provide an isolate for
typing or sensitivity testing (Kulkarni et al.2002).

Culture and isolation

Most Campylobacter spp. require a microaerobic atmo-
sphere containing about 5 percent 02, 10 percent CO2;
and 85 percent N2. Some species of Campylobacter, such
as C. sputorum, C. concisus, C. mucosalis, C. curvus, C.
rectus, and C. hyointestinalis, may require hydrogen for
primary isolation. Commercial gas packs may not yield

enough H2 for the isolation of these species.
The conventional method for isolating the common

enteric Campylobacter species from feces is primary
plating on selective media and incubation at 42C in a
microaerobic atmosphere. There is a distinct advantage
in incubation at 42C rather than 37"C for the isolation
of C. jejuni and C. coli (Gee et aL.2002). Selective media
are blood-based, or blood-free- charcoal-based, and
contain one or more antibiotics, mainly cefoperazone,
that suppress the bacterial enteric flora. Some of the less
common Campylobacter species are inhibited by conven-
tional selective agents and incubation at 42'C. There-
fore, where the presence of such organisms is likely,
such as in patients with autoimmune deficiency
syndrome (AIDS), immunocompromised patients, and
deprived children in developing countries, stool filtration
and culture on a nonselective medium should also be
used (Lastovica and le Roux 2000; Bolton 2001).

Enrichment cultures may be beneficial in instances
where few organisms may be expected, such as in feces
delayed before delivery to the laboratory or in formed
feces during convalescence from disease (Bolton 2001).

The isolation of campylobacters from blood and other
normally sterile sites is usually fortuitous. Most blood-
culture systems are capable of detecting campylobacters,
usually in the anaerobic medium. The vital step is to
incubate subcultures under microaerobic conditions. The

same goes for specimens such as joint fluids, where
cultures are likely to be negative unless microaerobic
conditions are provided.

Food and environmental specimens

The isolation of campylobacters from food and environ-

mental samples requires more complex methods. Enrich-

ment cultures are essential and are often preceded by

preincubation at 37"C to repair bacteria sublethally

damaged by exposure to heat or cold (Bolton 2001).

Biochemical activit ies and identif ication

The most widely adopted approach for the identification of

campylobacters is based on classical phenotypic characters

that include morphological appearances, growth tempera-

tures, biochemical reactions, and tolerances (Procop

2001). These are summarized in Table 60.I,p.1543.

Campylobacters are biochemically inactive compared

with many other bacteria. They do not utilize sugars or

produce indole, but all except C. gracilis produce

oxidase. Most species produce catalase and all reduce

nitrate to nitrite apart from C. jejuni slbsp. doylei.

Hippurate hydrolysis is a unique feature of C. jejuni,

although Totten et al. (1987) found that 1.6 percent of

C. jeiuni strains were hippurate-negative. Both C. iejuni
and C. coli grow at 42C and are resistant to cephalothin

and cefoperazone, which are valuable agents for inclu-

sion in selective media. The phenotypic identification of

other Campylobacter species can be difflcult and unreli-

able. Consequently, molecular methods, such as DNA-

DNA hybridization, PCR-DNA fingerprinting, and

PCR-restriction fragment length polymorphism analysis,

have been developed (Englen et al. 2003), although the

complexity and the cost of these procedures preclude

their use in most diagnostic laboratories.

A pragmatic approach to identification is taken in

diagnostic laboratories, where virtually all isolates are C.
jejuni or C. coli and their differentiation has little or no

clinical significance. Only if there are epidemiological or

other special reasons for speciation or typing is there a

need for cultures to be referred.

lmmune response and serodiagnosis

Patients infected with enteric campylobacters develop

both serum and intestinal antibodies. Serum antibodies

(mainly IgG and IgM) peak within2-4 weeks after infec-

tion and then rapidly decline. In populations repeatedly

exposed to infection, such as those in developing coun-

tries, IgA antibody concentrations increase progressively

and this is accompanied by immunity (Blaser et al. 1986b).

In culture-negative cases of suspected C. jejuni infec-

tion, for example reactive arthritis, erythema nodosum,

and Guillain-Barr6 syndrome (GBS), a serological diag-
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nosis is possible. Immunodiagnostic assays are not stan-
dardized, but they are necessary for the study of post-
infective sequelae and for the estimation of protective

immunity in epidemiological studies. A complement-
fixation test proved to be the most practicable test to
detect C. jejuni and C. coli grottp antigens in a compara-
tive trial by Van Duin et al. (1993). Strain-specific tests,
such as the bactericidal assay, are useful for investigating
outbreaks (Jones et al. 1981); enzyme-linked immuno-
sorbent assay (ELISA) may also be adapted for this
purpose. Cawthraw et al. (2002) identified several poten-

tial marker antigens indicating long-term immunity,
including flagellin, the MOMPs, and a 40-kDa antigen.
These antigens may be suitable for assessing immune
status, although their protective status is unknown.
Assays that can be carried out on saliva are awaited.

A curious antigenic coincidence is shown by about a
quarter of patients with campylobacter infection, whose
sera give positive reactions in the rapid microagglutina-
tion and indirect florescent antibodv tests for lesio-
nellosis (Boswell 1996).

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Campylobacters are normally susceptible to a variety of
antimicrobial agents including macrolides, aminoglyco-
sides, chloramphenicol, and tetracycline, but all are
highly resistant to trimethoprim. C. fetus and several
other Campylobacter species are sensitive to B-lactam
antibiotics, but C. jejuni, C. coli, and C. lari are resistant
to most BJactams, including cephalosporins; some
strains produce B-lactamase. Sensitivity to nitroimida-
zoles is a feature of several species, which is curious for
nonanaerobic bacteria, but there is considerable varia-
tion between strains. C. fetus strains are universally
reslstant.

C. jejuni and C. coli readily acquire resistance to fluoro-
quinolones, which limits their use in the treatment of
campylobacter enteritis. Resistance to the new quino-
lones is secondary to a mutation causing a change in the
A subunit of DNA gyrase (Cooper et al. 2002). Erythro-
mycin resistance is acquired less readily; resistance rates
of less than 5 percent are usual for C. jejuni but they
may rise to 80 percent in C. coli. Resistance to tetra-
cycline is plasmid mediated.

Campylobacter enteritis is a self-limiting disease for
which antimicrobial therapy is not usually required.
However, infants and immunocompromised individuals
are at higher risk of developing severe infection. In
those cases, early antibiotic therapy can decrease the
severity and the duration of illness. Until recently, if
antibiotics were indicated for the treatment of campylo-
bacter infection, macrolides or fluoroquinolones were
considered the drugs of choice (Skirrow and Blaser
2002). However, in the past 5 years, a rapidly increasing
number of Campylobacter strains all over the world have

been found to be resistant to fluoroquinolones or macro-

lides (Fernandez 2001). Fluoroquinolone resistance has

risen sharply since the late 1980s in Asia and Europe

following the introduction of these antimicrobial agents
(notably enrofloxacin) in veterinary practice (Endtz et al.

1991). The approval of fluoroquinolone use in poultry in

1995 was associated with an abrupt increase in fluor-

oquinolone resistance of C. jejuni from zero in 1990 to

13 percent in 1997 to 18 percent in 1999. The use of

fluoroquinolones in the treatment of human campylo-

bacteriosis was also found to sive rise to resistance in C.
j e j uni (F ernandez 2001).

Despite decades of use, the rate of resistance of

campylobacters to erythromycin remains low in indus-

trialized countries. but resistant strains are common 1n

developing countries, notably Thailand (50 percent) and

Zimbabwe (14 percent) (Coker et aL.2002).

Susceptibility tests for Campylobacter spp. are not

standardized (there is no recommendation by the

National Committee for Clinical Laboratory Standards

(NCCLS)), so there is variability in the susceptibility

data reported. The agar dilution method, using Mueller-

Hinton agar supplemented with 5 percent horse blood

and incubated for 16-18 h under microaerobic condi-

tions, provides a standard. As there is good correlation

between disk diffusion and agar dilution methods, disk

diffusion provides a reliable, easy, and inexpensive

method for susceptibility testing of C. jejuni and C. coli

to many antibiotics (Gaudreau and Gilbert 1997). The E

test has been found to compare favorably with agar dilu-

tion methods, but it tends to produce lower minimum

inhibitory concentration (MIC) values for nalidixic acid

and erythromycin (Engberg et al. 1999).

TYPING METHODS

Many typing systems have been devised to study the

epidemiology of campylobacter infections and they vary

in complexity and ability to discriminate between

strains. The most frequently used systems are biotyping

and serotyping, sometimes in conjunction with phage

typing. Auxotyping, protein profiling, lectin binding, and

multilocus enzyme electrophoresis have been tried but

without much success. Genotypic methods, such as

restriction endonuclease analysis, ribotyping, and restric-

tion analysis of PCR products can be highly discrimina-

tory, but there is no standardization. An evaluation of

phenotypic and genotypic methods for subtyping C.
jejuni is given by Nielsen et al. (2000).

Biotyping and serotyping

Biotyping schemes based on limited biochemical tests

can group C. jejuni, C. coli, and C lari into broad cate-
gories. Although discrimination is low, biotyping is

useful as a first step for epidemiological investigation,
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and finer discrimination can be obtained by combining
biochemical and resistance tests to give a numerical
biotype code (Bolton et al. 1984).

Two major serotyping schemes are used worldwide:
the Penner scheme (Penner and Hennessy 1980) based
on heat-stable O (LPS, LOS and CPS) antigens, and the
Lior scheme (Lior et al. 1982) based on heat-labile
surface protein antigens using a bacterial agglutination
method (160 serogroups for C. jejuni, C. coli, and C.
lari). The two schemes are complementary and when
used together they can give good discrimination even
with restricted panels of antisera.

The Penner system classically uses passive hemaggluti-
nation to detect antigen-antibody reactions, which are
predominantly governed by CPS antigens. Others
have used direct agglutination of boiled whole cells,
which detects LPS and LOS as well as CPS antigens.
Comparative tests show that some strains share the
same capsular and LPS or LOS antigens, whereas
others appear to share a common capsular antigen but
differ in their LPS or LOS antigens and vice versa (Oza
et al.2002). The general subject of serotyping based on
heat-stable antigens is reviewed by Moran and Penner
(1999).

The major drawback of all serotyping systems is their
limited availability owing to the time and expense
needed to maintain quality antisera.

Phage typing

All of the published campylobacter phage typing
schemes are closely related and based on all or part of
the original phage set of Grajewski et al. (1985). The
phages that comprise the Salama schemes (Salama et al.
1990) are a combination of six of those from the
Grajewski scheme and ten phages isolated in the UK.
Frost et al. (1999) found that the use of this phage-
typing scheme in conjunction with serotyping enabled
them to screen large numbers of C jejuni and C. coli
isolates with a hieh level of discrimination.

Genotyping

Some genotyping methods, such as ribotyping, pulsed-
field gel electrophoresis (PFGE), and flagellin typing (fla

typing), are in use, but because of genetic instability
(gene transfer, intramolecular recombination, nonclon-
ality), most genotyping methods are only useful for the
investigation of outbreaks. They are of little use for
source tracing or global epidemiology (Wassenaar 2003)
Flagellin typing and PGFE, for which standardized
procedures have been developed, can be used for short-
term epidemiological studies. As both methods are
affected by instability of the genome, it is recommended
that such typing data should be used in combination
with another method, especially for strains from samples

of different time and place. Internationally agreed
typing schemes are urgently needed to facilitate a
greater understanding of the global epidemiology of
Campylobacter inlections (Frost et al. 1999).

PATHOGENICITY AND VIRULENCE
FACTORS

The main significance of campylobacters in terms of

human disease is their role as enteric pathogens, but

other campylobacter-associated diseases must first be

considered. Expanded accounts of campylobacter-asso-

ciated diseases, including those of animals, can be found

in Skirrow 1998.

Reproductive disease

C fetus subsp. /erus causes epizootic abortion in sheep
and sporadic abortion in cattle; C. fetus subsp. venerealis
is a major cause of venereally transmitted infertility in
cattle (Skirrow 1994). C. fetus subsp. /erzs infections
originate in the gut and cause acute placentitis that is
fatal to the fetus. C. fetus subsp. /etus, C. jeiuni, and C.
coli arc rare causes of human abortion with similar
pathology (Skirrow and Blaser 2002; Lastovica et al.
2002). C. jejuni-associated abortion has also been
reported in goats, mink, dogs, and cynomolgus monkeys
(Skirrow 1994).

Systemiccampylobacteriosis

C. fetus is an uncommon cause of bacteremla or

septicemia, sometimes with focal infection, in patients

with immune deficiency or serious underlying disease.

This is distinct from the transient bacteremia sometimes

seen in campylobacter enteritis due to C. jejuni or C.

col/, although these species can also cause septicemia

and focal infection in compromised patients. C.

fetus infection probably arises from intestinal coloniza-

tion, but intestinal symptoms occur in only about one

in four instances. A high incidence of thrombophlebitis

and endocarditis indicates that C. fetus has an affinity

for endovascular surfaces. An important virulence

factor in C. fetus is its microcapsule, or S layer (see

section on Surface antigens), which protects the bacteria

from serum killing and phagocytosis (Blaser and Pei

ree3).

Periodontal disease

C. sputorum, C. concisus, C. rectus, C. curvus, C. showae,

and C. gracilis are often found in abundance, with other

bacteria, in septic periodontal pockets, but their role in

the pathogenesis of periodontal disease is unclear. C.

rectus appeats to be the most important of the group

(Rams et al. 1993); it secretes a 104-kDa cytotoxin that
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cross-reacts with another known dental pathogen, Acti-

nobacillus actinomy cetemcomitans (Gillespie et al. 1993).

C. rectus LPS may promote periodontal tissue inflamma-

tion by stimulating the plasminogen activator-plasmin

system (Ogura et al. 1995).

The human disease associations of campylobacters

other than C. jejuni and C. coli are described by Lasto-

vica et al. 0002\.

Miscellaneous diseases of animals

C. jejuni, C. coli, and possibly other species, can cause

diarrhea in some animals, notably monkeys, dogs, and
probably cats. Owing to the ubiquity of campylobacters,

animals develop immunity from an early age, which

makes it difficult to assess the significance of infection.

A similar pattern is found in children in developing

countries. C. jejuni mastitis in cows is well documented.

Campylobacters are excreted in profusion in milk from

infected udders. often before abnormalities have become

apparent, a feature that has far-reaching public-health

consequences (Orr et al. 1995)

C. mucosalis, C. hyointestinalis, and C. hyoilei have all

been found in association with the pluzzling group of pig

diseases known as the proliferative enteropathies. C.

hyoilei seems to be the one most likely to be involved in

its pathogenesis, but many other factors confuse the

issue (Alderton et al. 1995).

Campylobacter enterit is

C. jejuni and C coli are a major cause of acute entero-

colitis in humans. In most industrialized countries they

are, together, the most commonly identified cause of

acute diarrheal illness. Other Campylobacter species are

associated with diarrheal disease, but much less

frequently. C. upsaliensis is the next most important

(reviewed by Bourke et al. 1998). The proportion of C.

upsaliensis among fecal campylobacter isolations ranges

from 0.8 percent (UK) through 12 percent (Belgium) to

18 percent (South African children). The equivalent
figures for other species are: C. lari,0.1 percent (UK); C.

hyointestinalis, 1.3 percent (South African children); and

C. jejuni subsp. doylel, 0.5 percent (Belgium), 1.1
percent (Thai children), and 9.1 percent (South African

children). These campylobacters are occasionally
isolated from blood or internal organs, usually from
patients with immune deficiency or underlying disease
(Lastovica et al. 2002\.

C. jejuni and C. coli catse an enterotoxigenic-like
illness with watery diarrhea, or an inflammatory entero-
colitis characterized by fever, the presence of blood and
white cells in feces, and occasionally bacteremia
(Skirrow and Blaser 2002). Af least three mechanisms

by which campylobacter may induce illness can be
postulated in the basis of clinical syndromes: (1) intest-

inal adherence of ingested organisms and production of

bacterial enterotoxins; (2) bacterial invasion and prolif-

eration within the intestinal mucosa; and (3) extra-

intestinal translocation.

Cell association and invasion

C. jejuni strains have been shown to invade in vitro cell

lines and translocate polarized intestinal epithelial

cell lines such as Caco-2 cells (Konkel et al. 1992).They

can also interact with M cells in the Peyer's patches

of rabbits, which may indicate an additional pathway

for entry into the submucosa. Ketley (1995) identified

four distinct phenotypes among clinical strains: non-

invasive, invasive, invasive with transcytosis, and trans-

cytosis without invasion. Carvalho et al. (2001) found a

1.6-kb DNA band more frequently among C. ieiuni and

C. coli isolates from children with diarrhea (63 percent)

than in isolates from symptom-free children (16

percent), and a fragment of 518 bp of the iam locus was

amplified in 85 percent and 20 percent of isolates,

respectively.

C. jejuni 8I-776, which has been studied by numerous

investigators, invades an intestinal derived cell line

(Caco-2) and appears within membrane-bound vacuoles
(Russell and Blake 1994). The mechanism of internaliza-

tion is not known, but uptake of 81-176 into another

intestinal cell line, INT407, was blocked by microtubule

depolymerization and inhibitors of coated-pit formation,

but not by inhibitors of microfilament depolymerizalion

(Oelschlaeger et al. 1993). Uptake into the cell

appears to be dependent upon bacterial protein synth-

esis. After uptake, there is evidence of intracellular

survival of the organism (Konkel et al. 1992). Super-

oxide dismutase (sodB) might have some role in

intracellular survival (Pesci et al.1994). C. jejuni appears

to produce proteins when cultured in association with

eukaryotic cells, which may be important for inter-

nalization of the organism (Konkel et al. 1993). Pebl is

a conserved surface protein in C. jeiuni and C. coli

that may be involved in adherence (Pei and Blaser

1,992) and it has homology with Enterobactenaceae

glutamine-binding protein (glnH), lysine-arginine-

ornithine (LAO) binding protein, and histidine-binding

protein (ftls-l).

The subject of cell invasion and gut colonization is

reviewed by Hu and Kopecko (2000).

Flagella and motil i ty

Flagella and motility are important determinants for

attachment and invasion. Campylobacter colonization

and infection in a variety of animal models is dependent

upon intact full-length flagella and active motility,

although other colonization factors may be involved
(Nachamkin et al. 1993).
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Two genes, flaA and, flaB, are involved in the expres-
sion of the flagellar filament and are arranged in tandem
in both C. jejuni and C. coli (Guerry et al. 2000b).
Components of intestinal mucin, particularly l-fucose,
are chemotactic for C. jejuni, and motility towards these
components may be important in the pathogenesis of
infection (Hugdahl et al. 1988). Another gene, flbA, is
involved in the synthesis of Campylobacter flagella and
shows homology with virulence-related proteins of
Yersinia pestis LcrD and Salmonella typhimurium InvA
(Mil ler et al.  1993).

Toxins

Although several toxin activities have been described
(cholera-like enterotoxin, Shigalike toxin, hepatotoxin,
cytodistending toxin) genome sequencing identified only
one gene locus (cdt) with homologies to known toxins
(Parkhill et al. 2000). The cytolethal distending toxin
(CDT) affects epithelial morphology, causing distension
and eventual cell death in in vitro models (Hassane et al.
2003). If the toxin is similarly active on rapidly dividing
and differentiating cells within the crypts of the intes-
tine, it could lead to loss of function and erosion of the
epithelial layer and thereby cause diarrhea. CDT expres-
sion varies between strains (Park 2002). The subject of
toxin production by campylobacters is reviewed by
Wassenaar (1997\.

Other factors

Several investigators have examined the ability of C.
jejuni to acquire iron from exogenous sources. C. jejuni

does not appear to produce its own siderophores but can
utilize exogenous siderophores from other bacteria as
iron carriers (Baig et al. 1986). C. jejuni can obtain iron
from hemin and hemoglobin. Hemolytic activity
described in C. jejuni does not appear to be iron regu-
lated (Pickett et al. 1992). One of the iron-responsive
regulatory genes, ferric uptake regulator (for), may have
some role in the regulation of undetermined virulence
factors (Wooldridge et al. 1994).

Posti nfection seq uelae

Noninfective reactive arthritis is observed in about 1
percent of patients recovering from campylobacter
enteritis (Pasternack 2002). The risk of this complication
is increased among people bearing the HLA-B27 allele.

During the past decade, evidence has appeared
showing an association of Campylobacter spp. infection
with acute inflammatory demyelinating polyneuropathy,
otherwise known as GBS, including the Miller-Fisher
variant (Mishu Allos 1998). Studies have also shown
an association between campylobacter infection and an
illness, clinically similar to GBS, known as acute moror

axonal neuropathy (AMAN) that occurs primarily in
northern China and may occur in other parts of the
world (McKhann et al. 1993). GBS affects one to two
people per 100 000 population in the USA each year.
Although C. jejuni infections are a common trigger of
GBS, the risk of developing GBS is less than 1 case
per 1 000 campylobacter infections. Patients with
campylobacter-associated GBS are, on average, more
severely affected than those without such an associa-
tion; they often require intensive hospital treatment
and end up with long-term disability. Several studies
show that the disease is particularly associated with
campylobacter serotypes Penner type O:19 in Japan
and the USA and Penner type O:41 in South Africa.
Specific glycopeptide moieties on the campylobacter
lipopolysaccharide closely resemble normal human
ganglioside, such as GM1, present in peripheral nerve
myelin and it is postulated that enteric infection trig-
gers the production of cross-reactive antibodies, which
then attack normal structures (Asbury 2000;
Nachamkin et al. 2002).

SUMMARIZED DESCRIPTIONS OF
SPECIES OF CAMPYLOBACTER

Campylobacter fetus'. C. fetus (Smith and Taylor
1919; V6ron and Chatelain 1973) is the type species
of the genus. There are two subspecies: subsp. /erzs
and subsp. venerealis (Florent 1959), which are diffi-
cult to distinguish. The latter fails to grow with 1
percent glycine or produce H2S from cysteine with
lead acetate paper indicator. Cells are 0.3-0.5 pm

wide by 2-3 pm long, with occasional longer fila-
mentous forms. It is microaerophilic but can grow
anaerobically in the presence of fumarate or nitrate;
it grows at 25'C and some strains grow at 42'C. Colo-
nies are circular, 1-1.5 mm, convex, translucent, and
nonspreading. The species is sensitive to penicillins,
including benzylpenicillin, and to most cephalos-
porins, but resistant to nalidixic acid and metronida-
zole. It possesses a group-specific glycoprotein micro-
capsule or S layer with antiphagocytic properties.

C. fetus causes reproductive disease in cattle and
sheep, and occasionally systemic infection in immuno-
deficient or otherwise diseased humans. Average
genome MW 1.56 x 10e. G+C content of DNA
35.5 + 1.0 mol%. Type strain CIP 5396.
Campylobacter hyointestinalis: C. hyointestinalis
(Gebhart et al. 1985) is phenotypically similar to C.

fetus bu;t produces H2S in freshly prepared triple
sugar iron (TSI) or sulfide-indole-motility (SIM)

media in the presence of H2 or formate. There are
two subspecies: subsp. hyointestinalis and subsp.
lawsonii (On et al. 1995a), which differs genetically

and in its failure to grow in the presence of 1.5
percent bile. Colonies scraped from agar cultures
appear yellow. Subsp. hyointestinalis is found in pigs

with proliferative enteropathy and in various other
animals; also in humans with diarrhea and proctitis,
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but its pathogenicity is uncertain. Subsp. /awsonll has
been isolated only from pig stomachs. G + C content
of DNA 32-36 molo/o. Type strains ATCC 35217
(subsp. hyointestinalis) and NCTC 12901 (subsp.
lawsonii).
C. lanienae: C. lanienae (Logan et al. 2000) is closely
related to C. hyointestinalis subsp. /awsonii and
phenotypically the two cannot be distinguished from
one another. It was first isolated from the feces of
healthy abattoir workers (Logan et al. 2000) and has
since been isolated from the feces of healthy pigs
(Sasaki et al. 2003). G + C content of DNA
36 molo/o. Type strain NCTC 13004.

Catalase-negative g rou p

Campylobacter mucosalis: C. mucosalis (Roop et al.
1985a) was first described by Lawson and Rowland
(1974) and formerly regarded as a subspecies of C.
sputorum. It is catalase-negative and similar to C.
sputorum but requires hydrogen or formate for
growth. Colonies are a dirty yellow color. Three
serogroups (A, B, and C) have been described. It is
found in large numbers in the intestinal mucosa of
pigs with porcine intestinal adenomatosis and related
diseases, but disease is not reproduced by inoculation
of pure cultures. G + C content of DNA 38 mol%.
Type strain NCTC 11000.
Campylobacter sputorum'. C. sputorum (Pr6vot 1940;
Roop et al. 1985b) was first isolated by Tunnicliff
(1914) from a patient with acute bronchitis. It was
originally regarded as an anaerobe but it is really a
facultative microaerophile. Cells are curved rods 0.3-
0.6 pm wide by 2-4 pm long, occasionally fila-
mentous. It is monotrichate. Colonies are 12 mm in
diameter, circular, gray, and convex; they may
produce greening on horse-blood agar. Most strains
reduce nitrite as well as nitrate and produce H2S
from TSI medium. G + C content of DNA 29-
31 mol%. There are three biotypes:

1 Biotype sputorum - catalase-negative, accounting
for about 5 percent of cultivable organisms
isolated from human gingival crevices and can be
isolated from the feces of about 2 percent of
healthy people. It is essentially a commensal,
though occasionally it has been isolated from
blood cultures and once from a leg abscess. Type
strain ATCC 35980.

2 Biotype bubulus - differs by producing abundant
H2S from TSI and SIM media and growing in the
presence of 3.5 percent NaCl. It was first

mentioned by Pr6vot (1940) who called it 'll.

sputorum var. bubulum.' It can be isolated from
the genital tract of healthy cattle and sheep of
both sexes. It has not been implicated in disease
but it may be confused with the pathogen C. fetus
subsp. venerealis. Type strain CIP 53103.

3 Biotype fecalis - resembles biotype bubulus except

that it is catalase-positive. Originally described by

Firehammer (1965) as 'V. 
fecalis,' it can be

isolated from sheep feces and the genital tract of

cattle. It probably causes enteritis in sheep and

cattle. Enteritis has been produced experimentally

in calves. Type strain NCTC 11415.

Campylobacter concisus: C. concisus (Tanner et al.
1981) is difficult to distinguish from C mucosalis,
with which it has been confused. Strains formerly
known as EF group 22 are of this species (Vandamme
et al. 1989). Cells are 0.5-1.0 pm wide by 4 pm long
and gently curved. Colonies are small, convex, and
translucent. It is isolated from gingival cervices and
periodontal lesions and is commonly found in human
feces, but rarely in blood. Its pathogenicity is
unknown G + C content of DNA 34-38 mol%. Type
strain ATCC 33237.
Campylobacter rectus and, Campylobacter cumus; C.
rectus (Tanner et al. 1981) and C. curvus (Tanner

et al. 1984) were originally placed in the genus lVoll-
nellai these species are now classed as campylobacters
(Vandamme et al. 1991). Like C. sputorum and C.
concisus they are catalase-negative and found in
gingival crevices and periodontal lesions, but they are
oxidase-positive only in the modified test of Tarrand
and Groschel (1982). They require formate or fuma-
rate. The two species may be separated by their sensi-
tivity to various dyes and by their morphology. Cells
of C. rectus are usually straight, 0.5-1.0 pm wide, and
less than 4 pm long, and they possess a high-mole-
cular-weight S layer. Both species produce three
types of colony according to the medium: convex, flat
spreading, and agar corroding. Corroding colonies
may be mistaken for those of lBacteroidesf ureoly-
ticus and C. gracilis. Their pathogenicity is unknown.
G + C content of DNA 4246 mol"/". Type strain for
C. rectus NCTC 11489; C. curvus NCTC 11.649.
Campylobacter showae: C. showae (Etoh et al. 1993)
is similar to C. rectus but it has two to flve unipolar
flagella and is catalase-positive. It is microaerophilic
in the presence of fumarate with formate or
hydrogen, but grows best anaerobically. Previously
described as Wolinella-llke strains from human
subgingival dental plaque and infected root canals, its
pathogenicity is unknown. G + C content of DNA
4446 mol"/". Type strain ATCC 51146.
Campylobacter hominis: C. hominis (Lawson et al.
2001) is a fastidious, slow-growing, essentially anae-
robic species that shares with C. gracilis the unusual
feature (for campylobacters) of being nonmotile.
Cells are short straight aflagellate rods. It can be
detected in the feces of about 30 percent of healthy
people. G + C content of DNA 32-33 mol/". 

-fype

strain NCTC 13146.
Campylobacter gracilis: C. gracilis (Tanner et al.
1981) was previously called Bacteroides gracilis but it
was transfered to Campylobacter by Vandamme et al.
(1995). Atypically for campylobacters it is oxidase-
negative, but like other campylobacters it possesses
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cytochromes b and c and CO-binding cytochrome c; it
does not possess detectable type a and d cyto-
chromes. Cells are straight aflagellate nonmotile rods.
It is most closely related to C. concisus, C. rectus, C.
curvus, and C. showae, based on 16 rRNA sequen-
cing, and shares many of their characters. Found in
gingival crevices and has been isolated from visceral,
head and neck infections in humans. G + C content
of DNA 44-46 molo/o. Type strain ATCC 33236.

[Bacteroides] ureolyticus'. According to Vandamme
et al. (1995) this bacterium (Jackson and Goodman
1978) is a member of the family Campylobacteraceae.
It differs from campylobacters in its fatty-acid compo-
sition, proteolytic metabolism, and its ability to
hydrolyse urea. Isolated from patients with superficial
ulcers, soft-tissue infections, and urethritis. G + C
content of DNA 2829.5 mol7o. Tvoe strain NCTC
10941, ATCC 33387.

'Thermoph i I ic' campylobacters

Principal species have an optimum growth temperature
higher than 37'C and are able to grow at 43"C, but not
at 25'C. Most are small spiral rods, 0.3-0.5 pm wide by
2-3 pm long, with short wavelength and single bipolar
flagella (amphitrichate). They readily undergo coccal
transformation.

Campylobacter jejuni: C. jejuni (Jones et al. 1931;
V6ron and Chatelain 1973) is the only campylobacter
to hydrolyse hippurate. There are two subspecies. C.
jejuni slbsp. jejuni catses campylobacter enteritis in
humans and some animals, and also abortion in
sheep. Colonies have a strong tendency to spread on
moist agar; postmature growth develops a 'metallic'

sheen. The average genome MW is 2.16 x 10e. G + C
content of DNA 3I.2 +1.1 mol%. Type strain CIP
702. C. jejuni stbsp. doylei (Steele and Owen 1988) is
a less common and more fastidious organism mainly
found in the feces, and occasionally blood, of socially
deprived children with diarrhea. Filtration methods
and incubation at 37"C are necessary for primary
isolation. It does not reduce nitrate. G + C content of
DNA 29 t 1 mol%. Type strain NCTC 11951.
Campylobacter coli: C. coli (Yeron and Chatelain
1973) was putatively first isolated by Doyle (1948)
from piglets with swine dysentery. Pigs are the main
host, but C. coli rs also commonly found in avian and
other animal species. It is closely related to C. jejuni,

but it does not hydrolyse hippurate. Colonies are like
those of C. jejuni but there is less tendency to swarm,
or form a 'metallic' sheen on postmature growth. Its
pathogenicity is similar to that of C. jejuni. G + C
content of DNA 32.6 +1.0 mol%. Type strain CIP
7080.
Campylobacter hyoilei: C. hyoilei (Alderton et al.
1995) is closely related to C. coli and is distinguished
by its ability to reduce nitrite and produce H2S in TSI
medium. Isolated from intestinal lesions of pigs with
proliferative enteritis. G + C content of DNA
35 + 1.5 mol7o. Tvoe strain CCUG 33450.

Campylobacter lari: C. lari (Benjamin et al. 1983)

was flrst isolated from the cloacal contents of seagulls

of the genus Larus. Onginally named C. laridis and

later changed to C. lari, it is commonly found in birds

and a wide variety of other animals, notably dogs,
and in natural water. It is common in seawater and

shellfish. Some of the latter strains belong to a

urease-positive subgroup (UPTC) described by
Bolton et al. (1985). C. lari accolnts for only about

0.1 percent of human campylobacter infections, but it

was the apparent cause of an outbreak of water-borne
enteritis in Canada. C. lari and UPTC strains have

been isolated from the blood of patients with under-

lying diseases. G + C content of DNA

32.I + 0.5 mol%. Type strain NCTC 11352.

Campylobacter upsaliensis: C. upsaliensis (Sandstedt

and Ursing 1991) was initially referred to as 'CNW'

(catalase-negative or weakly reacting) campylobacter.
Like C. jejuni stbsp. doylei, these organisms are best
isolated from feces by membrane filtration at 37"C.
Seven serogroups are recognized. Isolated from the
feces of dogs with or without diarrhea, the feces of
human patients with diarrhea, and occasionally from

the blood of patients with underlying disease. G + C

content of DNA 35-36 mol%. Type strain NCTC
ll54r.
Campylobacter helveticus'. C. helveticus (Stanley et al.

1992) is closely related ro C. upsaliensls and is distin-
guished by its inability to grow on potato-starch

medium or to reduce selenite. The flat translucent colo-

nies are unusual in being adherent on blood agar, and
they may have a blue-green hue. Some O antigens are

shared with C upsaliensis. This species is commonly
present in the feces of domestic cats, and less

commonly in dogs. Pathogenicity unknown. G + C

content of DNA 34 mol%". Type strain NCTC12470.

ARCOBACTER

DEFINITION

Gram-negative, motile, nonspore-forming, spirally curved

rods, 0.2-O.9 pm wide by 1-3 pm long. Cells in old

cultures form coccal bodies. A single unsheathed polar

flagellum (monotrichate) imparts a rapid corkscrew-like

motility. Growth range usually I5-37"C but some strains

grow within the range 5-42'C; optimal growth at 30'C

under microaerobic conditions. Grow aerobically and

anaerobically after primary isolation. Respiratory meta-

bolism; hydrogen not required. Non-saccharolytic.

Oxidase- and catalase-positive. G + C content of DNA

27-31 mol"/". Type species Arcobacter nitrofigilis.

HISTORY AND CLASSIFICATION

Arcobacters were first described in the 1970s by Ellis and

colleagues, who isolated them from aborted fetal tissues

from pigs and cattle (Ellis et al. 1977; Ellis et al. 1978).

Because of their similarity to campylobacters and their
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ability to grow aerobically at 30"C, they were originally
considered to be aerotolerant campylobacters (Neill et al.
1979) and a new species, Campylobacter cryaerophila
(Greek cruos, cold; aer, air1- philos, fiend), was proposed
to include them (Neill et al. 1985). Later, Thompson et al.
(1988) showed, by partial 165 rRNA sequence analysis,
that C. cryaerophila and, C. nitrofigilis (a nitrogen-fifng
organism isolated from roots of a salt-marsh plant) exhib-
ited 87 percent homology with each other and 68 percent
homology with other campylobacters. This called for the
formation of a new genus, which was subsequently
defined and named Arcobacter (bow-shaped rod) by
Vandamme et al. (1991), and the two species became
Arcobacter cryaerophilus and A. nitrofigilis, respectively
(A. nitrofigilis designated the type strain).

At the same time, Kiehlbauch et al. (1991) indepen-
dently described two distinct genetic groups among 78
aerotolerant campylobacters isolated from humans,
primarily with diarrheal illness, and animals on several
continents. Group 1 contained the type strain of C.
cryaerophila, but most strains belonged to group 2,
which was named C. butzleri. The C. cryaerophila grotp
was divided into two DNA hybridization subgroups
designated 14. and 18. Later, C. butzleri was reclassified
as Arcobacter butzleri, and a novel species, A. skirrowii,
was proposed for another group of animal-associated
Arcobacter strains (Vandamme et al. t992b; Vandamme
and Goossens 1992). Thus, three species have been
isolated from humans and animals: A. butzleri, A.
cryaerophilus, and A. skirrowii; of these, A. butzleri
seems to be the main human pathogen.

HABITAT

Arcobacters are widely distributed in nature. Natural
waters are frequently contaminated with arcobacters and
are a potential source of infection. They have been
isolated from raw and effluent sewage and drinking-
water reservoirs in Germany. They have also been
isolated from mussels (Houf 2001).

Arcobacters have also been found in the feces of
various animals, notably cattle, sheep, pigs, and poultry
(Mansfield and Forsythe 2000). Domestic poultry are
especially prone to colonization. Houf et al. (2001a)
isolated them from 100 percent of neck-skin samples
from laying hens, and they have been found in 0-97
percent of poultry carcasses. A. butzleri was the predo-
minant species, bttt A. cryaerophilus was also repre-
sented. Molecular studies show a great genetic diversity
among such strains and their origin remains unclear
(Houf et al. 2002\. Arcobacters have also been found in
animal products such as ground pork (89 percent posi-
tive in a study by Collins et al. 1996). The Arcobacter
type strain, A. nitrofigilis, has been found only on the
roots of a small marsh plant, Spartina alterniflora, in
Nova Scotia (McClung et al. 1983), but it is conceivable
that it may have an animal host.

Morphology

Arcobacters are gram-negative, nonspore-forming,
shaped, or spirally curved rods 0.2-0.9 pm wide by
3 pm long (Figure 60.5); occasional cells as long

S-
1-
as

Figure 60.5 Scanning electron micrograph of Arcobacter butzleri Courtesy of Professor Heriberto Fernandez, lnstituteof Clinical
Microbiology, Universidad Austral de Chile, Valdivia, Chile
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20 pm have been described. Cells may form spherical
coccoid bodies in old cultures or cultures exposed to air.
Arcobacters possess a single unsheathed polar flagellum
(monotrichate configuration); dividing cells may appear
amphitrichate (Figure 60.5). The ultrastructure is prob-

ably like that of campylobacters, but specific studies
have not been done. The small size and active motility

of arcobacters, like campylobacters, enables them to
pass through membrane filters that retain almost all
other bacteria, a feature that is used to advantage for
their isolation.

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Optimal growth occurs at 30'C under microaerobic

conditions (3-10 percent oxygen). Arcobacters have a
respiratory type of metabolism and use organic and
amino acids as carbon sources. Carbohydrates are not
fermented or oxidized. They are oxidase-positive and
hydrogen is not required for microaerobic growth. After
primary isolation in a microaerobic environment, growth

is possible in aerobic or anaerobic atmospheres. Growth
temperature ranges are difficult to define owing to varia-

tion in cultural conditions and individual laboratories.
There is also variation between species. All grow

between L5 and 36'C, although A. nitrofigills strains are
struggling at 36"C (Kiehlbauch et al. 1991). A. butzleri
and A. skirrowii are the most thermotolerant species, all
strains growing at 40"C and some at 42'C (On et al.
1996). Almost 40 percent of C. uyaeroplrlla strains grow

at 4'C (Boudreau et al. 1991) or 5oC (Neill et al. 1985).
Biochemical activity is modest.

Colonies of A. butzleri and A. uyaerophilus grown

for 48 h under optimal conditions are, respectively,24
mm and 1-3 mm in diameter and are convex with an
entire edge; swarming may occur on moist agar. Colo-
nies of A. butzleri are whitish. whereas those of A.
cryaerophilus tend to be dirty yellow. Colonies of A.
skirrowii grown for 48 h under optimal conditrons are
1-3 mm in diameter, with a flat irregular edge and
grayish appearance; growth is usually sparse. Most
strains produce greening ('alpha-hemolysis') on sheep-
and horse-blood agat, as do some strains of A.
butzleri.

Susceptibil i ty to physical and chemical
agents

Although arcobacters, like campylobacters, appear more
sensitive to adverse conditions such as heat, acidity,
drying, disinfectants, and irradiation than enterobacteria,
evidence is sparse. Arcobacters are slighly more tolerant
of alkaline conditions than campylobacters; almost all
strains tolerate pH values of 6.8-8.0 and some can
survive 5.5-9.5. Otth et al. (2001) found A. butzleri to be

more resistant to desiccation than the classical entero-
pathogenic Campylobacter species. Phillips (1999) found
that the growth of A. butzlerj was inhibited by 0.5
percent, 1.0 percent, and 2.0 percent lactic and citric
acids. Sodium citrate (2 percent), and to a lesser degree
sodium lactate, inhibited growth for 8 h, but not for
longer periods.

GENETICS

The arcobacter genome has not yet been studied.

CELL.WALL COMPOSITION AND
ANTIGENIC PROPERTIES

Little is known. Tsang et al. (1996) identified, by

Western immunoblot, a hemagglutinin in the form of an

immunogenic protein of about 20 kDa. The hemaggluti-

nating activity is sensitive to proteolytic enzyme diges-

tion and heat treatment of 80"C and above. This arco-

bacter hemagglutinin is possibly a lectinlike molecule

that binds the erythocytes via a glycan receptor

containing o-galactose as part of its structure.

LABORATORY ISOLATION AND
IDENTIFICATION

Fecal specimens destined for the laboratory should be

handled and treated in the same way as for campylo-

bacters. The primary culture of arcobacters from clinical

material is a more complex and lengthy procedure than

it is for C. jejuni and C. coli. Arcobacters are sensitive to

polymyxins and rifampicin, which are used in several

conventional campylobacter-selective media, and they

require lower incubation temperatures. Selection may be

attained by inoculating media containing alternative

antimicrobials, or by membrane filtration on nonselec-

tive agar, or by a combination of both. A recommended

protocol is to use selective enrichment followed by

plating on selective agar (Vandenberg et al. 2002). Stool

samples are inoculated into an enrichment broth

(Brucella broth + antibiotic supplement consisting of

piperacillin 75 mgll, cefoperazone 25 mgll, amphotericin

B 10 mg/I, trimethoprim 20 mgll, cycloheximide 100 mg/

I + 5 percent laked horse blood) and incubated for 24 h

at 25'C in a microaerobic atmosphere (5 percent 02;

6 percent H2; 10 percent CO2; 79 percent N2). After

incubation, 40 pl of enriched broth is inoculated on

arcobacter selective medium (De Boer et al. 1996). The

plates are incubated for 3 days at25"C in a microaerobic

atmosphere and the plates are examined daily.

Food and environmental specimens

Several protocols have been described for the isolation

of arcobacters from food and the environment since they

were first isolated from bovine and porcine fetal tissues
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on leptospira (EMJH) medium (Ellis et al. 1977).
Enrichment cultures are an essential part of each.
Various selective antimicrobial cocktails have been used.
Most contain cefoperazone with one or more other
agents, such as vancomycin, piperacillin, and teicoplanin
(Houf 2001). Houf et al. (2001a) described a new fast
and reliable method for the isolation of arcobacters from
poultry using amphotericin B, cefoperazone, S-fluorour-
acil, novobiocin, and trimethoprim as selective agents in
a new enrichment procedure. This method was validated
for the isolation of all three Arcobacter species and
showed the value of enrichment. which increased the
isolation rate from 50 to 73 Dercent.

ldentif ication

The identification of arcobacters, Iike campylobacters,
remains difficult because of cross-specific phenotypic

similarities and relative biochemical inertia. Tolerance
and sensitivity tests are of some help, but are inherently
prone to error. The most reliable feature that differ-
entiates arcobacters from campylobacters is the ability
of arcobacters to grow in air and at 15'C, but it is not
always possible to distinguish between arcobacter
species by phenotypic characters alone. Most A. butzleri
strains are only weakly catalase-positive, grow in 1
percent glycine and 1.5 percent NaCl, and are resistant
to cadmium chloride (2.5 Vg disk), whereas A cryaer-
ophilus strains show strong catalase activity and sensi-
tivity to cadmium chloride (Schroeder-Tucker et al.
1996). Other differentiating characters are shown in
Tab le  60 .1 ,  p .1543.

The definitive identification of Arcobacler spp. must
rely on recently developed molecular methods, which
have considerably facilitated and speeded up the
process, although they usually require the skills of a
specialist laboratory (Marshall et al. 1999; Houf et al
2002). The use of 165 rRNA-based DNA probes, PCR
assays, ribotyping, and restriction fragment length poly-
morphism analysis of a PCR-amplified fragment of the
gene coding for 165 rRNA or 23S rRNA all differ-
entiated A. butzleri from other arcobacters but did not
differentiate A. cryaerophilas from A. skirrowii (Mans-

fleld and Forsythe 2000). These three organisms were
easily identified by a multiplex PCR assay (Houf et al.,
2000).

TYPING METHODS

A coordinated serological typing scheme for arcobacters
has yet to be developed. Boudreau et al. (1991) recog-
nized 18 antigenic types of C. cryaerophlla based on
formalinized whole-cell (FWC) suspensions. Lior and
Woodward (1993) recognized 65 serogroups among 427
A. butzleri isolates also based on FWC suspensions. No
cross-reactivity was observed against C. jejuni, C. coli,

and. C. lari. Strains of serogroups 1 and 5, followed by 2,

6, and 12 were found to be the most common among

human isolates.

Genotyping methods, such as PCR-mediated DNA

fingerprinting (Vandamme et al. 1993), are more

successful, but they are varied and specialized and lack

standardization. Randomly amplifi ed polymorphic DNA-

polymerase chain reaction (RAPD-PCR) analysis is

useful for discriminating between arcobacter strains

isolated from poultry carcasses (Houf et aI.2002).

SUSCEPTI BILITY TO ANTIMICROBIAL
AGENTS

Susceptibility tests for Arcobacter spp. are not standar-

dized; consequently, the literature contains some varia-

tion in the susceptibility data reported. Recommenda-

tions for the agar dilution method include using

Mueller-Hinton agar supplemented with 5 percent horse

blood. incubated for 16-18 h under microaerobic condi-

tions. Like campylobacters, arcobacters are inherently

resistant to trimethoprim and vancomycin, both agents

used in campylobacter selective media. However, they

are sensitive to polymyxins (e.g. colistin) and rifampin at

concentrations used in several such media (Houf et al.

2001b). A. skiruowii is the most susceptible species. 5-

Fluorouracil, novobiocin, and teicoplanin are without

any inhibitory effect on arcobacters at concentrations

effective for their selective isolation.

Kiehlbauch et al. (1992) evaluated the in vitro activ-

ities of 22 antimicrobial agents against 78 human and

animal isolates belonging to two aerotolerant Arcobacter

species, A. cryaerophilus and A. butzleri, using a broth

microdilution technique. Most isolates were resistant to

cephalosporin antibiotics, with the exception of cefo-

taxime. C. cryaerophila DNA hybridization group 1A

isolates were generally susceptible to the tetracyclines,

chloramphenicol, nalidixic acid, azythromycin, erythro-

mycin, and roxythromycin and moderately susceptible to

clindamycin and ampicillin. The MICs of tetracyclines

were higher for A. butzleri and A. cryaerophila DNA

hybridization group 18 isolates than for C. cryaerophila

DNA hybridization group 1,A' isolates, but most strains

were still susceptible to doxycycline and tetracycline; all

isolates were susceptible to minocycline. Surprisingly in

this study, A. butzleri and A. cryaerophila DNA hybridi-

zation group 18 isolates were generally resistant to

macrolide antibiotics (including erythromycin).

Using a disk diffusion method, Atabay and Aydin
(2001) tested 39 A. butzleri strains isolated from broiler

chickens for their susceptibility to 23 antimicrobial

agents. AII isolates were resistant to aztreonam, cefur-

oxime, cephalothin, oxacillin, penicillin G, and trimetho-

prim-sulphamethoxazole. Of the 39 isolates tested, 26

were also resistant to ampicillin, amoxycillin, and amoxy-

cillin/clavulanic acid. One isolate was resistant to and

four showed intermediate resistance to ervthromvcin.
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All isolates were susceptible to aminoglycosides (genta-

micin, amikacin, tobramycin), nalidixic acid, enro-
floxacin, chloramphenicol, tetracyclines, and nitrofur-

antoin. More studies are needed before concluding that
there are differences in antimicrobial susceptibility
between Campylobacter spp. and Arcobacter spp.

PATHOGENICITY

The extent of animal and human disease caused by arco-
bacters is largely unknown. Their abundance in healthy
animals, particularly poultry, indicates that they are only
occasionally pathogenic. The areas in which pathogeni-

city is suspected are twofold: reproductive disease in
pigs, cattle, and sheep, and diarrhea in humans and
possibly some animals.

Reproductive disease

All three animal-associated Arcobacter species (A.

cryaerophila, A. butzleri, A. skiruowii) have been
isolated from the internal organs of aborted cattle,
sheep, and pig fetuses, but their significance is in doubt
as they can also be isolated from the internal organs of
healthy fetuses. In Denmark, arcobacters were isolated
from23 of 55 aborted pig fetuses that tested negative for
established abortifacient pathogens (On et al. 2002).
Arcobacters have also been isolated from infertile sows
with vaginal discharge and experimental infection
lowered conception rates in sows artiflcially inseminated
with arcobacter-containing semen (Houf 2001). The fact
that A. skirrowii has been isolated from the preputial

sheath washings of bulls (Vandamme et al. 1992b) takes
on fresh significance here, as the circumstances begin to
parallel those of infectious infertility caused by C. fetus.
There is a single report of A. butzleri bacteremia in a
preterm human infant that probably became infected in
utero (On et al. 1995b).

Diarrheal disease

Arcobacters have been isolated from the feces of both
humans and animals with diarrhea, including lambs, pigs,

cattle, horses, and monkeys. A. butzleri is the species
most often encountered in humans, usually in patients
with diarrhea (Dediste et al. 1998; Lastovica et al.
2002; Vandenberg et al. 2002). The diarrhea tends to be
watery and less intense but more persistent than
in campylobacter enteritis. An outbreak in school chil-
dren infected with a single strain of A. butzleri was
characterized by recurrent abdominal cramps without
diarrhea (Vandamme et al. 1992a). A. butzleri has occa-
sionally been isolated from blood cultures and from
peritoneal fluid from patients with acute appendictis
(Mansfield and Forsythe 2000; Lastovica et al. 2002).
A. cryaerophllus is also associated with enteritis and

bacteremia, but much more rarely. The contribution of

arcobacters to human diarrheal disease is not known

because specific cultures for them are not routinely

carried out in cases of enteritis (Engberg et al. 2000;

Houf 2001).

The role of arcobacters as a cause of diarrhea in

animals is less clear. A. butzleri is probably enteropatho-

genic for macaque monkeys, as it was isolated from

colonic specimens from three macaques with active

colitis (Anderson et al. 1993). A. butzleri in particular

can colonize the intestine and other organs of neonatal

pigs (Wesley et al. 1996). Pathogenic mechanisms

are unknown. Toxin production and the ability to invade

tissues may be mechanisms by which arcobacters

cause disease (Fernandez et al. 1995; Johnson and

Murano 2002). Arcobacters produce CDTlike activity

on cell cultures but in a different manner to that of

campylobacter CDT, because no CDT amplimers

have been found in any of the arcobacter isolates. Cyto-

toxins are unlikely to be a major factor in pathogenesis,

as they are associated with bloody diarrhea, and this

symptom is rarely described in patients with arcobacter

diarrhea.

Bovine mastit is

An outbreak of bovine mastitis was apparently caused

by an Arcobacter strain that was subsequently used to

reproduce the disease in four young cows (Neill et al.

1982).

SUMMARIZED DESCRIPTIONS OF
ARCOBACTER SPECIES

Arcobacter nitrofigilis: A. nitrofigilis (McClung et al.
1983) was formerly assigned to Campylobacter, bu,t
transfered to Arcobacter as the type species of the
genus by Vandamme et al. (1992b). It is a nitrogen-
fixing bacterium found on the roots of a small marsh
plant in Nova Scotia. Not found in animals or
humans. G + C content of DNA 27.9-28.8 mol%.
Type strain ATCC 33309.
Arcobacter butzleri: A. butzleri (Kiehlbauch et al.
1991) was formerly included in Campylobacter bttt
transfered to Arcobacter by Vandamme et al.
(I992b). The curved to S-shaped rods, 0.2-0.4 pm

wide by 1-3 pm long, are catalase-negative or weakly
positive. Colonies are entire, white, and opaque; 16
biotypes and 65 serogroups are recognized. This

species is associated with diarrhea in humans and
animals, occasional systemic infection in humans, and
abortion in cattle and pigs; it is found in water,
sewage, and poultry and other meats. G + C content
of DNA 28-29 mol"/o. Type strain A'ICC 49616.
Arcobacter cryaerophilus'. A. cryaerophilus (Nelll

et al. 1985), formerly in the genus Campylobacrer, is



1558 Campylobacter and Arcobacter

now classified as Arcobacter; there are two subgroups
(Vandamme et aL. 1.992b). Cells are 0.4 pm wide by
1.8 pm long but may attain a length of over 20 pm.
Colonies on blood agar are domed, entire, and
yellowish in the case of subgroup 2 strains. It is
isolated from normal and aborted ovine and equine
fetuses and was the apparent cause of an outbreak of
bovine mastitis. It is also found in the feces of
domestic animals and occasionally from humans,
although some strains originally identified as this
species have since been identified as ,4. butzleri.
G + C content of DNA 31 t 1 mol%. Type strain
NCTC 11885.
Arcobacter skitowii: A. skirrowii (Vandamme et al.
1992b) cells are 0.2-0.4 pm wide by 1-3 pm long.
Colonies are flat, greyish, and u-hemolytic on blood
agar. It is isolated mainly from the preputial fluid of
bulls, but also from aborted bovine, porcine, and
ovine fetuses, poultry, and the feces of animals with
diarrhea. The organism has also been isolated from
an elderly man with chronic diarrhea (Wybo et al.
2004). G + C contefit of DNA 29-30 molY". Type
strain CCUG 10474.
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DEFINITION

Helicobacters are helical, S-shaped, or curved gram-

negative rods, 0.3-1.0 pm wide by 1.5-10.5 pm long.

They are motile by mearLs of single or multiple unipolar,

bipolar, or lateral flagella. In most species the flagella

are sheathed. Periplasmic fibrils or an electron dense

glycocalyx/capsule-like layer have been observed on the

cellular surface of several species. Cells exposed to air

and in older cultures may form coccoid bodies. They are

nonsporing and most are microaerophilic with respira-

tory metabolism. Hydrolgen stimulates growth and may

be required by some species. They are nonsaccharolytic,

and oxidase-positive and most are catalase-positive.

Helicobacters do not grow at 25'C. For convenience,

two groups of species can be defined: those that colonize

the gastric mucosa of humans and animals (gastric

group); and those that colonize the intestines and

possibly hepatic tissue of humans and animals (enter-

ohepatic group). Strains within these groups can be

further categorized on the basis of cellular morphology.

The gastric species typically produce abundant urease.

The G + C content of their genomic DNA is in the

range 30-48 mol% withr most having values of 36 + 2

mol%. The type species Helicobacter pylori rs one of the

most common human gastric infections worldwide and

plays a major role in the pathogenesis of peptic ulcera-

tion and gastric cancer. H. hepaticus is currently the best

studied of the enterohepatic Helicobacter species

because of its ability to cause liver cancer in mice,

whereas H. cinaedi is the most commonly encountered

species in human clinical samples, although isolation

rates remain low compared to H. pylori.

HISTORICAL PERSPECTIVE AND
CLASSIFICATION

The existence of gastric spiral organisms colonizing the

mucus and glands of the stomach of healthy dogs was

first reported by Bizzozero in 1893. Salomon (1896)

confirmed their presence in dogs and also found them in

cats and rats, but not in man. It is unlikely that these

organisms were Helicobacter pylori, particularly as they

were associated with parietal rather than mucus-

secreting cells. The first observation of spiral-shaped

organisms in the human stomach may have been by

Krienitz (1906) who described three different types of
'spirochetes' in the stomach of a patient with carcinoma

of the lesser curve, one of which may have been

H. pylori. In 1938, Doenges observed spiral bacteria that

he also reported as 'spirochetes' in the gastric mucosa of

about 50 percent of human stomachs examined at

routine necropsies from accident victims, but he was

unable to correlate their presence with gastric diseases.
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Freedberg and Barron (1940) reported similar organisms
in 37 percent of gastrectomy specimens from patients
with peptic ulcer or carcinoma. Following the introduc-
tion of flexible fibreoptic gastroscopy during the 1970s,
Steer and Colin-Jones (1975) came near to identifying
H. pylori and its association with gastritis in a large
study of biopsy specimens, but misinterpretation of
culture results led to the wrong conclusion that the
organisms seen were Pseudomonas aeruginosa.

In 1982, Warren and Marshall were the first to culture
and identify what is now known as H. pylori and to
establish the association between the presence of this
organism in the human gastric mucosa and the occur-
rence of histological gastritis (Warren and Marshall
1983, 1984). Within a few years of the publication of
Warren and Marshall's work many reports appeared
worldwide, confirming the close association between 1L
pylori and chronic active gastritis, as well as with gastric
and duodenal ulcers. The historical associations between
bacteria and peptic ulcer disease are described by Rath-
bone and Heatley (1992). The organism was named
Campylobacter pyloridis by Marshall et al. (1984), but
this was later changed to the more grammatically correct
C. pylori. Further studies showed that the organism
differed sufflciently from true campylobacters to justify
the formation of a new genus, Helicobacter (Goodwin
et al. 1989a). It soon became apparent that similar
organisms colonized the stomach of a wide variety of
animals other than humans, and that certain spiral
bacteria colonizing the intestines of rodents and other
animals also belonged to Helicobacter.

Helicobacter, together with Campylobacter, Arco-
bacter, and, WoLinella, was shown to belong to a distinct
bacterial grouping, rRNA superfamily VI, based on 165
RNA-DNA hybridization analysis (Vandamme et al.
1991); and the classification was in keeping with lineages
defined by 165 rDNA phylogenetic analysis which
placed Helicobacter and these other genera in the
epsilon subclass of the class Proteobacteria. Although
specific fatty acid profile, specific ultrastructure, respira-
tory qulnones, growth requirements, and enzyme char-
acteristics were originally described to distinguish helico-
bacters, the use of 165 rDNA analysis is crucial for their
classification as there are no other consistent taxonomic
markers to facilitate separation of Helicobacter from
allied genera such as Campylobacter and Arcobacter.

Helicobacter pylori is the type species of the genus
Helicobacter that was proposed by Goodwin et al.
(1989a). The genus originally contained two species:
H. pylori, the human gastric pathogen, and H. mustelae,
a similar bacterium found in the stomach of ferrets.
Although these two species had several campylobacter-
like characters, they were separated from the genus
Campylobacter principally on the basis of their unique
and very different rRNA sequence. Since then the
number of species in Helicobacter has expanded and
currently, the genus contains 18 validly named species,

two Candidatus species and three putative new species
(names effectively described, but not formally vali-
dated). Species, their hosts, and habitat are detailed in
Table 61.1. The gastric group is represented by about 12
species and the enterohepatic group by a further 21
species, the majority of the latter being isolated from
small rodents. The mouse represents a convenient and
widely used animal model for H. pylori infection and as
a consequence its gastrointestinal tract flora has been
thoroughly investigated in order to screen for natural
infections with other Helicobacter species in laboratory
animals. Enormous diversity is indicated by 165 rDNA
sequences with at least 30 additional potential species
candidates awaiting more precise definition, and recom-
mended minimal standards for describing new species of
the genus have been proposed (Dewhirst et al.200O). H.
pylori and H. heilmanii are the principal species which
have been associated with human gastric disease.
Amongst the enterohepatic group, human infections are
mainly associated with 11. cinaedi and H. fennelliae as
causes of enteritis and proctocolitis, especially in homo-
sexual men, and they may sometimes also cause bacter-
emia in immunocompromised patients. Interestingly,
additional species H. pullorum, H. canadensi,r, and 1L
winghamensis have also been associated with human
gastroenteritis. Distinguishing features of those mem-
bers of the Helicobacter genus associated with human
disease are compared in Table 61.2. Characteristics for
distinguishing the other species are described else-
where (Dewhirst et al. 2000) and in the new species
descriptions.

HABITAT

Helicobacters colonize the gastric or intestinal mucosa
of humans, and a wide variety of other mammalian
hosts, notably dogs, cats, sheep, pigs, cattle, as well as
many small rodents, and birds. Isolation of organisms in
extragastric sites is rare, although there are reports of 1L
pylori in dental plaque, saliva, and feces as well as 1L
pylori, H. pullorum, arld H. cholecystus in liver tissue
and the biliary tract. Presence of such organisms at these
locations and in the natural environment (soil, river
water, and sea water) is rarely based on direct culture
and is mainly reliant on polymerase chain reaction
(PCR) detection assays so it is unclear if the organisms
are viable.

The surface of the stomach mucosa is the major
habitat of H. pylori and other gastric species. The
bacteria live in and beneath the layer of mucus that
covers the gastric mucosa; in this situation the pH is
near neutrality. The vast majority of H. pylori are
located adjacent to surface and pit gastric epithelial cells
(Figure 61.1). Any part of the stomach may become
colonized, but the mucus-secreting epithelium of the
antrum is the favored site. Areas of gastric metaplasia in
the duodenum or elsewhere in the digestive tract may
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Tabf e 61.1 Gastic and enterohepatic members of the Helicobacter genus

Gastric Helicobacfer taxa Enterohepatic Hel icobacter taxa

Species

Simple cel l  morphology

H. pyloriu

H. mustelae

H. suncus

H. acinonychis

Complex cel l  morphology

H. felis

H. salomonis
H. bizzozeronii

Natural host

Humans

Ferrets
House musk shrews

Cheetahs

Cats, dogs, cheetahs
Cats, dogs

Cats, dogs

Species

Simple cel l  morphology

H. cinaedib
H. fennelliae

H. pullorum

H. canis

H. canadensis
H. winghamensis

H. pametensis

H. muricola
H. marmota

H. hepaticus

H. rodentium

H typhlonius
H. ganmanii

H. mesocricetorum

H. cholecystus

Complex cel l  morphology

H. bilis

H. trogontum
H. muridarum

H. aurati

Natural host

Humans, hamsters

Humans, dogs, macaques

Humans,  ch ickens

Humans, dogs, cats

Humans

Humans
Wild birds, pigs

Korean wild mouse

Woodchucks, cats

Mice
Mice

Mice
Mice

Hamsters

Hamsters

Mice, dogs, cats

Rats

Mice, rats

Syrian hamsters

Non-culturable with com;rlex cel l  morphology
H. heilmannii

Candidatus H. bovis

Candidatus H. suis

Humans, pigs, cats, dogs,
monkeys, cheetahs

Catt le

P igs

A proposal has been made to pl;rce the organrsm previously known as Flexispira rappini within the genus Helicobacter as H rappini but the taxonomy has

not yet been fu ly resolved
a) This species rncludes H neme:;trinae
b) This soecies includes H so strain mainz and H westmeadii

also become colonized, ltut H. pylori does not colonize

areas of intestinal metaprlasia in the stomach. The elec-

tron microscope shows adherence of H. pylori to human
gastric mucus cells and in some cases involves the

formation of pedestal atlachments. At such sites there is

effacement of microvilli, flattening of cells, with loss of

mucin granules, disruption of cytoskeletal elements, and

alteration of intercellular complexes (Goodwin et al.

1986). Colonization of the mucosa by H. pylori is almost

invariably associated with the histological pattern of

chronic active gastritis or antral type-B gastritis (Price

1991), which is clearly distinct from type-A autoimmune

inflammation of the acid-secreting mucosa of the body

of the stomach, found in pernicious anemia. This pattern

is usually characterized by mononuclear cell infiltration

associated with superficial infiltration of polymorpho-

nuclear leukocytes of the epithelium (Robert and

Weinstein 1993). The arnount of inflammation may be

highly variable, ranging lrom minimal inflammatory infil-

tration of the lamina propria with intact glandular

architecture, to severe <lense inflammation with micro-

abscess formation, reactive epithelial atypia, and the
presence of intraepithelial neutrophils. In general, there

is a correlation between the number of H. pylori organ'

isms present and the degree of polymorph infiltration.

On average, bacteria are present in less than 5 percent

of biopsy specimens that are histologically normal and,

when present, are located most commonly in the gastric

body. Since the distribution of bacteria may be patchy,

occasional cases of chronic superficial gastritis with

neutrophil activity may fail to show H. pylori organisms

due to sampling errors (Bayerdcirffer et al. 1989). If left

untreated the infection does not usually resolve sponta-

neously, but persists for life. Over the course of years or

decades, there is extension of the inflammatory process

into the deeper portions of the mucosa, partial loss of

the pyloric glands and endocrine cells (i.e. atrophy) of

the antrum, and a progressive replacement of the

mucosa by intestinal metaplasia (Sipponen et al. 1991).

Some gastric species only colonize the nonacid-secreting

mucosa, whereas others, such as Helicobacter felis, can

colonize the canaliculi of acid-secreting oxyntic cells.

H. cinaedi and other enterohepatic species of Helico-

bacter colorlze the intestines of humans and a variety of

other mammals, in particular small rodents where their

presence has been studied extensively, and in birds.
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Tabfe 51.2 Cultural and biochemical characteristics of Helicobacter spp associated with human infection

H. H.
H. pylori H. cinaedi

No f lagel la/cel l  4-8 1-2
Distr ibut ion of  f lagel la Bp Bp
Sheathed f lagel la + +
Per ip lasmic f ibers

Growth at 42'C ( ) V
Catalase + +
Nit rate reduct ion -

urease +
Alkal ine phosphatase + (- )

y-Glutamyl  +
transpeptidase

Indoxyl acetate (-) (-)
hydrolysis

Growth in presence of
1% g l yc i ne

Suscept ib i l i ty  to:

Nal id ix ic acid R R
Cephalothin 5

H. fennelliae H. canis H. pullorum canadensis wiinghamensis H, hepaticus

Bp  Bp
- +

Bp
+

1-2 1

Bp  Mp

+

ND

B p

+

+

+

( - ) + +

l ' ,1
( - ) + -

+ N D

5

)
S R

)
R

R

R

R

R

R

+, 100o/o of strains positive; , 0% strains positive; (+) 80-94% strains positive; ( ) 7-33% strains positive; V, 42-660/0 slrains positive; S. sensitive;
R, resistant ,  l ,  in termediate;  ND, not  determined; Bp,  b ipolar ;  Mp, monopolar

Typically, organisms are recovered from colonic crypts
and adjacent mucous layers, as well as from the feces.
Some intestinal species are capable of colonizing the
stomach when acid secretion is defective, for example,
there is molecular evidence of organisms resembling 1L
cinaedi in human antral biopsy specimens although their
roles in chronic gastritis and peptic ulcer disease remaln
unclear (Pena et al. 2002). Since the isolation of 1L
hepaticus from the livers of laboratory mice with chronic
active hepatitis and associated liver tumors (Ward et al.
1994), there has been a growing interest in the ability of

helicobacters to infect such tissue. The species of Helico-
bacter assocrated with hepatic disease in animals include

H canis, H. bilis, H. cholecystis, and 1L pullorum
(Table 61.1). A number of studies also suggest that heli-
cobacter DNA is sometimes present in the human liver,
bile, or biliary tree tissue, but the interpretation of these
findings remain controversial (Fox et al. 1998; Avenaud
et al. 2000; Nilsson et al. 2000a, b). In most cases efforts
to cultivate helicobacters direct from such tissue was
unsuccessful apart from the isolation of H. pylori from a
patient in Brazil with hepatic abnormalities but it was
unclear if the helicobacter was the cause of the disease
(de Magalaes Queiroz and Santos 2001).

BACTERIOLOGY

Morphology

There is much morphological diversity among Helico-
bacter species. Cells may vary from simple rodlike
forms with unsheathed bipolar flagella that resemble

Campylobacter to forms with increased complexity -

long spiral cells with periplasmic fibers and bundles of
sheathed multiple flagella. Within the gastric species, 1L

lblis is unique in that its cells possess periplasmic fibers
that are independent of the flagella (Lee and O'Rourke
1993), whereas other culturable species such as 11.
bizzeroni arrd H. salomonis and nonculturable species
such as 'H. heilmannii' have tufts of ttp to 23 multiple
flagella. By contrast, the species with simpler cell
morphology (between two and eight bipolar sheathed
flagella and no periplasmic fibers) such as H. pylori cells
take the form of curved, or S-shaped gram-negative

Figure 61.1 Helicobacter pylori from a 3-day chocolate agar
culture (xl 300)



Genomics 1567

rods, 0.5-0.9 pm wide b'y about 3 pm long with a wave-

length of about 2.6 prnr. By electron microscopy, the

organism is spiral with bluntly rounded ends and with

between four and eight sheathed, unipolar, flagella; the

sheath is continuous with the outer membrane of the

cell wall. Some flagella have a terminal bulb. A glyco-

calyx-like material surrounding the cell is also apparent.

ln agar cultures spiral lbrms are less obvious and cells

appear more as singly curved rods (Figure 6I.1). H

pylori undergoes coccal transformation on exposure to

air within 1,-2 h at room temperature, and in this state it

fails to grow on subcullure. Such coccoid forms do not

appear to be virulent (Eaton et al. 1995). The entero-

hepatic species typically have a simple cell morphology

with some species, such as H. pullorum and H. roden-

riun exhibiting unsheathred flagella.

Cultural characteristics, metabolism,
and growth requirements

No species of Helicobacter grow aerobically but all grow

under microaerobic con,Citions with the exception of H.

ganmani which is strictly anaerobic. 1L pylori is strictly

microaerophilic and ClO2 620 percent) and high

humidity are required for growth. H. pylori requires

media containing suppk,ments similar to those used for

campylobacters: blood, hemin, serum, starch, or charcoal.

However, H. pylori is inhibited by the bisulfite in the

ferrous sulfate-sodium metabisulfite-sodium pyruvate

(FBP) campylobacter'aerotolerance' supplement. Growth

is best on media such as moist blood agar, or brain-heart

infusion agar with 5-10 percent horse blood. Strains grow

in various liquid media supplemented with fetal calf or

horse serum (Shahamat et al. 1991). Some strains grow in

serum-free media, notably bisulfite-free brucella broth

(Hawrylik et aL. 1994). Sheep blood, either whole or laked

(lyzed), when used as a broth supplement, has been shown

to inhibit the growth of H. pylori (Coudron and Stratton

1995) All strains grow at 37'C, some grow poorly at 30

and 42C, but none grov/s at 25'C. Colonies from primary

cultures at37'C usually take 3-5 days to appear and are

circular, convex, and translucent (Figure 61.2). They

seldom grow bigger than 2 mm in diameter even if incu-

bation is extended bey616 1 week. They are weakly

hemolytic on 5 percent horse blood agar. Motility is weak

or absent when grown or1 agar.

Species of Helicobac'rer are itactive in most conven-

tional biochemical tests. Over the past 20 years a panel of

ten phenotypic tests us,:d in combination with morpho-

type based on presence of periplasmic fibers, number and

distribution of flagella and presence of flagella sheath,

have been established as the standard phenotypic criteria

for species differentiatron, and form the basis of the

recommended minimal standards for describing new

species of Helicobacter (Dewhurst et al. 2000). All species

produce oxidase and catalase with the notable exception

Figure 61.2 Section of antral mucosa showing gastric pit

colonized with Helicobacter pylori Warthin-Starry silver stain
(x560)

of H. canis and H. winghamensis. Other key character-

istics such as nitrate reduction to nitrite, alkaline phos-

phatase hydrolysis, urease hydrolysis, indoxylacetate

hydrolysis, gamma-glutamyl transpeptidase activity,

growth at 42C, and susceptibility to nalidixic acid and

cephalothin vary between species and sometimes amongst

strains within species. Key tests for differentiating species

within the gastric and enterohepatic groups associated

with human infections are shown in Table 6L'2: the

important enterohepatic animal species, H. hepaticus, ts

included for comparison. For instance, H pylori ts

notable for the strong production of urease, catalase, and

alkaline phosphatase. Furthermore, all strains produce

DNAase, leucine aminopeptidase, and y-glutamylamino-

peptidase. The urease enzyme of H. pylori is one of the

most widely studied in helicobacters and is a nickel

containing high molecular weight protein (approximately

600 kDa) with maximum activity at 45C and pH 8'2'

Remarkably, it forms 6 percent of protein produced by

the organism. An almost identical urease is produced by

Helicobacter nemestrinae, now reclassified as H. pylori

(Suerbaum et al. 2002), Helicobacter mustelae, and H.

fells (Turbett et al. 1992). The presence of urea (5 na)

enables H. pylori to tolerate pH values down to 2.6,

because the production of ammonia raises the pH in the

immediate vicinity of the bacterial cell. The importance

of this action for colonization of the stomach is obvious

GENOMICS

The genetics of Helicobacter was transformed in 1997 by

the publication of the complete annotated genome
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sequence of H. pylori strain 26695 isolated in the UK in
the early 1980s from a patient with gastritis (Tomb et al.
1997). Prior to then, strategies used to clone genes from
Campylobacter, such as shuttle mutagenesis, have been
used to express H. pylori urease genes tn C. jejuni, and,
E coli Io study flagellin and cagA genes (Tummuru et al.
1994). Other genes that have been successfully cloned
and expressed include the gene for vacuolating cytotoxin
(Schmitt and Haas 1994) and recA (Thompson and
Blaser 1995). Many analyses in the pregenomic era
reviewed by Taylor (1992) addressed genomic structure
and diversity using techniques such as pulse fleld gel
electrophoresis to generate physical maps, as well as
ribotyping, randomly amplified polymorphic DNA, and
PCR-RFLP that showed extensive nucleotide diversity
between strains and have provided a valuable basis for
strain fingerprinting (Owen et al. 2001a). Plasmid
transfer has not been reported in H. pylori, but plasmids
have been detected in 48-58 percent of wild strains
(Stanley et aI.1992).

In 1999, the genome sequence of a second strain of l/.
pylori was reported. This strain was isolated in the USA
in 1994 from a patient suffering from a duodenal ulcer
and duodenit is (Alm et al.  1999). The two sequences
have been the focus of extensive comparative analyses
(Doig et al. 1999; Marais et al. 1999) which highlight a
number of key similarities as well as differences in rela-
tion to physical arrangement of the genome, allelic
diversity within orthologous genes, and strain specific
differences within the hypervariable region (plasticity
zone; Table 61.3) The majority of genes in both strains
lie at the same relative positions, apart from ten regions
containing some large rearrangements that needed to be
artificially transposed andior inverted to enable the
genes to be located on a single genome map. In contrast
to conserved gene order, there was significant nucleotide
diversity between orthologous genes. Due to redundancy
in the genetic code, that diversity was not reflected at
such a high level in the respective encoded proteins.
Comparative analyses between the sequenced genomes
have identifled up to 7 percent of the coding capacity
(117 genes) was strain specific and over 70 percent of

Tabfe 61.3 General features of the genomes ol Helicobacter strant'

Size (base pairs)
( G + c ) %

Gene cop ies :
23S-55 rRNA
165 rRNA
Predicted coding sequences
Proteins with assigned functions
Proteins with no assigned functions

H. pylori 26695

1 667 867
39

2
2

1 590
899
325

these had no predicted function. Almost half the strain-
specific genes are contained in a plasticity zone that has
a lower G + C mol% content than the remainder of the
genome - 35 percent compared to 39 percent. The
subsequent availability of the C. jejuni NCTC11168
genome has enabled comparison of the two closely
related genera (Parkhill et al. 2000). There were signifi-
cant differences between the genomes, notably in energy
metabolism and chemotaxis systems, and 17 percent of
the 11. pylori predicted genes were found to be H.
pylori-specific, but with an unknown function. Further
study of these genes is essential as they may encode
many of the phenotypic characteristics that have enabled
H. pylori to adapt to the gastric environment.

Further new perspectives on the H. pylori genome

were provided by the publication of the complete
genome sequence of H. hepaticzs (Suerbaum et al.
2003). With a size of 1.799 Mb and a base composition
of 35.9 mol% G + C, the genome was slightly larger
than those of H. pylori and C. jejuni (Table 61.3). H.
hepaticus facked orthologs of most known H. pylori viru-
lence factors including adhesins, the VacA toxin, and
almost all cag pathogenicity island proteins. The genome

contains a 71-kb genomic island and several genomic
islets whose G + C content differs from the rest of the
genome. Comparisons of other isolates of H. hepaticus
by microarray hybridization showed extensive variation
within the species Extensive physiological similarities
with C. jejtrni reflect enteric colonization, but the
reasons for its carcinogenic potential are not immedi-
ately apparent from the genome sequence.

CELL WALL COMPOSITION AND
ANTIGENIC STRUCTURE

Helicobacters have the typical cell wall structure of
gram-negative bacteria comprised of lipopolysaccharide
(LPS) attached to a semipermeable outer membrane, a
peptidoglycan layer, and an inner cell membrane. The
fatty acid composition of H. pylori is distinctive and one
of the main criteria for exclusion from Campylobacter.It
is characterized by long-chain fatty acids composed

J 9 9

1 643 631
39

2

1 496
877
347

H. hepaticus ATTC 51449

1 799 146
35.9

"l

1

1  825
1 022

447

a) By comparison, the C. jeiuni NCTC 1 1 168 genome was '1 641 481 base pairs (30 6% G + C) and was predicted to encode 1 654 proteins Only 55 4%
of CjeTuni  geneshadorthologsinH pylor i  (parkhi l l  eta l  2000)
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predominantly of tetradecanoic (L4:0) and 1g-carbon

cyclopropane (19:0 cyc) acids with lower amounts of

hexadecanoic (16:0), octadecanoic (18:0), octadecenoic
(18:1), and l inoleic (18:2) acids (Moran 1995). Phospha-

tidylethanolamine (79.1 percent), lysophosphatidyletha-

nolamine (16 percent), and phosphatidylcholine (1.9

percent) constitute the polar head groups of neutral

phospholipids. Acidic phospholipids contain phospha-

tidic acid (52.7 percent) and phosphatidylserine (47.3

percent). H. pylori does not possess the methyl-substi-

tuted menaquinones (thermoplasma quinones) present

in Campylobacter species. Cholesterol glucosides are a

unique characteristic of the lipid content of various f1eli-

cobacter spp. (Haque et al. 1996).

Lipopolysaccharides

The lipopolysaccharides of H. pylori have been inten-

sively investigated and appear to have unique biological

properties - notably in inducing a low immunological

response that may be an adaptation to aid both persis-

tence and infection in its ecological niche in the gastric

mucosa (Moran 1995). Fresh isolates oI H. pylori possess

LPS with a ladder-like polysaccharide side chain like

those of 'smooth' strains of Enterobacteriaceae. but are

different in producing O-chains of relatively constant

chain length. Antigenic and structural differences

detected in electrophoretic, lectin binding and immuno-

blotting, and hemagglutinin analysis indicate consider-

able strain diversity and have been suggested as a

possible basis of strain specific typing schemes (Mills

et al. 1992). However, in vitro growth condition may

induce changes in LPS expression as strains may change

from smooth to rough LPS when grown on conventional

solid media and may be reversible when grown in liquid

medium (Moran 1995).

An interesting feature of H. pylori LPS is that several

structural studies have shown mimicry of Lewis x and/or

Lewis y blood group determinants. Serological screening

has detected those antigens in up to 90 percent of

strains. It has been speculated that bacterial expression

of Lewis antigens identical to those present in the

human gastric mucosa may camouflage H. pylori in its

ecological niche particularly in the early phase of infec-

tion (Appelmelk et al. 1997). However, Lewis x is not a

stable trait and LPS can display a high frequency of

phase variation (Appelmelk et al. 1998). This phenom-

enon has been attributed to a slip-strand mechanism that

changes the length of nucleotide repeats that introduce

translational frameshifts leading to the production of

inactive truncated gene products. For instance, the poly

C tracts of the alpha (1,3)-fucosyltransferase genes may

directly contribute to changes in Le expression, although

the length of the C repeats does not correlate with

Lewis x and Lewis y expression in all clinical isolates

(Appe lmelk  e t  a l .  1999) .

LlPID A

The lipid A component of. H. pylori LPS has been char-

acterized in a number of detailed structural studies and

Iike the LPS appears to have evolved a number of modi-

fications associated with a long-term chronic infection.

Unlike lipid A of many bacterial species that of 1L

pylori appears to lack 3-hydroxydecanoic acid, as well as

unusual phosphorylation and fatty acid substitutions

which could in part explain the lower biological activ-

ities (Moran et al. 1997). For instance, H. pylori LPS

binds more slowly than E. coli LPS to lipid-binding

protein and also exhibits poorer binding to CD14.

OUTER MEMBRANE PROTEINS

A large number of integral outer membrane proteins in

five paralogous gene families comprising three to 33

members have been inferred from genomic analysis of

H. pylori. These genes represent approximately 4

percent of a strain's coding capacity, but functional

analysis has been reported on only a few (Alm et al.

2000). The porins are one of the best characterized

families of proteins localized in the outer membrane of

H. pylori. Five members of the Hop family of proteins

labelled A, B, C, D, and E with molecular weights of 29

to 75 kDa have been identified as porins containing

nonspecific water-filled channels that allow small hydro-

philic molecules, nutrients, and even small antibiotics to

diffuse passively across the outer membrane (Exner et al.

1995; Alm et al. 2000). Furthermore, a member of the

Hop protein family, BabA (HopS), have been impli-

cated as an adhesin mediating binding to the blood

group antigen Lewis B on human host cell surfaces and

could be an important factor in virulence (Ilver et al.

1998). The wide range of outer membrane protein iden-

tifled may reflect adaptation of the species to the unique

gastric environment.

TYPING METHODS

As H. pylori is the most widely encountered and clini-

cally most important species in the genus Helicobacter, it

is the species most thoroughly investigated with respect

to potential typing methods. Nevertheless, at present

there is no generally agreed system for defining types or

subtypes within the species, even though information on

strain type is recognized to be of key importance in:

o Monitoring the effects of therapy and intervention

procedures

o Establishing association of disease severity with a

particular strain type and identification of markers

that might contribute in assessing benefit of eradica-

tion in patients with nonulcer dyspepsia

o Investigation of routes of transmission

o Finding clues to the common ancestry of stratns

worldwide that might have relevance to design of
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Phenotyping methods

H. pylori is remarkably homogenous in its phenotypic
expression. The only biochemical differences found
between strains of widely different origin are in the
activities of a few enzymes, which divide strains into
four biotypes, one of which accounts for 85 percent of
strains (Owen 1995). Characterization of the protein
profiles, lipopolysaccharides or surface antigens have
been proposed as typing criteria in order to differentiate
H. pylori strains isolated in different parts of the world.
Unfortunately, most of the strains display little hetero-
geneity and fall into few different groups so that these
techniques are not useful for strain differentiation. For
example, hemagglutination and lectin typing have shown
recognizable patterns, but the systems have not been
developed. The LPS antigens of H. pylori are sufficiently
diverse for their potenrial use in typing (Mills et al.
1992), but the approach has not been developed further.
Lewis blood group determinants are present in about 80
percent of strains and it was proposed they could form
the basis of an O-antigen serotyping scheme using
specific monoclonal antibodies: the scheme was compro-
mised by the frequent occurrence of phase variation
(Simoons-Smit et al. 1996).

Genotyping methods

Most successes have been with molecular methods that
exploit the considerable genetic diversity of H. pylori.
Methods of molecular fingerprinting applied include
ribotyping, restriction fragment length polymorphism
(RFLP) of known loci such as the urease encoding
genes, and flaA and flaB the genes for flagellins, pulse
field gel electrophoresis (PFGE), randomly amplified
polymorphic DNA (RAPD), and amplified fragmenr
length polymorphism (AFLP). The subject is reviewed
by Owen et al. (2001a). The molecular fingerprint
methods have proved useful mainly for tracing the intra-
familial spread of H. pylori (Bamford et al. 1993) or for
differentiating between recrudescence and reinfection
after attempts to eradicate H. pylori. The PCR methods
in particular have brought to light the extreme hetero-
geneity of H. pylori, with each infecting strain displaying
an almost unique fingerprint. This degree of diversity,
attributed to a nonclonal population structure, is
confirmed by the use of sequence typing applied to
housekeeping genes, as well as to pathogenicity asso-
ciated genes (Owen and Xerry 2003).

While it has not yet been possible to assign a parti-
cular genovar to speciflc gastric diseases (e.g. chronic
gastritis versus peptic ulcer or gastric cancer) using high
resolution fingerprinting methods; there is some
evidence that certain broader genotypes can be recog-
nized based on presence of cagA, the cytotoxrn asso-
ciated gene, which provides a marker for the presence of

a genomic pathogenicity island (Censini et al. 1996).
There is contradictory evidence that cagA+ strains are
associated with more severe clinical outcomes in western
populations, whereas in East Asian populations virtually
all strains are cagA+ and the association with disease
severity is much weaker (Yamaoka et al. 1999; Owen
et al. 2001b). Interestingly there is evidence that the 3/
end of cagA contains repeat motifs that may be asso-
ciated with greater disease severity in East Asians
(Yamaoka et al. 1998). Another widely investigated
marker of potential virulence is the vacA genotype - this
gene encodes a toxin that is secreted by the bacterium
and causes vacuoles in epithelial cells (Telford et al.
1994). The gene has a rnozaic structure and two parts
show particular sequence heterogeneity (Atherton et al.
1995). The s-region encoding the signal polypeptide
occurs as an s1 type with three subtypes a, b, and c, or
an s2 type. Within the m-region (middle), m1 or m2
types exist and within m2 subtypes m2a and m2b can be
recognized. Like cagA, the vacA genotypes have a parti-
cular geographical distribution. For instance, in Europe
most strains from northern, central, and eastern Europe
are subtype vacA s1,a, whereas East Asian patients often
contain subtype s1c (van Doorne et al. 1998). The cagA
and vacA types provide the most widely recognized
means of characterizing strains, e.g. genome sequenced
strains 26695 and J99 have genotypes cagA+lvacAs'J.al
m1, and cagA+lvacAslblm1, respectively.

There is a growing interest in the use of multilocus
sequence typing (MLST) defined by alleles present at
each of seven core genes, as a method for molecular
typing and large datasets have been generated for
important gram-negative and gram-positive bacterial
pathogens (Maiden et al. 1998). The technique has
limited value for defining epidemiological types within
H. pylori as recombination occurs so frequently that
alleles within isolates from a deflned geographic area are
all different and unique and discrete clones or clonal
complexes cannot be readily discerned (Suerbaum et al.
1998; Achtman et al. 1999; Falush et al. 2001). There is
evidence for geographic populations and subpopulations
of H. pylori around the world from population-based
analysis of multilocus sequences (Falush et al. 2003).

DIAGNOSIS

Various tests are available to assist in the diagnosis of
H. pylori infection. These tests can be categorized into
those that are based on direct assessment of gastric biop-
sies (invasive) and indirect tests (noninvasive) that
detect an immunological response (i.e. antibodies
against H. pylori) or metabolic products (i.e. urease
activity) of H. pylori.

The 'gold standard' for the detection of H. pylori has
been defined as culture, or histopathological examina-
tion of gastric biopsies, depending on the experience of
the investigator. In order to optimize the diagnosis of 1L
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pyktri, it is usually recommended that several tests be
used together. The choice of part icular tests wil l  depend
on locally available facilities, cost considerations, and
clinical circumstances in which the diagnosis of H. pylori

is to be made. The different tests for the detection of -F1.
pylori and where relevant other species are briefly
described in the followins section and are summarized in
Table 61.4.

Histology

The morphology of H pylori is sufficiently distinctive
for diagnosis to be made by light microscopy. The
conventional histological hematoxylin-eosin (HE) stain
at high magnification is able to detect most cases of .FL
pylori infection unless the number of organisms is very
low. The organisms are best seen in or near adherent
mucus on the luminal side of the gastric surface and pit
epithelial cells. There are more sensitive staining
methods for the diagnosis of H. pylori, including the
modified Giemsa or Warthin-Starry silver stain (Madan

et al. 1988). The Warthin-Starry stain as originally used
by Warren (Warren and Marshall 1983) gives excellent
results but it is quite labor-intensive, costly, and requires
experienced technicians for reliable performance. The
modified Giemsa stain is simpler and less labor-
intensive. Other stains that have been recommended for

Tabf e 61.4 Summary of tests for detectton of H pylori

Sensitivityu Specificity'
(Y"l (Yol Cost"

90->95 95-99 ++

the diagnosis of H. pylori include acridine orange (fluor-

escence), cresyl-fast violet, Gimenez, or Brown-Hopps.

Phase-contrast microscopy of a wet preparation of

crushed tissue is convenient and quick. Gram staining of

mucus smears or of biopsy imprints can also be used, but

is generally considered to be less sensitive than the other

stains. The sensitivity and specificity of histology for the

diagnosis of H. pylori are over 95 percent in experienced

hands and when multiple gastric biopsies are obtained.

An advantage of histology is that it allows the degree of

inflammation and any other associated pathologies to be

assessed. A novel but as yet not widely evaluated devel-

opment for the detection of H. pylori is by means of an

in situ immunofluorescent hybridization (FISH) assay
(Trebesius et al. 2000).

Culture

The most specific method to diagnose infection is culture

of H. pylori from gastric biopsies, but its sensitivity

depends on both the biopsy transport conditions and the

expertise available in the individual laboratory (Han

et al. 1995). However, H. pylori is a fastidious slow

growing organism that requires special culture condi-

tions, so relying on culture alone can mean missing a

proportion of infected cases for technical reasons,

including overgrowth of other bacteria and low bacterial

Endoscopy
required

Yes

Test

Histology

Cu ltu re

Rapid urease test
(e.9. CLO test)

Gastr ic biopsy PCR

13C breath test
(n on-rad ioactive)

14C breath test
(rad ioactive)

Serology

Stool antigen test

75-90 100

85-95 90->95

95  100

9s 98-100

9s 90-100

80-95 85->95

+++ Yes

+++

++

++

+

Yes

Yes

N o

No

No

Comments

Mult iple antral biopsies recommended
because of the irregular distr ibution of the
organisms, al lows evaluation of the degree
of  in f lammat ion

Variable results depending on the expert ise
of the laboratory; required for
suscept ib i l i t y  tes t ing  and ep idemio log ica l
stud i  es
Can be performed rapidly; decreased
sensit ivi ty immediately after antimicrobial
treatment
Technical ly very demanding; not yet
ava i lab le  in  c l in ica l  o rac t ice
Preferred in pregnant women, chi lden; not
widely avai lable; well  suited to early
fol low-up of antimicrobial treatment

Small radiat ion exposure; well  suited to
fol low-up of antimicrobial therapy

Wide ly  ava i lab le ;  use fu l  too l  fo r  sc reen ing
patients before endoscopy and also for
seroepidemiological studies; not
appropriate for short-term treatment
mon i to r ing

Relatively new noninvasive test; useful for
pediatr ic patients; appl icable for detection
of act ive infect ion before and after therapy

9794 No

a) Average est mates from data reported in the literature
b) +, least expensive; ++, moderately expensive; +++, most expensive
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load. Attention to transport conditions of the biopsies is
particularly crucial for an adequate diagnostic yield.
Biopsy specimens should be transported in a moist state
and when suspended in saline solution or distilled water,
must be cultured within 4 to 6 h of being taken. Storage
beyond this t ime should be at 4C, or at -20'C i f  the
period is more than 2 days. Specimens can be kept in
Stuart semisolid transport medium for 24 h if stored at
4"C (Soltesz et al. 1992). No recommended transport
medium is used universally, but the various suggested
transport media for biopsy samples, include normal
saline, 20 percent glucose, and Stuart's medium (Vaira
et al. 2002), as well as commercially available medium
(e.g. Portagerm pylori, Bio-Merieux). An in-house heli-
cobacter transport medium used successfully for several
years for both biopsies and cultures comprises brain
heart infusion broth (3.5 percent), yeast extract (2.4
percent), sterile horse serum (5 percent), and Dents
antibiotic supplement (vancomycin/trimethaprim/cephso-

ludin/amphotericin) (Dent and McNulty 1988).
Selective media for culture that suppress nasophar-

yngeal flora and other potential contaminants are avail-
able commercially and should be used together with a
nonselective fresh blood-based agar, such as Columbia
agar containing 10 percent horse blood, in order to
ensure optimal recovery of H. pylori. Samples should be
prepared for direct examination and plating on non-
selective and selective media, and plates should be incu-
bated in a microaerobic environment at 37'C under
humid conditions for at least 5-7 days before being
discarded. Colonies may be visible after 3-5 days of
incubation, but may take longer to appear on primary
isolation. Colonies are small, domed, translucent, and
sometimes weakly hemolytic. The sensitivity of culture
ranges from 75 to 90 percent, even in expert hands.
Because of the unique characteristics of 1L pylori, only a
few simple tests are needed for identification, including
Gram-stain appearance, catalase, oxidase, and urease
tests. A more detailed account of the laboratory isola-
tion of H. pylori is given by Jerris (1995). The disadvan-
tage of culture as a detection method is that it relies on
availability of a gastric biopsy, culture takes at least
7 days, and availability may be restricted to specialist
laboratories all of which lead to increased cost.
In specialized laboratories, sensitivity of culture can
be over 90 percent, but this can be reduced in
patients that have had prior antibiotic therapy,
while lowering gastric pH with proton pump inhibitors
(PPI) can lead to overgrowth of contaminating oral
bacteria. The main value of culture is in providing addi-
tional information that might be useful in patient
management - notably for determination of antibiotic
resistance, which is becoming an increasing problem.
Furthermore, in some cases it may be helpful to have
information on the strain type to establish if persistence
of symptoms may be due to failure to eradicate or to
reinfection. or if the strain has features indicative of

virulence potential, such as presence of the cag patho-

genicity island.

Intestinal helicobacters, such as H. cinaedi, H. fennel-
liae, and H. pullorum, can be isolated on some campylo-

bacter-selective agars, or by filtration on nonselective

agar (Kiehlbauch et al. 1995). However, for these

species there is no alternative to culture as no other

diagnostic tests are available at present.

Rapid urease test

H. pylori produces such abundant urease that the

enzyme can be detected in specimens of infected gastric

mucosa placed directly in a solution of urea with phenol

red as an indicator. In the original test, Christensen's

urea broth was used but unbuffered urea solutions, if

freshly prepared, and the use of gels instead of broth
give quicker results (Marshall et al. 1987; Arvind et al.

1988). A number of modifications have been described

and kits are now widely available from commercial

sources (e.g. Campylobacterlike organism (CLO) test).
The test can have a sensitivity of at least 80 percent and

a specificity approaching L00 percent when the reaction

is positive within t h. False positives may occur by

contamination with urease-producing bacteria from the

oral cavity. In clinical practice, biopsy urease test results

should be read within 24 h. It has the advantage of diag-

nosing 1L pylori status in most cases soon after endo-

scopy, which is helpful for the clinician planning ther-
apeutic interventions. Test kits are accurate and reliable

and are much less expensive than histology or culture of
gastric biopsies (Leodolter et al. 2001).

Urea breath test

The urea breath test (UBT) is currently the standard

noninvasive test for detecting H. pylori with the highest

accuracy in pre- and posttreatment conditions. Urea

breath tests are based on the principle that urea that has

been labeled with a carbon isotope is administered orally

and is hydrolyzed by urease produced by viable H. pylori

in the stomach, if present. As a result, ammonia is
produced and bicarbonate is excreted in the breath as

COz. The amount of labeled CO2 in breath is indicative

of the amount of urease activity and can be used as a
marker of H. pylori infection. Two types of isotopically

labeled urea have been developed: the Ir3C]urea
(Graham et al. 1987) and [laC]urea (Marshall and

Surveyor 1988). Both tests measure active infection, have

the great advantage of being noninvasive, and are useful

in making a primary diagnosis as well as monitoring
response to therapy. The [r3C]urea breath test, although
widely used in clinical practice, is more costly because it
requires mass spectrometry equipment for measuring the
excretion of the 13C nonradioactive isotope. On the other

hand, the [lac]urea breath test, which is simpler to
perform than the 13C test, only requires a scintillation
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counter (available at many hospitals) for measuring the
excreted labeled CO2 The raC test is thus less expensive,
but it involves exposure to a longJived radioactive
isotope, albeit at a very low dose; therefore, testing with
13C is preferred for use in children and in pregnant
women. A recent review summarizing numerous studies
showed that the UBT was sensitive (90-100 percent) and
specific (86-100 percent) (Vaira and Vakil 2001). The

[13C] UBT has an excellent sensitivity regardless of age,
but the specificity decreases in infants and young chil-
dren. Breath tests have also proved very reliable in indi-
cating cure or therapeutic failure 1 month after antibiotic
therapy (Logan et al. 1994). However, false-negative
results can occur in patients that have had prior anti-
biotic, bismuth salts, or PPI therapy, so treatment with
a drug influencing the UBT should be stopped as
soon as possible according to guidelines before
performing the UBT.

lelotogy
H. pylori infection results in a systemic as well as local
lmmune response characterized by an elevation of
specific IgG and IgA in serum, elevated secretory IgA,
and low-level gastric IgM (Rathbone et al. 1986),
phenomena that have permitted development of a multi-
tude of serological tests for the detection of H. pylori.
Several serological techniques have been used for the
study of H. pylori infection (e.g. complement fixation,
hemagglutination, immunoblot, fluoroimmunoassay), but
conventional enzyme-linked immunosorbent assay
(ELISA) is considered the optimal serological method.
Various antigens have been employed for detection of
H. pylori-specific antibodies, including whole cells and
whole-cell sonicates, acid-glycine extracts, and heat-
stable antigens, or more purified enriched antigen frac-
tions such as urease and a \20 kDa protein. Tests using
a mixture of the more purified antigen preparations have
generally been more sensitive and specific than tests
using whole-cell or sonicated extracts (Hirschl et al.
1990). Many kits using the enriched antigens for
detecting specific H. pylori IgG are available commer-
cially. The best of these serum ELISA tests generally
yield sensitivities and specificities around 85 and 79
percent, respectively, compared to histology or urease
testing (Goossens et al. 1992; Loy et al. 1996; Leodolter
et al. 2001). Since elevated IgG antibody levels may
persist for years in untreated individuals, serology has
been very useful for epidemiological studies and also for
screening individual dyspeptic patients before endoscopy
(Megraud et al. 1989; Sobala et al. 1991b). After
successful bacterial eradication, antibody titers tend to
decrease to approximately 50 percent of pretreatment
levels at about 6 months (Kosunen et al. 1992). There
are, however, large person-to-person variations in
changes in antibody titers after successful therapy and in
some individuals low levels of IgG may persist for years

after H. pylori eradication (Glupczynski et al. 1992). As

serological assays have a lower diagnostic accuracy they

should only be used for screening of H. pylori infection

after careful local validation. They are of limited value

for short-term monitoring of antimicrobial therapy and
use of the urea breath tests (r3C or 1aC tests) may be

more appropriate in this setting.

Stool antigen test

The stool antigen test is a more recently developed

immunoassay for detection of H. pylori antigens in stool

samples. The ELISA-based kit test for detection of

specific antigen in stool specimens has been met with

considerable interest as it is noninvasive. does not

require highly specialized equipment and, unlike

serology, is more likely to provide evidence of active,
rather than past infection. Furthermore, it may be more

appropriate for use in pediatric patients than either

serology or other invasive methods. Numerous evalua-

tive studies have been conducted to determine the
perforrnance of stool antigen kits as a means of primary

diagnosis, as well as post-eradication follow-up. A recent

review of 43 studies comprising a total of 4 769 patients

reported that overall the Premier Platinum HpSA

(Meridian Diagnostics) kit was a highly sensitive (92.4

percent) and specific (91.9 percent) means of diagnosing

infection in untreated patients (Gisbert and Pajares

2001). Analysis of 25 studies examining a total of 2 078
post-treatment patients demonstrated that the HpSA

test could also be used as a sensitive (88.3 percent) and

specific (92.0 percent) follow-up test at )4 weeks to

assess eradication outcome, although some studies gave

contradictory results (Gisbert and Pajares 2001). Results

reported from one of the few studies that have

compared the HpSA kit with the newer IDEIA

HpStAR (Dayko) kit suggested that the latter is margin-

ally more sensitive (93.8 versus 98.0 percent) for primary

diagnosis of pediatric infection (Makristathis et al. 2000).

Similarly, the IDEIA HpStAR kit was reportedly more

specific than the HpSA kit for post-treatment follow-up

of pediatric patients (Makristathis et al. 2000). A

different study of 148 adult dyspeptic patients demon-

strated that the sensitivity of the IDEIA HpStAR kit for

follow-up of patients after eradication therapy was

higher (88.6 percent) than that of the HpSA kit (80.0

percent) (Leodolter et al. 2003). Overall indications are

that these stool tests have been shown to be highly

sensitive and specific when applied to adult (Odaka et al.

2002; Yana et al. 2002) and to pediatric populations

(Konstantopoulos et al. 20Ol; Oderda et al. 2000;

Koletzko et al. 2003) for testing pretreatment (Gisbert

and Pajares 2OOl; Konstantopoulos et al. 2001,;

Makristathis et al. 2000; Oderda et al. 2000) and post-

therapy (Gisbert and Pajares 2001; Konstantopoulos

et al. 2001: Leodolter et al. 2003t Makristathis et al.

2000: Vaira et aL.2002\.
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Near patient tests using whole blood

Rapid office-based tests using whole blood have been
developed as they are quick and easy to perform, but
sensitivity and specificity vary widely. Their inaccuracy
therefore precludes their use as diagnostic tests in a
general practice setting (Leodolter et al. 2003).

Salivary and urine antibody assays

The use of commercial assays to detect anti-H. pylori
IgG antibodies in saliva or urine are attractive alter-
natives as they are completely noninvasive and easy to
perform. However, a large trial of a salivary assay
showed the accuracy was unacceptable (sensitivity 81
percent and specificity 73 percent) (Ltzza et al. 2000).
However, data on urine antibody assays indicate an
accuracy comparable to that of the serum ELISA in
Japanese (Kato et al. 2000) and European populations
(Leodolter et al. 2003).

Molecular tests

There are no commercially available assays for the
detection of H pylori in gastric biopsies even though
several validated genus and species-specific probe hybri-
dization and PCR assays have been described and have
recently been reviewed (Kabir 2001). The method with
the potential for greatest sensitivity is detection of H.
pylori-specific DNA by PCR. Gastric biopsy material
and gastric juice aspirates have been used for PCR diag-
nosis targeting various DNA sequences, including
regions of the 165 rRNA gene (Bell et al. 2003), urease
subunit genes (Romero-Lopez et al. 1993), the vacA
gene (Chisholm and Owen, 2003), and a portion of a
gene encoding a species-specific 26 kDa protein
(Hammar et al. 1,992). Results with these PCR tests have
yielded ranges of sensitivities and specificities depending
on the material analyzed, and the assays (Kabir 2001).
Molecular techniques may become more relevant in the
future for the diagnosis of H. pylori infection. As they
are technically more complex than standard kit assays,
they are essentially a specialist laboratory tool at
present, but can be useful to clarify unusual results - for
instance, UBT or CLO test positive but culture negative
speclmens.

String test

could be informative when its accuracv has been

established.

GEN ERAL TREATM ENT APPROACH ES

Who to treat

The favorable impact of H. pylori eradication on the

long-term clinical course of peptic ulcer disease is now

well established. Cure of the infection heals duodenal

and gastric ulcers refractory to antisecretory drugs,

speeds up ulcer healing, heals ulcers without concomi-

tant gastric acid suppression and, most importantly,

virtually prevents recurrences and ulcer complications.

There is substantial reduction in the risk of gastric and

duodenal ulcer recurrence to <10 percent within a year

when H. pylori has been successfully eradicated (Tytgat

1994). In 7994 the US National Institutes of Health

Consensus Conference (NIH Consensus Conference

1994) and other groups, including the H. pylori

European Study Group and the European Society of

Primary Care Gastroenterology, have since recom-

mended that all ulcer patients infected wtth H. pylori

should be treated with antimicrobial agents - now well

established as a cost-effective strategy. However, consid-

erable confusion has continued over management of 1L

pylori rnfection, particularly among primary care physi-

cians. The fact that many countries lacked national

guidelines lead to the first Maastricht Consensus Report

in which recommendations were made enabling the

development of European guidelines (EHPSG 1997).

The guidelines were subsequently updated at the Maas-

tricht 2-2000 Consensus Meeting - a central element of

these guidelines was to define who to treat and how to

treat them (Malfertheiner et al. 2002). For patient

management, the key recommended strategy was that a
'test and treat' approach should be offered to adult
patients under the age of 45 years (the age cut-off may

vary locally according to the mean age of gastric cancer

onset) with persistent dyspepsia, having excluded those

with predominantly gastroesophageal disease (GERD)

symptoms, nonsteroidal antiinflammatory drug (NSAID)

users, and patients with alarm symptoms. However,

the role of H. pylori in functional dyspepsia and

the evidence to support its treatment continue to be

controversial.

How to treat - f irst-l ine therapies

The swallowed string test (Enterotest) is a minimal inva-
sive approach as an alternative to endoscopy for direct
sampling of gastric fluid, although there is no informa-
tion on its use in clinical practice. Sampling of gastric
juice provides a good measure of the infecting strain
population shed from the gastric mucosa (Williams et al.
2000) so analysis of the string sample by culture or PCR

Because of its unique location in the gastric mucosa and

mucus, the treatment of H. pylori infection initially
proved to be difficult. Many antimicrobial agents are
poorly secreted in the gastric mucosa or are inactivated

in the acid environment of the stomach lumen. This

means that in vitro activity of various agents usually

does not translate into success in vivo. Numerous clinical
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trials of different combinations of antibiotics, proton
pump inhibitors, and bismuth-containing compounds
have been undertaken over the past 15 years. The ideal
treatment should be easy to comply with, cheap, have
minimal side effects, and attain high eradication rates.

On these criteria, the most effective treatment options
presently available as recommended by the Maastricht
2-2000 Consensus Report (Malfertheiner et al. 2002) use
antibiotics combined with either proton pump inhibitors
(PPI) or ranitidine bismuth citrate (RBS). Potential side

effects are nausea. diarrhea. and taste disturbances. One
week triple therapies combining a PPI such as omepra-
zole and a low dose of two antibiotics (metronidazole or
amoxicillin plus clarithromycin) are the overall most
effective eradication regimens with eradication rates of
about 90 percent (Harris and Misiewicz 2001). Omepra-
zole, pantoprazole, and lansoprazole remain the refer-
ence PPIs in the first-line regimens for H. pylori eradica-

tion (Ulmer et al. 2003). Ranitidine-bismuth-citrate may
be used as an alternative to a PPI in combination with
clarithromycin and either metronidazole or amoxicillin
for a week. In areas of high metronidazole resistance,
amoxicillin should be used as an alternative antibiotic. A
comprehensive review of treatment options is given else-
where (Harris and Misiewicz 2001; Suerbaum and
Michetti 2002).

How to treat - second-line therapies

Even with the current most effective treatment regi-
mens, about 10-20 percent of the patients will fail to
eradicate the infection and will remain H. pylori positive

after 4 weeks or longer. Failures are due mainly to
bacterial resistance or poor compliance. Widespread
resistance to antibiotics used in eradication therapy. in
particular metronidazole and clarithromycin, is a source
of growing concern because of its impact on eradication.
The clinical relevance of antibiotic resistance is increas-
ingly accepted as an issue and its importance in therapy
has been highlighted in several recent meta-analyses of
over 60 studies (Dore et al. 2000; van der Wooden et al.
1999). For instance, an analysis of studies published

between 1983 and 1997 found that metronidazole resis-
tance reduced effectiveness by 37.7 percent, but most
striking was the finding that clarithromycin resistance

reduced effectiveness by an average of 55 percent (Dore

et al. 2000).

An optimal strategy for retreatment after initial
failure of eradication has not yet been established, but
the recommended second-line therapy according to the
Maastricht 2-2000 report is use of quadruple therapy - a
PPI with bismuth, metronidazole, and tetracycline (an

antibiotic unlikely to have been used previously in front-
line therapy). It is advisable that the antibiotic suscept-
ibility of the organism is determined before retreating
because of high resistance rates in some populations to

metronidazole. Resistance to both clarithromycin and

metronidazole is a major concern in retreatment - for

instance, in a German study, 46 percent of 554 isolates

from patients in whom one or more therapies had failed

were resistant to both antibiotics (Heep et al. 2000). The

use of ranitidine-bismuth-citrate-based triple therapy is

another possibility for retreatment (Suerbaum and

Michetti 2002). Subsequent failures should be referred

and handled on a case-by-case basis. Interestingly a

number of studies have shown rifabutin-based rescue

therapies might offer an encouraging alternative strategy

for eradication.

It should be noted that probiotics have been investi-

gated in a number of trials and although the results

appear promising there is insufficient evidence to date to

support their use as an alternative to standard anti-

H. pylori therapies (Cremonini et aL.2001.).

Antibiotic resistance

There is a clear difference between developing countries

where a high proportion of strains may be resistant and

the developed countries where resistances range from 10

to 50 percent (Megraud 2001). In a European multi-

center study, the mean rate of resistance to metronida-

zole was 33.L percent, to clarithromycin 9.9 percent, and

to amoxicillin 0.8 percent (Glupczynski et al. 2001).

Resistance to metronidazole was significantly higher in

females, while resistance to clarithromycin was signifl-

cantly higher in children and teens. Similarly, metronida-

zole resistance rates of between 29 and 40 percent have

been reported in England (Teare et al. 1.999; Glupc-

zynski et al. 2001; Parsons et al. 2001), although rates

may be significantly higher in some communities (Banat-

vala et al.  1993).

A number of phenotypic methods have been used to

detect in vitro antimicrobial resistance in 1L pylori, of

which the most important are agar dilution, disk diffu-

sion, and Epsilometer test (E-test) methods (Megraud

2001). The E-test appears to be an easy method for

determining minimal inhibitory concentrations (MIC) as

an alternative to the more labor-intensive agar dilution

method. However, the European Study Group multi-

center analysis highlighted discrepancies between E-test

and agar dilution for metronidazole and lack of reprodu-

cibility in some isolates (Glupczynski et al. 1991). The

National Committee for Clinical Laboratory Standards

in the United States has published guidance on suscept-

ibility testing by agar dilution (NCCLS 1999) and the

British Society of Antmicrobial Chemotherapy on

susceptibility testing by the E-test (King 20Ol).

However, as there are no published internationally

agreed susceptibility methods by disk diffusion specifi-

cally for H. pylori, a method based on review of the

relevant literature comparing E,-test or agar dilution

with disk diffusion was recommended by the PHLS
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Helicobacter Working Group (McNulty et al. 2OO2). Key
factors considered that might contribute to the discre-
pancies seen with metronidazole susceptibility testing,
but rarely with clarithromycin were: culture medium,
age of cultures, size of inoculum, anaerobic preincuba-
tion, disk content, zone size breakpoints, and mixed
cultures. In addition to the phenotypic methods, a
number of molecular assays have been developed for the
detection of mutations in the 23S rRNA gene associated
with clarithromycin resistance (Versalovic et al. 1996;
Owen 2002). Use of a real-time PCR format, for
instance, enables assays to be applied directly to analysis
of DNA extracted from gastric biopsies without the
need for culture, thus enabling resistance results to be
available on the same day, compared to 7-12 days by
conventional methods (Chisholm et al. 2001). At present
there are no molecular assays for resistance to metroni-
dazole as the mechanism of resistance to that antibiotic
is not fully understood.

Prevention

With our lack of knowledge concerning the exact
sources, reservoirs, and modes of transmission of 1L
pylori, there is currently no possibility of preventing this
infection. Primary prevention of infection in childhood
may be, in the future, the most effective way to elim-
rnate gastric cancer in high-risk populations, but this
must await the development of an effective vaccine.
Prophylactic and therapeutic vaccination with H. pylori
antlgens, such as urease, as a candidate vaccine compo-
nent have been successful in animal models, but the
translation to a human vaccine remains difficult, in part
because the immunology of the stomach remains poorly
understood (Ruggiero et al. 2003).

PATHOGENICITY AN D VIRULENCE
FACTORS

H. pylori is highly adapted to its role as a gastric
pathogen and its success appears dependent on two
major groups of determinants, most of which are
currently viewed as 'putative' (Dunn et al. 1997). First,
maintenance factors which allow the organisms to colo-
nize and to persist long term, and second, virulence
factors that contribute to three major pathogenic effects
that are either direct or as part of the modulation of the
host response - gastric inflammation, disruption of the
gastric mucosal barrier, and altered gastric physiology.

Infected individuals are typically characterized by
chronic gastric inflammation, but most do not progress
to develop peptic ulcer disease or gastric cancer. The
reasons that some individuals develop more senous
disease is not understood, but the most likely explana-
tion appears to lie in a complex combination of host,
environment, and strain-related factors. Putative patho-

genicity factors including virulence mechanisms of H.
pylori have been the focus of intense investigation over
the past 15 years. Efforts are now aided by the avail-
ability of two complete genome sequences that have
enabled developments, in areas such as gene expression
and proteomics, to provide new insights. A number of
key bacterial factors that may contribute to pathogeni-

city and/or virulence have been described and character-
ized, and are highlighted below.

Urease

H. pylori urease is an important adaptive enzyme that is
essential for the establishment of gastric mucosal coloni-
zation according to animal experimental studies with
urease-negative mutants and urease inhibitors (Mobley

2001). Urease may serve to protect the organism from
gastric acid by converting urea to ammonia and carbon

dioxide, thus surrounding the bacterium with an alkaline
layer that neutralizes the acid. Urease may also function
as a virulence factor as it appears to be an important

cause of the inflammation seen in the lamina propria

that is the hallmark of chronic H. pylori infections.

Furthermore, in vivo urease activity is toxic to
human gastric epithelial cells (Mai et al. 1992; Segal et al.
ree2).

Catalase and superoxide dismutase

Other adaptative enzymes that form part of the antioxidant
defense mechanism facilitating the survival of H. pylori in
the gastric mucosa include catalase and superoxide dismu-
tase - both of which protect bacteria against the toxic
effects of reactive oxygen species, such as hydrogen
peroxide and associated hydroxyl radicals released by acti-
vated gastric neutrophils infiltrating the lamina propria and
epithelium (Hazell et al. 2001).

Flagel la

The spiral shape and up to six polar sheathed flagella of
H. pylori provide its motility in gastric juice and gastric
mucus. IJrease enzyme, by breaking down the urea in
gastric juice, appears to generate enough bicarbonate
and ammonia around H. pylori to allow its safe migra-
tion through the gastric acid barrier and its arrival at the
protective mucus layer. Motility and urease have been
shown to be essential factors for colonization rn an
animal model using gnotobiotic piglets (Eaton et al.
1989). H. pylori also possess a flagella hook which is
essential for the attachment of flagella. Mutants with
mutations in the flgE gene, which encodes the flagellar
hook protein, are nonmotile and aflagellate but continue
to synthesize flagellins (Luke and Penn 1995).
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CagA pathogenicity island

The cytotoxin associated gene (cagA) is present in
approximately 70 percent of strains (type 1) and is a
marker for the presence of a distinctive genomic patho-
genicity island (designated cagPAI) - a 40 kb region
consisting of about 30 putative genes encoding a func-
tional type IV secretion system capable of direct translo-
cation of complex proteins into eukaryotic cells. Most
cagA+ strains contain a complete and contiguous
cagPAI and the gene order is relatively well conserved,
although several possible structures of the cagPAI have
been proposed (Censini et al. 1996). CagA, the highly
immunodominant 128-kDa protein product of cagA, is
produced by all type 1 strains (Covacci et al. 1993). It
has been shown to be translocated into cultured gastric
epithelial cells. where it induces host cell kinases that
phosphorylate tyrosine residues in CagA adjacent to the
site of bacterial adhesion on the host gastric epithelial
cells (Asahi et al. 2000; Backert et al. 2000) This in turn
activates eukaryotic signal transduction pathways and
cytoskeletal plasticity (Odenbreit et al. 2000; Segal et al.
1999; Stein et al. 2000). Several putative tyrosine phos-
phorylation motifs such as EPIYA have been identified
in CagA (Stein and Bagnoli 2002). The precise link
among cagA, the production of the CagA protein, and
strain virulence is controversial. For instance. there are
marked regional differences in frequencies of type 1
strains as cagPAl carriage is higher in East Asian strains
compared to European strains. It appears currently that
cagA status alone is insufficient to reliably predict either
virulence or association with gastric ulcers (Graham et al.
1996; Mitchel l  et al.  1996; Jenks et al.  1998).

Vacuolating cytotoxin

Another interesting aspect of H. pylori pathogenicity is
the so-called vacuolating cytotoxin. This secreted
exotoxin is expressed in about 50 percent of H. pylori
strains and is responsible for inducing vacuoles in a
variety of eukaryotic cell lines (Leunk et al. 1988). Oral
administration of purified cytotoxin to mice causes
ulceration and gastric lesions bearing some similarities
with the pathology observed in humans (Telford et al.
1994). The cytotoxin has been characterized and purifled
as an 87 kDa protein which shows limited homology
with other known bacterial toxins (Cover and Blaser
7992). The gene encoding this cytotoxin is called vac,4
and has been cloned by Cover et al. (1994). The vacA
gene is present in all 1L pylori strains, regardless of
whether they express toxin activity in vitro and is often
used as a marker of enhanced virulence potential.
However, analysis of the role of VacA in disease is
complicated by the extensive variability in the vacA
sequences. It has been established that vacA has a
mosalc structure and two parts of the gene show parti-

cular sequence heterogeneity (Atherton et al. 1999). The
s-region encoding the signal peptide located at the 5/
end of the gene occurs as an s1 and s2 type. Within type
s1, several subtypes (sla, s1b, and s1c) can be distin-
guished. Within the m-region (middle), there are m1
(m1a and m1b subtypes) and m2 types. Despite
numerous studies, evidence for reproducible associations
between vacA genotype and disease severity remains
controversial - for instance the link between the s1
allele and peptic ulcer disease (Atherton et al. 1997). By
contrast. it is better established that strains with the s2
form of vacA are nontoxigenic, cause little inflamma-
tion, and are rarely associated with peptic ulceration
(Letley et al. 1999). The toxin-positive and toxin-nega-
tive strains present large dissimilarities (Cover et al.
1994) reflecting the possible combinations of the distinct
s- and m-region types determining the production and
cell-specific activity of the cytotoxin. Furthermore, there
is evidence that the Vac A molecules exhibit different
cell specificities according to the presence of specific
receptors on host cells and this was found to be depen-
dent on the type of allele present in the m-region
(Pagliaccia et al. 1998).

Adhesins

Adherence of H. pylori to specific host-cell macro-
molecular receptors is essential to stabilize it against
mucosal shedding into the gastric lumen and to ensure
good access to nutrients from gastric epithelium
damaged by infection. The best deflned H. pylori

adhesin-receptor interaction found to date is that
between the Lewis b blood group antigen binding
adhesin, BabA (an outer membrane protein) and Lewis
b antigens - terminal fucose, containing blood group

antigens found in the gastrointestinal mucosa as well as
on red blood cells (Ilver et al. 1998). The adhesin
binding to blood group O-specific antigens may help
explain the predisposition of people with blood group O
to peptic ulcer disease and gastric adenocarcinoma. The
babA gene exists in two distinct forms - babAl
comprises an almost complete open reading frame
(ORF), but lacks the necessary initiation site and cannot
be translated. The second form, babA2 contains a 10-bp
insert at its 5' end with an in-frame ATG start codon
permitting expression of the ORF which correlates with
adhesion. The presence of babA in H. pylori also corre-
lates with duodenal ulcer and adenocarcinoma (Gerhard

et al. 1999). However, the spectrum of H. pylori-adhesin

receptors is complex and adaptive. There is evidence
that BabA is not an absolute requirement and that other
adhesins independent of BabA may interact with Lewis
b antigens (Testerman et al. 2001). For example, a sialyl-
dimeric Lewis x glycosphingolipid was identified as the
sialic acid binding adhesin (SabA) (Mahdavi et aI.2002).
It was suggested that the ability of strains to adhere to
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sialylated glycoconjugates during chronic inflammation
might contribute to virulence and the chronicity of
infection.

Lewis antigens

The cell envelope of H. pylori contains LPS, the O-
polysaccharide chain of which expresses blood group

antigens similar to those of the host - predominantly

type 2 blood group determinants Lewis x and Lewis y,
although type 1 determinants Lewis a and Lewis b have
also been described. Bacterial expression of these anti-
gens has been suggested as providing a mechanism by
which the bacterium can evade the immune system by
mimicking the Lewis antigens expressed on the gastric

epithelium, and so aid in colonization (Appelmelk et al.
1997).

EPIDEMIOLOGICAL ASPECTS OF
H. PYLORI

Prevalence

H. pylori is responsible for one of the world's most
common bacterial infections. It is usually acquired
without knowledge of the time of exposure, the source
or the magnitude of the infecting dose. In adult infec-
tions, it is likely from volunteer experiments that the
infectious dose is high, possibly in the order of 10s to 10e
organisms depending on the strains (Feldman et al.
1998). H. pylori inf.ection persists silently in most
infected individuals and causes superficial gastritis that
persists for years, leading to chronic inflammation. In
developing countries the organism is acquired early in
childhood, with infection rates of 50-60 percent by the
age of 10 and up to 90 percent in adults (Megraud et al.
1989). By contrast, in developed countries few infections
occur during childhood and a gradual increase in preva-
lence is observed with age (at a rate of about 0.5-1
percent per year), leading to infection rates of 20-30
percent by the age of 20, and of about 50 percent at 50-
60 years. Differences within age groups in adulthood
within a population seem to reflect a birth cohort affect,
indicating a higher rate of infection in earlier decades
caused mainly by poor living conditions in earlier birth
cohorts (Banatvala et al. 1994). A study of the preva-
lence of H. pylori in the general population of England
and Wales showed that an estimated total of 7.5 million
people had an active infection (Vyse et al. 2002). Esti-
mated prevalence varied by region and was highest in
London. Prevalence also varies between populations of
different ethnic origin. In the USA, healthy adult
Hispanic and black populations have seropositivity rates
several-fold higher than non-Hispanic white populations,
independently of age, gender, geographical location
(urban versus rural), educational level, and current

income (Graham et al. 1991b). The reasons for these

highly significant differences in seroprevalence rates

among ethnic groups are not well understood, but socio-

economic conditions during childhood, such as crowding,
poor sanitation, and close contact with infected persons,

appear to be important risk factors. A twin study from

Scandinavia comparing the rates of infection in mono-

zygotic and dizygotic twin pairs reared apart or together

has suggested a large inherited susceptibility to infec-

tion, in addition to environment-related factors (Malaty

et al. 7994). The prevalence of H. pylori has been inves-

tigated in selected populations in a variety of countries

around the world, and is reviewed elsewhere (Pounder

and Ng 1995; Brown 2000).

Sources and transmission of infection

The natural hosts for H. pylori are humans. Closely

similar, but distinguishable organisms have been isolated

in primates (Goodwin et al. 1989b) - these include 1L

nemestrinae which is now classified as H. pylori (Ster-

baum et al. 2002), and H. acinonychis isolated from

captive cheetahs (Eaton et al. 1.993). H. pylori has been

isolated from the stomachs of domestic cats, raising the

possibility that the organism may be a zoonotrc

pathogen with transmission occurring from cats to

humans (Handt et al. 1994, 1995). There is no primary

environmental reservoir and person-to-person transmis-

sion is probably the dominant mode of transmission,

although controversy exists over whether fecal-oral or

oral-oral spread predominates. From its protected niche

in the gastric mucosa H. pylori could either be trans-

mitted by the oral-oral route with episodes of gastro-

esophageal reflux permitting access to the mouth, or be

excreted in the feces. H. pylori has been isolated from

the feces (Thomas et al. 1992; Kelly et al. 1994), from

dental plaque (Shames et al. 1989), and from saliva

(Ferguson et aL.1.993), albeit on few occasions, but it has

been detected by polymerase chain reaction from such

specimens in a greater proportion of infected subjects

suggesting that transmission by both routes can indeed

occur (Mapstone et al. 1993). The increased rates of

infection among children of West African mothers

who premasticate their infants' food (Albenque et al.

1990) and among Chinese who share eating utensils

favors oral-oral transmission. An increased rate of infec-

tion has also been reported among endoscopists not

wearing gloves (Mitchell et al. 1989). However, rates of

infection among dental workers were not elevated

compared to age-matched control groups (Malaty et al.

1992).
The main epidemiological evidence supporting fecal-

oral transmission, which may occur particularly in devel-

oping countries, is the similarity of the seroepidemiology

with that of hepatitis A (Graham et al. 1991a). Whether

by oral-oral route or by fecal-oral transmission, intra-
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familial spread appears to occur in western populations
(Drumm et al. 1990; Rowland 2000). When a parent or a
child is infected, the other family members are usually
more likely to be infected than family members from
uninfected index cases (parent or children). Cross-
sectional studies have shown that both a high density of
living and limited access to sanitary facilities are signifi-
cantly associated with higher infection rates, especially
when promiscuous living conditions prevailed during
childhood (Mendall et al. 1992). Likewise, H. pylori

seropositivity rates are also notoriously higher in persons

living in institutions. For example, at a Bangkok orpha-
nage H. pylori seropositivity was 74 percent in children
2-4 years old, well above the rates in children living in
rural Thailand (Perez Perez et al. 1990). In another
study from Australia, Berkowicz and Lee (1987) found
three times the expected prevalence of antibody among
inmates of an institution for the mentally retarded.
Transmission of H. pylori in the endoscopy suite can
occasionally occur. Patient-to-patient transmission by an
endoscope is a potential threat which has been reported
at a frequency of three infections for every 1 000 gastro-

duodenoscopies in one study from the Netherlands
(Langenberg et al. 1990). Contact with secretions from
infected patients may also subject endoscopists to risk of
infection. There have been detailed reports of accidental
infections, as well as epidemics of gastritis transmitted
by infected gastric secretions (Gledhill et al. 1985;
Sobala et al. 1991a). The prevalence of H. pylori infec-
tion was significantly higher in a group of Australian
gastroenterologists than in an age-matched group of
control subjects (Lin et al.1994). There is little evidence
for transmission between couples (Perez Perez et al.
1991). Nor is there any correlation with sexual prefer-
ence, number of sexual partners, history of sexually
transmitted diseases. or infection with human immuno-
deficiency virus among those infected with H. pylori
compared with those who were not infected (Polish et al.
1e91).

Waterborne transmission may be important, though
not yet proven, especially in areas of the world that
have high rates of H. pylori infection and less than
adequate water quality (Brown 2000). Consumption
of vegetables irrigated or washed with untreated
or contaminated water may also be a source of
infection. A study performed on raw municipal waste-
water from an open wastewater canal on the US-Mexico
border reported for the first time culture of H. pylori
from an environmental source (Lu et al. 2002). There is
growing evidence from PCR for Helicobacler DNA in
drinking water and that biofilms may act as a reservoir
in water distribution systems in developing (Bunn et al.
2002) and in developed countries (Park et al. 2001).
Furthermore, the presence of H. pylorl has been
detected using fluorescent in situ hybridization in waste-
water and river water samples in Spain (Moreno et al.
2003).

clrNrcAL CoNSEQUENCES OF
H. PYLOR' INFECTION

The clinical consequences of H. pylori infection are

highly variable and appear to be influenced by both

microbial and host factors, as well as possible environ-

mental factors. Acute infection, usually in childhood,

causes transient hypochlorhydria, after which chronic

gastritis will develop in virtually all persistently

colonized persons - most of whom will never have

symptoms.

Epidemic hypochlorhydria and acute
gastrit is

Two outbreaks of mild gastrointestinal illness with

abdominal pain, nausea, and vomiting were reported in

previously healthy people who, in a study on stomach

secretions underwent gastric instrumentation (Ramsey

et al. 1,979; Gledhill et al. 1985). All suffered profound

hypochlorhydria which lasted for several months. Retro-

spective histological examination of material from these

outbreaks showed H. pylori-llke bacteria and active

gastritis; moreover, analysis of stored sera from one

study demonstrated rising titers of H. pylori antibodies.

It was presumed that the two outbreaks resulted from

cross-infection by instruments passed into the stomach.

In two volunteer experiments similar acute manifesta-

tions occurred after the ingestion of pure cultures of

H. pylori (Marshall et al. 1985; Morris and Nicholson

re87).

Chronic aastritis

Most frequently H. pylori infection presents as a chronic

infection and results in an asymptomatic superficial

gastritis. There is now much evidence for a causal rela-

tionship between H. pylori and chronic superflcial

gastritis:

Accidental and voluntary ingestion of H. pylori has

resulted in sporadic cases or in epidemics of gastritis

(see above).

Natural infection and experimental challenges in
various animals simulate human infection with

resulting chronic gastritis (Fox and Lee 1993).

Antimicrobial therapy to eradicate infection results in

resolution of gastritis (Glupczynski et al. 1988).

H. pylori only overlies the gastric epithelium and its

infection is associated with only certain types of

gastroduodenal inflammation (Ormand et al. l99l).

There is a universal local and systemic immune

response to H. pylori that can be detected serologi-

cally (mainly IgG and IgA antibodies).

The levels of H. pylori specific antibodies decrease

with therapy, concomitant with diminution in inflam-

mation (Rauws et al. 1988).
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Peptic ulceration

The life-time risk of peptic ulcer in a person infected
with H. pylori ranges from 3 percent in the United
States to 25 percent in Japan (Suerbaum and Michetti
2002). A causal relationship between H. pylori and
peptic ulceration has been more difficult to establish
because only a small proportion of infected individuals
develops peptic ulcer and until recently there has been
no satisfactory animal model. Longitudinal case-control
studies over a 3-10-year period have shown that patients
with 1L pylori infection have a four- to 13-fold increase
in the risk of developing duodenal or gastric ulcers
(Sipponen et al. 1990; Nomura et al. 1994). Strongest
evidence for the pathogenic role of H. pylori in peptic
ulcer was provided by the marked decrease in recur-
rence rates of ulcers following H. pylori eradication
(Hentschel et al. 1993). However, in a landmark study
(Ohkusa et al. 2003), it was shown that H. pylori could
induce duodenal ulceration in the Mongolian gerbil
model, finally fulfilling Koch's postulates for duodenal
ulceration. The close association between H. pylori and
peptic ulceration is now generally accepted. Infection
with H. pylori is a prerequisite for the occurrence of
almost all duodenal ulcers in the absence of other preci-
pitating factors such as nonsteroidal anti-inflammatory
drug use or Zollinger-Ellison syndrome (Nensey et al.
1991). Over 95 percent of patients with duodenal ulcer
have H. pylori gastrrtis. Patients with higher acid output
are likely to develop a diffuse antral predominant
gastritis which predisposes them to duodenal ulcers.

The association between H. pylori and gastric ulcer is
slightly less strong, about 80 percent of patients with
non-NSAID-induced gastric ulcers being infected.
Patients with lower acid output are more likely to have
corpus predominant gastritis and multifocal atrophy
which predisposes them to gastric ulcer. Our knowledge
of the exact role of H. pylori in the pathogenesis of this
disease is still incomplete and certain host or organism
characteristics remain to be characterized.

Gastric malignancy

Descriptive epidemiological studies have shown a higher
frequency of gastric cancer in populations with higher
prevalences of H pylori infection and a geographical
correlation has been found between H. pylori infection
and gastric cancer death rate (Eurogast Study Group
1993). More importantly, several prospective case-
control serological studies have detected a three- to six-
fold increased gastric cancer risk in individuals infected
with 11. pylori and an attributable risk of at least 50
percent of all gastric cancers (Forman et al. 1991;
Nomura et al. l99l; Parsonnet et al. 1991). One prospec-
tive study has shown that H. pylori chronic diffuse
gastritis did significantly increase the risk of developing

intestinal metaplasia and atrophic gastritis over a mean

follow-up of 10 years (Kuipers et al. 1995); these patho-

logical lesions are widely accepted as precursors of
gastric carcinoma. Thus in patients with low acid output

and chronic H. pylori infection, corpus predominant

atrophic gastritis can trigger a sequence of pathological

events involving intestinal metaplasia and dysplasia

leading to distal gastric carcinoma. Since gastric cancer

develops only in a small proportion of infected subjects

and because it may also occur without evidence of past

H. pylori infection, the relationship between H. pylori

and carcinogenesis is not straightforward. Most of the

evidence is epidemiological and thus open to different

interpretations. A number of studies have described the

development of gastric cancer in H. pylori-infected

Mongolian gerbils, but this model has a number of

Iimitations. The role of strain diversity in determining

virulence factors important in disease progression needs

further investigation, as does the role of human genetic

diversity in determining predisposition to gastric cancer

risk and their interaction with environmental factors

especially diet.

H. pylori infection significantly increases the risk of
gastric mucosa-associated lymphoid tissue (MALT)

lymphoma and up to 98 percent of patients with this

disease are infected with H. pylori (Wotherspoon et al.

l99l; Parsonnet et al. 1994; Wotherspoon 2000).

Successful eradication of H. pylori by speciflc anti-

microbial treatment has resulted in complete or partial

tumor regression in 27 olut of 33 (82 percent) patients

with low-grade MALT gastric lymphoma (Bayerdcirffer

et al. 1995) with a yearly recurrence rate of approxi-

mately 5 percent (Stolte et at.2002) However, long-term

follow-up will be needed to clarify whether the remis-

sion is lasting with high grade lymphomas.

Nonulcer dyspepsia

The association between H. pylori and nonulcer

dyspepsia (NUD) is controversial. Dyspepsia is common

and imposes a substantial clinical and financial burden

on health services. Cross-sectional population studies

have suggested that tp to 23 percent of functional

dyspepsia in the community is attributable to H. pylori

infection. However, in a randomized controlled trial, it

was found that community screening and treatment for

H. pylori produced only a 5 percent reduction in

dyspepsia and that the small benefit had no impact on
quality of life (Moayyedi et al. 2000).

Gastroesophageal reflux disease

The role of H. pylori in the pathogenesis of gastro-

esophageal reflux disease (GERD) is complex and
remains incompletely understood. The incidences of

esophageal diseases, including reflux disease and esopha-
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geal carcinomas, have increased in recent years, whereas
the incidences of 1L pylori-related, ulcer disease and
distal gastric adenocarcinoma have declined. These
epidemiological trends prompted a debate that presence
of H. pylori, particularly cagl-positive strains, might
have a protective role for GERD (Richter 2001).
Despite the conflicting data, it would appear that H.
pylori does not have a major causal role in pathogenesis
of GERD and in the development of Barrett's
esophagus, dysplasia, and adenocarcinoma of the
esophagus and esophogastric junction (Sharma 2001).

Extragastric diseases

H. pylori has been weakly linked, mainly by PCR
evidence, to numerous extragastric diseases that include
ischemic heart disease, Parkinson's disease, inflamma-
tory bowel disease, skin disease, and liver and biliary
tract disease. However, for most of these conditions
bacteria have rarely been isolated to provide convincing
evidence that H. pylori or other helicobacters might
have a causal role (Fox 2002).

SUMMARY OF DESCRIPTIONS OF
HELICOBACTER SPECIES

Gastric helicobacters (in alphabetical
order)

H ELICO BACTER ACI N O NYCH I S

H. acinonychis (acinonyx) (Eaton et al. 1993) is closely
related to H. pylori by 165 rRNA phylogenetic analysis.
The species consists of short, spiral rods 0.3 pm wide by
1.52.0 pm long with between two and five sheathed
unipolar flagella. It is able to hydrolyze urea and is
isolated from the gastric mucosa of captive cheetahs
(Acinonyx jubilatus) with gastritis. The G + C content of
DNA of the type strain is 30 mol% and the type strain is
CCUG 29263.

H E LICO BACTER B IZZOZERO N I

H. bizzozeroni ts a long spiral organism isolated from
the gastric mucosa of dogs (Hdnninen et al. 1996). The
bacteria are 5-10 pm long by 0.3 pm wide and each cell
has 10 to 20 sheathed flagella at both ends of the cell,
but lack periplasmic fibrils. The organisms are micro-
aerophil ic and grow at 37 and 42C,blt  not at 25"C. I t
hydrolyzes urea and reduces nitrate and, in contrast to
H. felis, hydrolyzed indoxylacetate. The type strain is
ATCC 700030.

HELICOBACTER FELIS

H. felis is a morphological distinct organism first isolated
from the gastric mucosa of a cat (Paster et al. 1991).
Cells are rigid, tightly spiral, 0.4 pm wide by 5-7.5 pm

long, with between five and seven spirals per cell

surrounded by periplasmic fibrils appearing as concen-

tric helical ridges in pairs, threes, or singly. Tufts of 14-

20 bipolar sheathed flagella are positioned slightly off

center at the end of the cell. It is microaerophilic, but

can grow anaerobically, growing at 42C. It is commonly
present in the gastric mucosa of cats and dogs, some-

times associated with gastritis. The pathogenicity for

humans is unknown although a gastric infection has

been detected by PCR (Germani et al., 1997). The

species has highest similarity by 165 rDNA sequencing

to H. bizzozeroni and H. salomonis. The species can be
propagated in mice, so is useful in screening trials for

anti-H. pylori chemotherapeutic agents, studies of patho-

genic mechanisms, and for development of a vaccine

model. The G + C content of DNA is 42.5 mol% and

the type strain is A'|CC 49179.

H ELICO BACTER H EI LMAN NI I

H. heilmannil was first described and originally named
Gastrospirillum hominis by McNulty et al. (1989). It is
the only helicobacter, other than H. pylori, to colonize
the human stomach and be associated with gastritis. A
survey of gastric biopsies in south east England using
PCR showed that H. heilmannii-Iike organisms had a
prevalence rate of 2.3 percent (Chisholm and Owen
2003). Although the nomenclature implies a defined
species, 165 rDNA phylogenetic analysis demonstrated
that H. heilmannii comprises two related but distinct
types. Type 1 is closely related to Candidatus H. suis, an
organism found in pigs (Mendes et al. 1990), whereas
type 2 is more closely related to the 11. bizzozeroni/
H. felis/H. salomonis subgroup that commonly infect
cats and dogs. It has not been cultured, but electron
micrographs reveal tightly spiral, bipolar flagellated cells
that lack periplasmic flbrils.

HELICOBACTER MUSTELAE

H. mustelae (Fox et al. 1989) was first described as a.
subspecies of C. pylori, but was later elevated to specific
status and transferred to Helicobacter by Goodwin et al.
(1989a). It is similar to H. pylori, but has multiple lateral
as well as polar flagella. Growth occurs at 42C and
anaerobically with COz. It reduces nitrate and is isolated
from the normal or inflamed gastric mucosa of the ferret
(Mustela putorius furo).'the G + C content of DNA is
3641. mol"/o and the type strain is ATCC 43772.

H E LICO BACTE R N E M ESTRI NAE

H. nemestrinae (Bronsdon et al. 1991) was originally
described as phenotypically similar and closely related
genetically to H. pylori. It is isolated from the gastric
mucosa of the pigtailed monkey (Macaca nemestrina);
there is no associated pathology. The species has been
proposed as a junior synonym of H. pylori (Suerbaum
er aI.2002).
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HELICOBACTER PYLORI

H. pylori (Marshall et al. 1984) was originally named
Campylobacter pyloridis, but changed to C. pylori and
later moved by Goodwin et al. (1989) to Helicobacter as
the type species of the genus. Cells are curved or spiral
with between four and eight unipolar sheathed flagella,
some with terminal bulbs. Colonies are nonpigmented,
translucent, 1-2 mm in diameter. There is variable
growth at 42C. The species may grow in air enriched
with 10 percent CO2, but not anaerobically. It is nitrate-
negative. H. pylori is the major cause of gastritis in
humans and is strongly associated with peptic ulceration
and gastric cancer. It does not naturally infect animals,
but has been found in domestic cats. Complete genomes
have been sequenced for two strains (26695 and J99).
The G + C content of DNA is 39 mol% and the tvpe
strain is NCTC 11637 (ATCC 43504).

H E LICOBACTER SALO M O N IS

H. salomonis is a canine gastric helicobacter closely
related to H. felis and H. bizzozeroni (Jalava et al. 1997).
Cells are only slightly spiral, 5-7 pm long and 0.8-1.2 pm
wide and show an unusual slow wavelike motion. Each
cell has tufts of sheathed flagella at one or both ends. All
strains are urease and nitrate positive. Isolates were from
healthy pet dogs and adult experimental dogs - clinical
significance is not known. The type strain is CCUG
37845.

HELICOBACTER SUNCUS

H. suncus is the name proposed for a helicobacter with
bipolar sheathed flagella (one at each end) isolated from
the stomach of house musk shrews (Suncus murinus)
with chronic gastritis (Goto et al. 1998). The organism is
able to rapidly hydrolyze urea and to reduce nitrate to
nitrite. Phylogenetic analysis indicates the organism is
closely related to H. mustellae. The name has not been
validated and no type strain has been designated.

CANDIDATUS H. BOVIS

The name Candidatus Helicobacter bovis was proposed
by De Groote et al. (1999a) for a new helicobacter-like
organism detected in the pyloric part of the abomasa of
calves and adult cattle. The organisms were described on
the basis of biochemical, immunohistochemical, and
electron microscopical data as cultivation was not
successful. Phylogenetic analysis placed the organism,
corresponding to the reference sequence R2XA, within
Helicobacter with H. bilis as its closest validlv named
neighbor.

CANDIDATUS H. SUIS

The name Candidatus Helicobacter suls was proposed by
De Groote et al. (1999b) for a new helicobacter asso-
ciated with ulcer disease in the stomachs of pigs
(Mendes et al. 1990). The tightly spiral microorganism

was uncultured and described on the basis of biochem-

ical, immunohistochemical, and electron microscopical

data. Phylogenetic analysis placed the organisms within
Helicobacter and closely related to the 1L felis, H. bizzo-

zeroni, and H. salomonis with the latter species as its

closest validly named neighbor. In situ hybridization

linked the reference sequence to'Gastrospirillum suis'-

like bacteria which are thousht to resemble H. heil-

mannii type I.

E nteroh epati c hel i co ba cters

HELICOBACTER AURATI

H. aurati is a urease-positive species cultured from the
gastrointestinal tissues (inflamed stomachs and ceca) of

adult Syrian hamsters (Patterson et al. 2000). The

species is fusiform with multiple bipolar sheathed

flagella and periplasmic flbers. It is most closely related

to H. muridarum arrd H. hepaticus. A type strain was
proposed (MIT 97-5075c), but the name has not been

validated by publication in the International Journal

Systematic and Evolutionary Miuobiology.

HELICOBACTER BILIS

H. bilis (Fox et al. 1995) cells are fusiform to slightly
spiral, 0.5 pm wide by 4-5 pm long, entwined with peri-
plasmic fibers. There are tufts of sheathed flagella
numbering three to 14 at each end. Coccoid cells form in
old cultures. Colonies appear as a thin spreading layer
on agar medium. It is microaerophilic and grows at 42'C
and in 20 percent bile and 0.4 percent triphenylte-
trazolium chloride. It is urease-positive and can be
isolated from the colons and ceca of mice. and the bile
and livers of mice with hepatitis. The type strain is
ATCC 51630.

H E LI CO BACT E R CAN ADE'Vs's

H. canadensis is a novel species cultured from the feces
of diarrheic humans, although its pathogenic role is not
established (Fox et al. 2000). Cells are slender, curved to
spiral rods and motile by means of nonsheathed, single
unipolar, or bipolar flagella. Growth occurs at 37 and
42C. The bacteria are urease, alkaline phosphatase, and
gamma glutamyl transpeptidase negative, but catalase
and oxidase positive. The species is closely related to 1L
pullorum, but is distinguishable by the ability to hydro-
lyze indoxyl acetate. The type strain is NLEP-16143
(ATCC 700968).

HELICOBACTER CINAED' AND HELICOBACTER
FENNELLIAE

H. cinaedi and H. fennelliae (Totten et al. 1985), first
isolated from rectal swabs of homosexual men with
symptoms of proctitis, were placed in the genus Campy-
lobacter, but were subsequently reclassified in Helico-
bacter by Vandamme et al. (1991). Superflcially they
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resemble C. coli, but grow more slowly and require
blood. They possess single, sheathed, predominantly
bipolar flagella. Pinpoint translucent colonies are formed
after 48 h and develop into flat, watery, spreading colo-
nies Iike young C. jejuni cultures. The main phenotypic
test distinguishing the two species is nitrate reduction -

H. fennelliae cultures do not reduce nitrate - although
the two species are clearly distinguishable from each
other by 165 rDNA phylogenetic analysis. Both species
are associated with gastroenteritis and proctitis in homo-
sexual men and occasional systemic infection in patients
with underlying immunodeficiency or serious disease
(Kiehlbauch et al. 1,994, 1995). H. cinaedi apparently
forms part of the normal intestinal flora of hamsters
(Gebhart et al. 1989) and there is molecular evidence of
the species in human gastric biopsies (Pefra et aL.2002).
The G + C content of DNA of H. fennelliae is 35 molo/o
and the species type strain is ATCC 35684. The G + C
content of H. cinaedi is 37-38 mol% and the type strain
is ATCC 3568. Extensive phylogenetic diversity has
been documented within H. cinaedi and it should be
noted that strains previously referred to as 1L westmea-
diae and Helicobacter sp. strain Mainz represent addi-
tional strains of H. cinaedi (Vandamme and On 2001).

HELICOBACTER CANIS

H. canis (Stanley et al. 1993) consists of slender helical
rods 0.25 pm wide by 4 prm long with between one and
two spiral turns and single, bipolar sheathed flagella.
Pinpoint, nonpigmented, alpha-hemolytic colonies form
after 48 h on blood agar, growing at 42C. The species is
catalase-, urease-, and nitrate-negative. It is isolated
from feces of diarrheic or healthy dogs; one strain has
been isolated from human feces. The pathogenicity is
unknown. The G + C content of DNA is 48 mol% and
the type strain is NCTC 12739.

H E LICO BACTER CH O LECYSTU 5

H. cholecystus is a filamentous (3-5 pm long) motile
helicobacter with a single polar sheathed flagellum
isolated from the gallbladders of hamsters with cholagio-
fibrosis and centrilobular pancreatitis (Franklin et al.
1996). Cells grow under micoaerobic and anaerobic
conditions. There is growth at 37 and 42'C, but not at
25'C. The species is positive for catalase and nitrate
activity, but does not hydrolyze urea. The type strain is
Hkb-1.

HELICOBACTER GANMANI

H. ganmani is a urease-negative species isolated from
the intestines (mucous scrapings) of laboratory mice
(Robertson et al. 2001). Isolates possess single, bipolar,
unsheathed flagella, but are unusual in that they only
grow anaerobically at 37"C and are incapable of growth
under microaerobic conditions. They are positive for
oxidase and reduce nitrate to nitrite, whereas most are

catalase negative, and do not hydrolyze hippurate or
indoxylacetate. In a phylogenetic analysis, the species is
most closely related to H. rodentium which also has
unsheathed flagella. The type strain is CCUG 43526.

H ELICO BACTER H EPATICU S

H. hepaticus (Fox et al. 1994) consists of curved to spiral
rods, 0.2-0.3 trrm wide by 1.5-5.0 pm with between one

and three spiral turns with single, sheathed, bipolar
flagella. It grows as pinpoint colonies, but may spread

on agar. It does not grow at 42'C. Urease-positive, it is
isolated from the colons and ceca of mice, and the livers

of mice with active, chronic hepatitis and liver cancer. It
is the prototype enterohepatic Helicobacler species. The
complete genome sequence of strain ATCC 51449 has

been determined with a size of 1.8 M base pairs and
predicted to encode 1 875 proteins (Suerbaum et al.
2003). The type strain is ATCC 51448.

H E LICOBACTER M ESOCRICETORU M

This organism is a spiral-shaped bacterium with bipolar,
single, nonsheathed flagella isolated from the feces of
asymptomatic Syrian hamsters (Simmons et al. 2000).

HELICOBACTER MARMOTAE

Members of this species are slender curved to spiral rods
that are motile by means of sheathed single unipolar or
bipoar flagella. Isolates are urease positive but nitrate
negative. Bacteria were isolated from the liver of wood-
chucks and feces of clinically normal cats. The type
strain is MIT 98-6070 (ATCC B,4,4.-546) (Fox et al.
2002).

HELICOBACTER MURICOLA

This species has a pair of nonsheathed, bipolar flagella,
is positive for urease, catalase, and oxidase, and reduces
nitrate to nitrite. It is phylogenetically most closely
related to H. muridarum and to H. pullorum. The
bacteria (two strains) were isolated from the ceca and
fecal pellets of Korean wild mice. The proposed type
strain is w-06 (Won et aI.2002).

HELICOBACTER M U RIDARU M

H. muridarum (Lee et al. 1992) is morphologically
distinct. Cells are helical, 0.5-0.6 pm wide by 3.5-5.0 pm
long with between two and three spirals per cell. Sphe-
rical forms occur in older cultures. There are bipolar
tufts of between ten and 14 sheathed flagella. Each cell
is entwined by nine to 11 criss-crossing periplasmic
fibrils. It is microaerobic and grows only at 37"C.
Urease-positive, it can be isolated from the intestinal
mucosa of rats and mice. Its pathogenicity is unknown.
The G + C content of DNA is 34 mol% and the type
strain is ATCC 49282.
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H ELICO BACTER PAM ETENSI S

H. pametensis (Dewhirst et al. 1994) cells are curved,
0.4 pm wide by 1.5 pm long with single, bipolar,
sheathed flagella; occasionally there is a third flagellum.
The species grows at 42C,but does not hydrolyze urea.
It is isolated from tern, gull, and swine feces; its patho-
genicity is unknown. The G + C content of DNA is 38
mol% and the type strain is ATCC 51478 (CCUG

292ss).

HELICOBACTER PULLORUM

H. pullorum (Stanley et al. 1994) is a campylobacter-like
organism with single, unipolar, unsheathed flagellum
(atypical for a helicobacter). Cells are gently curved
slender rods 3-4 pm long and it grows at 42C. It forms
pinpoint, nonpigmented, alpha-hemolytic colonies on 5
percent horse blood agar. Urease-negative, it is isolated
from asymptomatic broiler chickens, the livers and
intestinal contents of laying hens with features of
vibrionic hepatitis, and feces from humans with gastro-

enteritis. The G + C content of DNA is 34-35 mol%
and the type strain is NCTC 12824.

HELICOBACTER RODENTIU M

H. rodentium is a spiral-shaped bacterium (1-3 turns)
motile with bipolar, single, nonsheathed flagella isolated
from the intestines (colon and cecum) and feces of
laboratory mice (Shen et al.1997). Growth occurs at 37
and 42C, but not at25"C. The bacteria are urease nega-
tive and weakly catalase and oxidase positive, reduce
nitate to nitrite, but do not hydrolyze indoxylacetate or
hydrolyze hippurate. Pathogenic potential is unclear.
The closest named relative of the species is H. ganmanii.

The type strain is ATCC 700285.

H E LI CO BACTER TROG ONTU M

H. trogontum is a fusiform to slightly spiral rod-shaped
bacterium (4-6 pm in length) with periplasmic fibers
that has been cultured from the colonic mucosa of
Iaboratory rats (Mendes et al. 1996). Cells are motile by
means of tufts consisting of between three and seven
sheathed flagella. The organisms are able to grow at
42'C, have catalase, oxidase, and urease activity, but do
not reduce nitrate. Closest taxonomic neighbors are
murine species H. hepaticus and H. muridarum. The
type strain is ATCC 7001.14.

H E LI CO BACTER TYPH LO N I U S

H. typhlonius is a curved to spiral, rod-shaped bacterium
with no periplasmic fibers which was cultured from feces
of naturally infected laboratory mice (Franklin et al.
2001). Cells are motile by single, sheathed, bipolar
flagella. The organism is oxidase and catalase positive
and reduces nitrate to nitrite, but does not hydrolyze
urease. It can induce enteric disease in various strains of
immunodeficient mice. The species is most closely

related to H. hepaticus, but is unique in containing a

large (166-bp) intervening sequence in its 165 rDNA, is

urease negative, and does not hydrolyze indoxyl acetate.

H E LICOBACTE R WI N G HAM E N 5I S

This species was cultured from the stool samples of

patients with symptoms of gastroenteritis, although a

pathogenic role was unclear (Melito et al. 2001). The

cells were abotJt 2 pm in length and motile by one or

two nonsheathed flagella. The organisms grow rn a

microaerobic atmosphere at 37'C, but not at 42C in

either aerobic or anaerobic atmospheres. The species is

oxidase positive but catalase, urease, and nitrate nega-

tive. The closest relatives are organisms designated as

Flexispira taxon 1. The type strain is NLEP 97-1090.

HELICOBACTER RAPPINI

Flexispira rappini was originally described by Kirkbride

et al. (1985) and is now recognized to be part of a

complex group of similar organisms. It has never been

formally named, but has been shown to be closely

related to H. muridarum and is probably a helicobacter

(correspondingto Flexispira taxon 5 or taxon 8) (Solnick

and Schauer 2001; Vandamme and On 2001). Its cells

are straight and fusiform, but with criss-crossing peri-

plasmic fibrils, like those of H. muridarum. It shows

serpentine flexibility with changes in cell length and

shape and grows as a thin spreading film on agar. It is

microaerophilic and urease-positive and is isolated from

aborted sheep fetuses, the feces of humans with chronic

diarrhea, and the intestinal mucosa of laboratory mice.

The G + C content of DNA is 33-34 molo/o.
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INTRODUCTION

The aerobic pseudomonads are rod-shaped, gram-nega-

tive bacteria, motile by' means of one or more polar

flagella. They are not acid-fast and do not form spores,
prosthecae, or cysts. T'hey have an absolute aerobic

metabolism and the catalase reaction is positive. The

guanine and cytosine (G+C) content of the DNA ranges

from 57 to almost 70 mol/o. The pseudomonads are

nonexacting and can grow normally using simple sources

of carbon and nitrogen. Many of them are saprophytic,

but some are plant patJrogens and others are opportu-

nistic pathogens of humans and animals. A detailed

taxonomic study of this group of organisms (see below)

has demonstrated that a,ctually it includes several genera

of bacteria, but now the name Pseudomonas is reserved

only for species closely related to the most outstanding

species, Pseudomonas oeruginosa. The importance of

this species derives from the widespread distribution of

its strains in nature, lheir resistance to many anti-

bacterial compounds, and the number of pathogenicity

factors that they can produce.

P. aeruginosa is one of the so-called 'fluorescent'

species because they produce pigments that fluoresce

under ultraviolet (UV). Other fluorescent pseudomo-

nads (P. putida and P f'!.uorescens, and many others that

have been described rer:ently) are less common human

opportunistic pathogensi. One of the reasons may be

because their optimal lemperature of growth is lower

than that of P aeruginosa, but they may also be poor

producers of virulence factors. Many others are plant

pathogenic. There are also nonfluorescent Pseudomonas

species (P. stutzeri, P. alcaligenes, P. pseudoalcaligenes).

Precise methodological procedures have allowed taxono-

mists to recently describe a number of new species; most

of them produce fluorescent pigments.

BRIEF HISTORICAL PERSPECTIVE

Up to the first half of the twentieth century, many of the

descriptions of species of Pseudomonas in successive

editions of Bergey's Manual of determinative bacter-

iology were decidedly poor when viewed from present-

day standards, and the interpretation of revisions and

improvements was difficult since many of the original

cultures were no longer available. This situation was

most unfortunate because these organisms were very

common in nature and, in case one became interested in

their study, it was practically impossible to do much

work with them because the original descriptions

presented awkward problems in establishing priorities'

Many of them were so inadequate that one description

could very well be applied to many newly isolated

strarns.

Towards the middle of the twentieth century, several

workers in various countries manifested a desire to

attempt a satisfactory classification of species since the

genus had become a dumping ground for phylogeneti-

cally unrelated organisms. In fact, the number of species

catalogued in Index Bergeyana (Buchanan et al. 1966)

and its supplement (Gibbons et al. 1981), and those

subsequently described in journal publications,
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amounted to more than 800 names. Of these, many had
been been applied to plant pathogenic species. Unfortu-
nately, the lack of proper criteria for species description
added considerably to the confusion created by this
nomenclatural hypertrophy and, with few exceptions, the
identification of strains isolated from nature and their
assignment to known species became an almost impos-
sible task. Fortunately, in 1926, den Dooren de Jong,
working in Delft under the supervision of the famous
microbiologist Beijerink, published his doctoral thesis, a
very significant piece of work centered on the microflora
able to convert a large variety of organic carbon
compounds to carbon dioxide. This work very soon led
him to discover the extraordinary mineralizing ability of
the pseudomonads (den Dooren de Jong 1926).

In spite of their similarity in basic phenotypic char-
acteristics, these organisms are remarkably diverse rn
their capacity to live at the expense of many different
organlc compounds as sole sources of carbon and
energy. This aspect of their diversity helps in their
taxonomy (den Dooren de Jong 1.926; Palleroni 1984;
Stanier et al. 1966). Based on their remarkable meta-
bolic diversity, den Dooren de Jong devised a method of
classification of the organisms of his collection, in which
he tested their capacity of using each of a long list of
carbon compounds as a single source of carbon and
energy. This was described eloquently by Skerman in
1949, who pointed out that in spite of the similarity of
the organisms in their basic phenotypic characteristics,
their classification could perhaps be attempted on the
basis of nutritional properties. Although this metho-
dology failed to attract the attention of bacteriologists,
den Dooren de Jong's data were indeed attractive to the
biochemists. In her classic book, Marjorie Stephenson
(1930) transcribes several of the pages with the data of
den Dooren de Jong obtained wtth Pseudomonas
species, but it took about 40 years to see any positive
reaction among the bacteriologists.

Work performed on many strains of Pseudomonas at
the Department of Bacteriology of the University of
California at Berkeley, mainly along the lines suggested
by den Dooren de Jong, resulted in the proposal of a
system of classification of Pseudomonas species based on
phenotypic characteristics with emphasis on the utiliza-
tion of various organic compounds as sole carbon and
energy sources (Stanier et al. 1966). Later this was
followed by DNA-DNA hybridization studies, which
confirmed the proposed system of phenotypic classifica-
tion. However, in spite of the progress, the results of
these studies suggested that the species assigned to the
gents Pseudomonas, a number considerably smaller
than years before, constituted a group that was not
phylogenetically uniform. A clear demonstration of the
phylogenetic heterogeneity of the genus was eventually
achieved by means of an estimation of the ribosomal
RNA (rRNA) similarities, using rRNA-DNA hybridiza-
tion as an analytical criterion (Palleroni et al. 1973).

Subdivis ions of  the genus
Pseudomonas into species

The rRNA/DNA hybridization studies demonstrated

that Pseudomonas could be subdivided in rRNA
homology groups, each of which represented at least a
separate genus. The name Pseudomonas was reserved
for rRNA group I, which included P. aeruginosa. This
group will be the subject of this chapter, and the rest of
the genera will be treated elsewhere in this book. The
species of Pseudomonas can be subdivided into two
groups, the fluorescent and the nonfluorescent species.
Much of the description that follows refers to the type
species of the genus, P. aeruginosa, which has not only
all the general properties assigned to members of the
genus but also properties that are rather uncommon.

The number of Pseudomonas species to be included in
the new edition of Bergey's Manual of systematic bacter-
iology will be about 65 because it has been decided that
the list of species should not go beyond January 2000.
Therefore, this number can only be taken as an approx-
imation. There are, however, a number of new species,
mostly fluorescent, which perhaps is the result of
defining more sharply some of the groups related to the
biovars described originally under the collective names
of P. putida and P. fluorescens.

An interesting question pertaining to the nomen-
clature is the fact that at the beginning, the first fluor-
escent species carried names that referred to some
striking phenotypic character of the strain or of its host
(aeruginosa, fluorescens, putida, aureofaciens, chloror-
aphis, syringae, etc.). After some time, the names of
scientists who collaborated in Pseudomonas research or
the places of collection of the samples were used for
naming the new species. As a consequence, these new
names had less informative value for the noninitiated
scientist

One of the most surprising results of the rRNA/DNA
hybridization experiments was the finding that E. coli
appeared to be closer to some Pseudomonas species
than these were to others of the sensu lato genus. Before

these experiments were done, no bacteriologist would

have accepted the idea that this level of phylogenetic

relationship existed between a peritrochously, fermenta-
tive organism (such as an enteric bacterium) and an
oxidative, polarly flagellated one. After the flnding in
my own laboratory, many pieces of confirmation came
from different laboratories. More recently, Sugawara
and Nikaido (1992), working with the properties of the
OmpF channel, came to the following conclusions:
'These results are gratifying because they suggest the
evolutionary relationship between the enteric porins of
high flux rate, such as OmpF and OmpC, and P. aerugi-
nosa, whose outer membrane could be considered
basically as a modified enteric outer membrane except
that it lacks these classical porins. Thus, in the later
organism, the very ineffective porin function of the
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OmpA/OprF-type protein, which is hidden behind the

much higher fluxes through the classical porins in E.

coli, now becomes predominant.'

The best determinative procedure for the identifica-

tion of purposes is the study of rRNA, but hybridization

of this macromolecule with DNA is no longer the

method of choice. It has been replaced by the direct

determination of rRNA sequences, because this is very

reliable and informative for the allocation of new

isolates to the proper rRNA homology group.

It is important to emphasize here the fact that the

rRNA similarity studies performed with the aerobic
pseudomonads have been extended to many other
groups of prokaryotes in other laboratories, demon-

strating their usefulness in phylogenetic studies of these

organisms. The development of a taxonomic system for

Pseudomonas, therefore, has had a more general signifi-

cance than simply providing bases for species classifica-

tion within a single bacterial genus.

HABITATS

The aerobic pseudomonads can be found in many

different materials; therefore, most bacteriologists are

familiar with Pseudomonas and the related genera.

Pseudomonads have been found in many materials

used in clinical laborat.ories and medical practice. In

addition to their nutritional versatility, which explains

their ubiquity and their importance in the recycling of

organic matter, they can be dangerous opportunistic
pathogens because of their tolerance to physical,

chemical, and antibacterial compounds.

However, there are exceptions. Acid media (pH

below 5.5) and hot habitats in general are free of them.

Actually, at one time the incapacity for growth at pH

below 5.5 was included among the negative group char-

acteristics of aerobic pseudomonads. In fact, with minor

exceptions, there are no true acidophilic or thermophilic

aerobic pseudomonads. Recently, a thermotolerant

species was described, with the name of P. thermo-

tolerans (Manaia and Moore 2002). Even so, the list of

materials where the prosence of pseudomonads can be

demonstrated is impressive. It includes water (even

samples labeled 'steriler') (Favero et al. 1.971.; Lantos

et al. 1969), irrigating fluid (Mitchell and Hayward

1966), solutions purpol'ted to have antiseptic activity
(Plotkin and Austrian 1958; Mitchell and Hayward 1966;

Cragg and Andrews I9(t9 Kedzia 1977; Jin et al. 1994),

medications, utensils, and medical instruments (Bruch

1971; Jessen 1965; Moffett et al. 1967; Moffett and

Williams 1967; Shooter et al. 1969).

Pseudomonads are lbund in natural or processed

foods (Farmer 1976) and occasionally these materials

are sources of infections of patients in hospitals
(Kominos et al. 1972; S.hooter et al. l97l; Shooter et al.

1995). External sources of infection can be various mate-

rials, such as plants an<I flowers, brought by visitors or

health personnel (Bergan 1975;' Cho et al. 1975; Green

et al. 1974). This is to be expected, because pseudomo-

nads can be isolated from healthy and diseased plants

(Palleroni and Doudorott 1972; Schroth et al. 1977;

Trust and Bartlett 1976). Since pseudomonads can also

colonize animals and humans, they can spread among

individuals (Hoadley and McCoy 1968; Matthews and

Fitzsimmons 1964; Shooter et al. 1966). Together with

the genera Burkholderia and Stenotrophomonas, the

species of Pseudomonas are the most formidable oppor-

tunistic pathogens causing infections in hospitalized

patients.

From all the above, it is evident that prevention of

contamination with pseudomonads is practically impos-

sible when you are dedicated to medical practice, to

social relations, or to agriculture. In hospitals, among

the species, the most common is a formidable opportu-

nistic pathogen, P. aeruginosa, and therefore, the

medical concern with infection of immunologically

compromised patients in burns and neonatal units, and

in acquired immune deficiency syndrome (AIDS) and

cancer wards, is well justified indeed.

MORPHOLOGY AND CELLULAR
STRUCTURE

In the following sections, much of the information will

refer to P aeruginosa because this is the most important

species from the medical point of view, but occasional

reference will also be made with respect to the other

specles.

P. aeruginosa cells are rod-shaped and have a single

flagellum inserted at the tip of the cell. Other species of

the genus appear to be different, but this is primarily in

the number of flagella, which is normally higher than

one. A discussion of the morphology of various aerobic

pseudomonads of different species can be found else-

where (Palleroni 1984). Although the general definition

refers to the shape of rods, in some species the cells tend

quite often to be more oval than cylindrical. A property

that is fairly common in all instances is the arrangement

of relatively short cells in pairs, but since the width/

length relation can vary within wide limits, strains of

some species (P. putida and fluorescent plant pathogens)

can have long cells that resemble fllaments. As in other

bacterial groups, the cells are short in the stationary

phase of growth. Under certain growth conditions and

oxygen limitation, filamentation can be induced in cells

of strains of P. putida and P. fluorescens, but not in

P. aeruginosa (Jensen and Woolfolk 1985).

As mentioned before, P. aeruginosa can be differ-

entiated from the rest of the fluorescent species in

having a single polar flagellum. However, careful

observation of flagella-stained preparations shows that

there are exceptions (see Sarin et al. 2002, Figure 1).

As can be seen in that figure, some cells deviate

from the prototype both in the number of flagella and
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in their insertion. The significance of these deviations
may be quite limited, since many microscopic fields had
to be examined to detect them. The normal flagellar
number has always been taken to be one per cell, but
now it is known to be controlled by FleN, a putative
adenosine 5'-triphosphate/guanosine 5'-phosphate (ATP/
GTP) binding protein. Disruption of fleN results in
multiflagellation and this is also associated with a
chemotactic defect (Dasgupta and Ramphal 2001). On
the other hand, the capacity of P. aeruginosa of
swarming on the surface of solid media, as in the case of
P. stutzeri (see below), may be due to these lateral
flagella but this point deserves a comparative study with
other species.

Two genes were identifled and named fleS and fleR
and found to be homologous to members of the subclass
of two-component systems involved in transcriptional
regulation of a diverse array of genes from sigma 54
promoters. They are arranged in a putative SR operon,
Iocated upstream from a flagellar fliE gene.

P. aeruginosa displays multiple phenotypes when a
biofilm develops. The changes have been monitored
using microscopy and in situ reporter gene analysis to
follow biofilm physiology. Five stages of physiology
development were identified (Sarin et al. 2002): (l)
reversible attachment; (2) irreversible attachment; (3)
maturation-1; (4) maturation-2; and (5) dispersion. Cells
at the state of biofllm do not differ very much from
those in a planktonic type of population as far as the
sensitivity to antibacterial compounds is concerned
(Spoering and Lewis 2001).

In a report from a different group of workers, strain
57RP formed a phenotypically heterogeneous popula-
tion by a mechanism called phase variation. In this
population there were variants that formed small, rough
colonies that spontaneously emerged when the strain
was cultivated as a biofilm or in static liquid cultures.
These variants produced abundant type IV fimbriae,
displayed defective swimming, swarming, and twitching
motilities, and were impaired in chemotaxis (D6ziel et al.
2001).

Motility was not studied systematically in any of the
species of Pseudomonas,with the exception of P. aerugi-
nosa. Out of 354 strains, Jessen (1965) found that 20
strains (5 percent) were nonmotile. Five of these 20
strains subsequently acquired the characteristic of moti-
lity. Lateral flagella of shorter wavelength, in addition to
the polar one, may be observed tn P. stutzeri. Perhaps
they are involved in propelling the cell over the surface
of solid media (Palleroni et al. 1970; Shinoda and
Okamoto 1977).

Fimbriae or pili are present in most species (Fuerst
and Hayward 1969), and they cause aggregation and
attachment to inert or living surfaces, or may have
receptors for the attachment of bacteriophages (Bradley
1972; Bradley I97a). They can even participate in
causing twitching motility on the surface of solid media

(Bradley 1980). The determinants of pili in P. aeruginosa
may have been received by horizontal transmission from
organisms of lower G+C content in their DNA, as
suggested by the sequence homology with pilins of unre-
Iated organisms such as Neisseria and Moraxella
(Buchanan and Pearce 1979), and by differences in

codon usage when compared with the genes of these
organisms (West and Iglewski 1988). Unfortunately,
however, the taxonomic implications of our knowledge

on the pilin markers at present are rather limited.
Aside from movement due to swimming under the

action of flagella, and twitching of the cells, which obeys
the propulsion of the type IV pili, there is also a more
purposeful displacement of the cells due to attraction or
repellent action of chemical or biological compounds, and
this falls under the category of chemotaxis. The propeller

here is also the flmbriae or pili, and the translocation is
related to the composition of fatty acid of the solid
medium. Synthetic dilauroyl- and dioleoyl-phosphatidyl-

ethanolamine were capable of directing the P. aeruginosa

motility, while many others were not (Kearns et al. 2001).

Salicylate depresses the motility of Burkholderia

cepacia and of several other species of different genera,

but it has no effect on P. aeruginosa at the same concen-
tration. Its effect on many of the organisms could be
related to osmoregulation (Kunin et al. 1995).

The composition of the cell envelopes of aerobic pseu-

domonads has been the subject of much research, which

initially was performed mainly on well-known species.
such as P. aeruginosa, but was later extended to other
species in search of correlations with their taxonomic

allocations. An adequate summary of the research up to
the 1980s was presented in Bergey's Manual tf
Systematic Bacteriology (Palleroni 1984), and only some

supplementary information will be given here.

Poly-3-hydroxybutyrate (PHB) is accumulated in the

form of refractile granules inside of the cells of species
of genera that are very similar to Pseudomonas. This is a
good negative character, because, with very few excep-
tions, none of the species of Pseudomonas acatmrtlate

the polymer intracellularly. Some accumulation was

observed in one of the strains of P. pseudoalcaligenes
(Stanier et al. 1966). Some weak synthesis may occur in
other species of the genus Pseudomonas but is never
sufflciently active to result in the formation of granules
visible under the light microscope. In spite of all this, P.
aeruginosa is considered to produce substantial amounts
of alginate. A comprehensive discussion of this problem

is given by Gacesa (1998).

Synthesis of other poly-3-hydroalkanoates has been
reported for the fluorescent pseudomonads (Hori et al.
1994; Huijberts et al. 1994), and a gene from P. aerugi-
nosa has been cloned (Timm and Steinbiichel 1990).

Membranous structures such as mesosomes (Brown et al.
1990; Carric and Berk l97l) and rhapidosomes
(Baechler and Berk 1972; Yamamoto t967) can be iden-
tified by electron microscopy in some of the species.
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The cell envelopes constitute a complex system that
can be resolved into nine components by freeze-etching
(Gilleland and Stinnett 1973; Lickfield et al. 1972). Some
of these compounds have structures that are removed by

ethylenediaminetetraacelic acid (EDTA) treatment and

are reconstituted by raddition of magnesium ions.

Different species vary in their sensitivity to EDTA,

which correlates with a high phosphorous content of the

cell walls (Wilkinson and Galbraith 1975). Descriptions

of P. aerugir?o^rd outer-membrane properties and of
protein components involved in permeability are found
in excellent review articles (Bellido et al. 1992'. Nikaido
1992; Nikaido and Hancock 1986).

Monoclonal antibodies for outer-membrane proteins

have been isolated and characterized by Hancock and
collaborators (Hancock et al. 1982). One of the anti-
bodies specific for an antigenic epitope on an outer-
membrane protein of. P. aeruginosa, H2, was recom-
mended as an identification tool for use in clinical
laboratories (Mutharia and Hancock 1985). This epitope
was detected in all 17 serotype strains of the species and,

in addition, in other P'seudomonas species that were

tested, but not in any species of other genera of aerobic
pseudomonads tested.

Cu ltu re characteristics

The phenotypic studies on the pseudomonads by Stanier

et al. (1966) included the determination of ability to
grow at two temperatures, 4 and 4lC. P. aeruginosa was

unable to grow at the lower temperature but it grew

very well at the higher. As a matter of fact, we could
grow all our strains at 44C, although very slowly.

Cultures on solid meclia have a characteristic, rather
agreeable, aromatic odor. In comparison, P. putida

receives its name frorn the latin adjective putida,

meaning stinking and fetid.

The colonies of P. aeruginosa are of two types on
most solid media. One is large and smooth, with flat

edges and elevated centers ('fried-egg' appearance), and
the other is small, rough, and convex. Clinical materials

are, in general, good sources of the large colony type,

while the small type is c,ommonly obtained from natural

sources (V6ron and Berche 1,976).Yariation of the large
type shifting to the s;mall colony type is observed
frequently, but the reverse variation is extremely rare. A
third colony type (mucoid) can often be obtained from

respiratory and urinary tract secretions, and was first

observed by Sonnenshein (1927). Mucoid mutants of P.

aeruginosa can be divided into two groups according to
whether the mucus (alginate) is produced in chemically

defined media (Vasil et aI. 1,977). Additional colony
types can be observed, but, as pointed out by Jessen
(1965), the type of colony cannot be correlated with

other properties of the strain or the medium, so the

detailed description is c,f doubtful value. Jessen (1965)

states that at least five colony types may be distin-

guished. The following descriptions are taken directly

from his thesis.

1 Circular. smooth colonies. The circumference ls

almost circular and the edge entire. The colonies are

convex, dome-shaped, with a smooth, shining surface;

translucent, homogeneous, and a whitish-gray colour.

The consistency is soft.

2 Irregular, contoured colonies. The circumference is

irregularly lobate and the edge entire or flmbriate.

The colonies are convex, with a contoured, beaten-

copper appearance, and a smooth, shining surface.

They are translucent, slightly granular, and of a

whitish-gray color. The consistency is soft.

3 Dry, flat colonies. The circumference is almost

circular, the edge lobular. The colonies are low,

raised, with the irregular surface seen in rough colony

types. They are almost opaque, granular, and whitish-

gray. The consistency is friable.

4 Mucoid colonies. Most often somewhat larger than

other colony types; flowing out, convex, with entire

edges. The surface is smooth, moist, and shining. The

colonies are almost opaque, homogeneous, whitish or

grayish-green. The consistency is soft, more or less

viscid.

5 Rugose colonies. Most often somewhat smaller than

other colony types; round, with lobular margins. The

surface is wrinkled, with irregular or radiant crests,

and usually dry. The colonies are opaque, granular,

gray or whitish. The consistency is membranaceous.

The first three types have flat, restricted swarming

outgrowths. A combination of features characteristic of

the majority of P. aeruginosa cultures on solid media

was (1) a tendency to localized swarming from the edge

of the colony; (2) the green and fluorescing pigments; (3)

the fruity odor; and (a) the occurrence of shining

metallic patches on top of the culture.

The colony structure of P. aeruginosa shows a variety

that should be interesting to know for identification and

epidemiological purposes. P. fluorescens, on the other

hand, is a very complex species with many natural

variants, and their study assures an interesting and large

harvest of information in the future. Classification of the

colony types of fluorescent pseudomonads, however, is

in its infancy, and we can refer almost exclusively to the

pioneering observations of Rainey and Travisano (1998),

who classified the types of colonies obtained in different

habitats. From the ancestral 'smooth' (SM morph), they

obtained the three principle morph classes. (SM).

wrinkly spreader (WS), and fuzzy spreader (FS), names

that succinctly describe the colony types (Rainey and

Travisano 1998).

We do not have sufflcient information about the

different biovars of P. fluorescens that occasionally are

isolated as opportunistic pathogens,. Aside from the

fluorescent organisms, the nonfluorescent species that
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has the most interesting colonies is P. stutleri, because
they can go from the smooth, round, and creamy type to
leathery, folded units that are almost impossible to
suspend in water (van Niel and Allen 1952).

PIGMENTATION

Many strains ol Pseudomonas produce pigments, some
of which are water-soluble and diffuse into the culture
media, while others remain associated with the cell
mass. Pigments are very striking and useful for determi-
natrve purposes, and their visual impact is so convincing
that additional tests usually become subordinate tools
when it comes to the identification of some species.
However, they are quite unreliable as taxonomic char-
acteristics, because their production depends on the
composition of the medium and on the general environ-
mental conditions surrounding the cells. Pigment forma-
tion may be erratic, it may be lost by mutation, or
several pigments may be produced making it difficult to
decide whether the diagnostically important component
is part of the mixture. The following pigments are of
taxonomic interest.

F|uorglcent pig=ments

The so-called fluorescent pseudomonads are character-
ized by the production of pigments that are water
soluble, diffuse freely into the medium and fluoresce
brightly under UV light. Production of these pigments is
a property of, among others, P aeruginosa, P. putida, P.

fluorescens, P. chlororaphis, P. syringae, P. cichorii, and.
P. flavescens, and is manifested in media of low iron
content. The medium universally used for stimulating
the production of fluorescent pigments is the 'King B'
medium (King et al. 1954). Another effective method
for fluorescent pigment stimulation is the aseptic addi-
tion of 10 percent of egg white to a common complex
medium (Garibaldi 1967).

Little progress was made about the chemical nature of
fluorescent pigments (pyoverdines) until relatively
recently (Demange et al. 1986; Meyer et al. L990;
Wendenbaum et al. 1983). Today we know that they are
chromopeptides consisting of three parts: a chromophore
of quinolinic nature, a peptide chain, and a side chain in
various combinations. Since there are different chromo-
phores, peptides, and side chains, the possible number of
different pyoverdines is quite large. Differences
observed within the third element of the siderophores,
that is, the peptide chain, may be expressed in the
presence of unusual aminoacids, some of which are l-
aminoacids. It is thought that the presence of these
'unnatural' components may prevent the destruction of
the siderophores by proteolytic enzymes. Interesting
variations in the composition and activity of the sidero-
phores may be found in the literature (Fuchs 2001).

A re-evaluation of the taxonomic value of fluorescent
pigment as well as of the siderophores produced by
nonfluorescent pseudomonads places these compounds

in a more prominent level than before as taxonomic

tools (Meyer et aL 2002). I shall also be mentioning

them when dealing with pathogenicity.

Phenazine pigments

Pyocyanin, a blue phenazine derivative characteristic of
P. aeruginosa, is diffusible and its production can be
enhanced by growth in the'King A'medium (King et al.

1954). Other phenazine pigments are characteristic of P.

chlororaphis (chlororaphin, green; frequently crystallizes

in the medium) and of P. chlororaphis (P. aureofaciens)
(phenazine-u-carboxylate, orange, soluble). Some strains

of P. aeruginosa produce phenazine-o-carboxylate

(Chang and Blackwood 1969), and others produce a

variety of phenazine pigments of the chlororaphin

family, aside from phenazine-o-carboxylate (for refer-

ences, see Palleroni and Doudoroff 1972).

The most characteristic of all the pigments produced by

P. aeruginosa is pyocyanin. This pigment, together with a
sheen of the colonies and a characteristic odor are useful

characters for a tentative identification. Pyocyanin is

soluble in water, and the color depends on the pH. Chan-
ging the pH of an aqueous solution, this passes from

colorless (at alkaline pH), to yellow, and then to red (at

acid pH). Pyocyanin can be extracted with chloroform,
where it gives a blue-green color. In water solution, the
pigment changes to reddish upon acidification.

Of 354 strains of P. aeruginosa studied by Jessen
(1965), 92 percent gave pyocyanin and fluorescein. One

of the strains dissociated into pigmented and nonpig-

mented variants. In 2 percent no fluorescein was evident,

and in the remaining 6 percent pyocyanin was never

seen. About L percent of the strains were totally unpig-

mented. Some strains of P. aeruginosa are capable of
producing additional pigments that may even obscure

the characteristic pyocyanin and fluorescein. One, pyoru-

brin, is of reddish color, and it was described many years

ago (Meader et al. 1925); another pigment is brownish

and belongs to the chemically undefined group of mela-

nins (pyomelanin). This pigment, in common with other

melanins, is produced from aromatic amino acids such as

tyrosine or phenylalanine (Yabuuchi and Ohyama 1972),

while pyorubrin production is enhanced by the addition

o f  g lu tamate  to  the  med ium.

Two red pigments produced by some strains were

described by Herbert and Holliman (Herbert and
Holliman 1964; Holliman 1957) and given the names
'aeruginosin A' and 'aeruginosin B' (this choice of
names was unfortunate, since the name aeruginosin is

also applied to the bacteriocins produced by this

species). Finally, some strains have been reported to
produce phenazine-1-carboxylate (Chang and Black-



Plasmids 1597

wood 1969; Takeda 1958), dihydroxyphenazine-I-

carboxylic acid (Korth 1962), chlororaphin (Takeda

1958), and oxychlororaphin (Chang and Blackwood

1969; Sierra 1957). Thus, the capacity of P. aeruginosa
for the production of different pigments is quite exten-
sive, and even though the production of pyocyanin and,
to a lesser degree, the fluorescent pigments, has a diag-
nostic value, in some strains these pigments may be
absent or masked by others. Extraction of pyocyanin

into chloroform (in which most of the other pigments

are insoluble) is recommended in such cases.

Lemonnierin

Lemonnierin, an intracellular, insoluble blue pigment
characteristic of P. fluorescens biotype IV (P. lemon-
nieri), is a derivative of :3,3-bipyridyl (Kuhn et al. 1965),
whose structure has bee:n determined (Ferguson et al.
1980; Jain and Whalley 1980).

FATTY.ACI D COM POSITION

In what follows, the fattl'acid compositions are indicated

by a carbon, C, with a subscript with two numbers. The
first is the number of carbon atoms of the acid and the
second is the number of double bonds: the carbon where

the hydroxyl group is loc:ated is also indicated; the iso in

an odd-number acid indicates that a methyl is located in
the second to the last carbon in the chain. The straight-
chain saturated fatty acid C16.6 and the straight-cha1n unsa-

turated fatty acid C1s.1 or,3 present in all the Pseudomonas

species that have been analyzed, and therefore their
presence lacks taxonomic value. In contrast, the distribu-
tion of hydroxy acids, cyclopropane acids, and branched-
chain acids provides a very useful identiflcation tool. For
Pseudomonas, 10:0 3-OH and 12:0 3-OH. For other rRNA
homology groups: group 21, 14:0 3-OH, 16:0 3-OH, and 18:1
2-OH; group 3, 10:0 3-OH; group 4, l4:0 2-OH; group 5,
12:0 2-OH, l4-0 z-OH, and 14:0 3-OH; and group 6, 12:0

3-OH, 11:0 iso 3-OH, and 13:0 iso 3-OH. The ubiquinone

Q-9 is present in Pseudomonas and not in the other
groups. This summary of the differences between Pseudo-

monas and other rRNA homology groups has been taken
from the summary of the work by Stead (1992), in which a
comparison is made with the contribution of Oyaizu and
Komagata (1983). A modern taxonomic evaluation of fatty
acids in the taxonomy of Pseudomonas has been published

by Vancanneyt et al. (1996). It can be seen that groups 2-6

can be very well differentiated from Pseudomonas (group

1), and therefore, fatty-acid analysis approaches the resol-

ving power of rRNA sequence determinations for

taxonomic purposes (Vancanneyt et al.1996).

PLASMIDS

The pseudomonads are a very rich source of plasmids

carrying genes for a wide variety of functions, such as

resistance to antibiotics and miscellaneous anti-

bacterial agents (including simple chemicals, such as

metals and inorganic anions), resistance to bacter-

iophages, bacteriocins, or physical agents, and induc-

tions of fertility or of particular metabolic properties.

In this last category are plasmids with genes coding for

enzymes for degradative pathways of aromatic

compounds and their halogenated derivatives. Since

many of these compounds are toxic to higher organ-

isms and constitute a serious threat to human health,

much work on environmental microbiology is now

directed to a rational use of the properties that these

plasmids confer to the bacterial cells, either in their

natural state or after modification by recombinant

DNA techniques.

An important point here is the stability of the plasmid

at the temperature of the human body, which may not

be tolerated by some of the plasmids.

The best known of the catabolic plasmids is toluene

(TOL), found in some P. putida strains, which confers

the ability of growth on toluene, xylenes, and related

compounds (Assinder and Williams 1990). A plasmid

similar to TOL is NAH, with genes coding for the

enzymes required to degrade naphthalene (Dunn and

Gunsalus 2003). Plasmids like TOL and naphthalene

(NAH) are genetically complex, because the biochem-

ical pathways for the corresponding pathways are

biochemically complicated. Other plasmids, however,

can even facilitate the assimilation of simple organic

compounds, Iike malonate (Kim and Kim 1994). It is

obvious that the catabolic plasmids contribute to the

nutritional diversity of the aerobic pseudomonads.

As in the case of the plasmids of the enteric

bacteria, plasmids of the pseudomonads can be classi-

Iied in incompatibility groups. Thirteen groups have

been identified (Jacoby 1986) and in addition there

are some plasmids not yet allocated to any of these

groups.

Boronin (1992a, b) has addressed the important ques-

tions concerning the genetic composition, ecology, and

diversity of plasmids in the widespread species of fluor-

escent pseudomonads, as well as the practical considera-

tion of determining the most appropriate combination of

plasmids and hosts to take maximum advantage of their

metabolic catabolic properties towards chemical

contaminants in the environment. Of the 13 Pseudo-

monas incompatibility groups, most of the isolates in the

survey group carried plasmids belonging to groups P1-

P5 (Boronin 1992a).

About three-quarters of the catabolic plasmids

isolated in a survey come from Pseudomonas and half of

them have been found in P. putida (Sayler et al. 1990).

Unfortunately, many of the strains labeled Pseudomonas

in the survey have not been precisely identified, which

suggests the necessity of following precisely formulated

procedures now available for precise taxonomic analysis
(Palleroni 1993).
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METABOLISM

The well-deserved reputation of the aerobic pseudomo-
nads for their important role in the degradation of low-
molecular-weight organic compounds has its roots in the
work of den Dooren de Jong (1926). The remarkable
catabolic activities of the aerobic pseudomonads, and
among them the Pseudomonas species, have made them
choice subjects for the search of novel catabolic path-
ways and their regulatory mechanisms. Our knowledge
of this ability has been expanded by the discovery of the
participation of these organisms in the degradation,
under aerobic conditions, of xenobiotic compounds that
are found in many environments as a consequence of
human activities.

Strain-specific gene islands have been found inte-
grated into conserved tRNAGrv. This type of island
derives from mobile elements that, upon integration,
would endow the recipient with strain-speciflc metabolic
properties, perhaps giving advantage over others in a
given habitat. This is one way of conceiving the remark-
able capacity of these organisms (Larbig et al.20O2).
Indeed, aside from the fact that these organisms are
dangerous opportunistic human pathogens, they have a
respectable capacity for degrading many toxic
compounds and their intermediates under aerobic condi-
tions or conditions of denitriflcation.

A large amount of literature describes the biochemical
transformations of many organic compounds by pseudo-
monads, among them species of Pseudomonas, and they
do this in media of very simple composition, which has
facilitated research considerably. A book on the genetics
and biochemistry of species of the genus (Clarke and
Richmond 1975) is a good source of references up to the
mid-1970s. More recent highly recommended sources are
available (Galli et al. 1992; Sokatch 1986). Many descrip-
tions of biochemical activities have been included in
books on bacterial metabolism and in recent years in
publications dealing with the degradation of environ-
mental contaminants and biotechnological applications.
Research performed with Pseudomoras species on carbo-
hydrates has resulted in the discovery of the Entner-
Doudoroff pathway, of basic importance in the aerobic
degradation of monosaccharides. One of the details of
particular importance in P. aeruginosa is the fact that,
among the compounds tested, only monosaccharides are
utilized, while other fluorescent species may use di- and
even trisaccharides. This peculiarity has been discussed by
workers interested in the permeability of the bacterial
outer membrane (Bellido et al. 1992; Nikaido and
Hancock 1986; Yoshimura and Nikaido 1982). Similarly,
the participation of Pseudomonas species on aromatic
compounds has been very important for an understanding
of the mechanisms of fission of the benzene ring.

An interesting detail in the taxonomy of species of
the genus is the capacity of degradation of arginine

under anaerobic conditions. This property was discov-

ered in relation to the capacity of arginine for main-

taining the motility of the cells in an anaerobic

medium. It is related to the production of ATP in the

conversion of arginine to citrulline and citrulline to

ornithine, and it is called the arginine dihydrolase

system. The system is positive for some species that use

this amino acid aerobically, but in other groups there

are species capable of growth at the expense of argi-

nine but negative for the arginine dihydrolase. Within

the genus Pseudomonas, the species that are positive

are the fluorescent ones (the property is variable for

the fluorescent plant pathogens). P. mendocina and P.

alcaligenes are both positive, and P. pseudoalcaligenes

is variable. P. stutzeri is negative. Aside from having

the arginine dihydrolase system, P. aeruginosa is

capable of very limited growth with arginine under

conditions of anaerobiosis (Komatsu et al. 1994),

Pseudomonas species still attract the attention of

bacteriologists, molecular biologists, and molecular
geneticists. Recently, an issue of the journal Micro-

biology (vol. 146, no. 10, October 2000) was dedicated

to the biology and diversity of Pseudomonas. A mini

review by Spiers, Buckling, and Rainey discusses the

causes of Pseudomonas diversity, and its main conclu-

sion is that there is nothing special at the basis of the

remarkable diversity of this very interesting genus,

aside from 'a long evolutionary history (and concomi-

tant opportunities for lateral gene transfer) and

continual exposure to a range of spatially and tempo-

rally complex environments' (Spiers et al. 2000). In a

laboratory experiment, a single week was sufficient to

create a range of niche-specialist genotypes (Rainey

and Travisano 1998). A surface polymer might be

involved in this phenomenon, although this is at the

hypothesis level.

P. aeruginosa as an opportunistic
pathogen

P. aeruginosa is the type species of the genus. Its history

is long and interesting, but it will be summarized to a

minimum here. Even when this organism is extremely

common in a vast number of natural materials, it was
first recognized as the cause of'blue pus' in wounds and,

for this property, named Bacillus pyocyaneus by

Gessard. The name was changed by S6dillot in 1850 to

Pseudomonas pyocyanea, and later called Pseudomonas

aeruginosa by Schroeter in 1872 when it was realized

that the specific designation aeruginosa has priority over
pyocyanea.

The cells are monotrichous, which is a useful differ-

ential character separating P. aeruginosa from other

fluorescent pseudomonads. Some strains of the species

are nonflagellated. Of Jessen's strains, 20 were thus
permanently nonmotile because of the lack of flagella



(Kn i rc l  c t  a l  1996) .  On thc  o ther  hanc l .  a  s r r ra l l  p ropor -

t ion  o [  thc  cc l l s  rnav  hare  more  than one f lage l lum per

ce l l  o r  have t lagc l la  tha t  a le  no t  po la r lv  inser lec l  in  the

cc l l  (F igure  62 .1)

ht P ueruginosrr lherc arc cl ivalcnt ions bridging thc

n-ranv phosphale groups l)rescnt in thc outcr mcmbr:u.rc

Thc lor.v permeabil i t l '  togethe r with thc cff lux

mechan ism arc  very  e l l ' : c t i ve  a1  keep ing  an t ibac ter ia l

cor-npouncls oul ol coutircf with the cvtoplasnl ol '  l -he

cc l l s .  bu t .  i f  anv  molecu les  manage to  gc t  in ,  thc l r  may

bc  sub jcc tcd  to  the  ac l ion  o f  be ta  lac tn r rascs  or  o f

enzvmes that lnodifv them by acelvlal ion. phosphorl ' la-

t ior-t .  or adenylvlat ion

Metabol ism 
i : r :

RESISTANCE TO ANTIMICROBIAL COMPOUNDS

Scvcral propcrt ies of this spccies help thc cel ls resist

antibacterial compounds. One is the composil ion of thc

oulcr menrbrane, whcrc In()st Promincnt is the lolv

pcrmcabil i t l '  to those compoultds. 
' I 'his 

most ir-rteresl ing

sub jcc t  has  bccn s tud ied  by  N ika ido .  Hancock .  and

collabrrrirlcrrs Some aspects o[ P ueruginctsrt ouler

mcrlbranc pr-opert ies havc been coverccl by these two

rur-rthols (Nikaido ancl Hancock 1986). Arnong the

mechanisms that contr ibute to thc prolect iort of the cel ls

is an active eff lux bv which thcrc is an activc transport

o l  thc  an t ib io t i c  back  to  thc  ou ts ide  o f  thc  ce l l .  The

?

| ,: , .,a.,.,
'% '%, 

"" '

! j:r: : ., P aeruginosa cells starned by the Leifson procedure 'normal' manotnchous flagellatron, t::,

c^t l  ,  n ' lh a l  ledsl  onc >ubpol t r  f lag. l lum . and one 1o7.1'al flagellum Bar - 4 ltrrt



1600 Pseudomonas

precise details of this mechanism are not clearly known,
since the work with mutants suggests that there might
also be changes in the composition of the cell envelope
composition by which the cell architecture and stability
may be changed.

P. aeruginosa does not have the trimeric porins
(proteins that produce nonspecific channels) character-
istic of the enteric bacteria, and it is left with a mono-
meric porin (Opr F), allowing a very slow rate of solute
diffusion. ln E. coli, on the contrary, most solutes
encounter a wide road of penetration. This accounts in
part for differences in antibiotic sensitivities of the two
species (Nikaido 1992).

The membrane composition of the outer membrane of
P. aeruginosa has been studied in detail. All strains have
the proteins Opr E, F, Hl, H2, and I, of molecular
weights 44, 39, 2I, 20.5, and 9-L2 kDa, respectively.
Proteins G (25 kDa) and D2 (45 kDa) are not in all
strains, and protein D2 is involved in the penetration of
basic amino acids.

The reaction to antibiotics is very variable. For
instance, the aminoglycosides may be subjected to various
types of modifications, such as acetylation, adenylylation,
or phosphorylation, and beta lactams may be destroyed
by beta lactamases. This means that a dynamic situation
ensues, with participation of the cell porins. For other
antibiotics, such as chloramphenicol, there may be a gene
regulating the cell permeability. Tetracyclines penetrate
through porins and porin mutants are not very resistant.
The resistance due to efflux is rather common and it can
be due to either chromosomal or plasmid genes. A tetra-
cycline-inducible gene product, Tet, is membrane-bound
and is required for efflux. A convenient discussion of the
different resistance mechanisms has been presented by

Quinn in a chapter in the book Pseudomonas by Galli
et al. (1992).

PRODUCTION OF VIRULENCE FACTORS

P. aeruginosa is a common etiologic agent of corneal
infections, and a murine corneal scratch model has been
developed to study this problem extensively (Preston
et al. 1995). The phospholipids phospatidyl inositol and
phosphtidyl serine present in the mucus of the cell
surfaces may function as the P. aeruginosa receptors and
contribute to selective bacterial-host interactions respon-
sible of the interactions that initiate the infection (Pani-

wani et al.1996).

P. aeruginosa is the most common opportunistic
pathogen of all Pseudomonas species. In addition to its
resistance to antimicrobial compounds, P aeruginosa is
able to take advantage of its capacity of excreting
various virulence factors in the form of enzymes and
toxins. The arsenal of this organism has several extra-
cellular proteases, among which the most prominent are
an alkaline protease and an elastase, a cell-associated
protein cytotoxin (leukocidin), two extracellular proteins

that are adenosine 5' (ADP)-ribosyl-transferases (toxin

A and exoenzyme S), two hemolysins (phospholipase C
and a rhamnolipid hemolysin), an adenylate kinase, and

hydrogen cyanide, with which P. aeruginosa is capable of
kllling Drosophila or Caenorhabditls larvae (Gallagher

and Manoil 2001). In fact, D'Argenio et al. (2001)

proposed the use of Drosophila as a model host for P.

aeruginosa infection studies. A recent study has included

a strain (PA14) that causes disease in humans and also

in nonvertebrate hosts, including plants, Caenorhabditis

elegans, and the greater wax moth, Galleria mellonella.

A subtractive hybridation technique allows the recovery

of relevant genomic differences. Using the technique of
representational difference analysis, the study has shown

that strain PA14 differs substantially from an avirulent

mutant strain in several genes. In addition, a gene

homologous to the ybtQ gene of Yersinia mellonella is
present in PA14 and absent in the mutant strain. This

suggests that the virulence differences between two

strains may be detected by the representational differ-

ence analysis (Choi et al.2002).

Of all the extracellular enzymes produced by P. aeru-
ginosa, exotoxin A (ETA) is the most toxic. It is a single
polypeptide with two fragments and four S-S bridges,

and it functions to transfer ADP-ribose from nicotin-

amide dinucleotide (NAD) to the elongation factor 2, an

enzymatic reaction that shuts off peptide-chain elonga-
tion and protein synthesis. This action is identical to that

of the diphtheria toxin, although the enzymes are unre-

lated. Its action leads to death (Vasil et al. L993; Vasil

et al.1.977). The pathogenicity of P. aeruginosa does not

depend solely on the expression of the toxin A gene

because negative mutants still are pathogenic, albeit less
so (Woods et al. 1980).

Another extracellular toxic enzyme, exotoxin S, is also

an ADP-ribosyltransferase (Radke et al. 1999), but the

adenosine 5-diphosphate-ribosyl fragment taken from
NAD is transferred not to elongation factor 2 (EF-2)

but to vimentin, a filamentous protein. This enzyme is
capable of stimulating the in vitro proliferation of

murine lymphocytes (Barclay et al. 1999).

Among the important virulence factors are several
proteases. Their presence is tested en bloc by growth on
an agar medium containing gelatin, casein, elastin, or

other proteins. After growth, the plate is flooded with a
reagent capable of precipitating the proteins (for

instance, a solution of mercuric chloride in HCI), and

the proteolytic activity is noted by absence of a white
precipitate under and around the bacterial patch. The
proteases are differentiated by their physicochemical

properties (pI, pH optimum, substrates). An analysis of
excreted proteases shows that at least three proteases

may be present: an alkaline protease, a general protease,

and an elastase (Morihara 1964). The enzymes can be
distinguished by their physicochemical characteristics
(optimal pH, isoelectric point, substrate specificity). The
three enzymes isolated by Morihara (1964), whose early



Metabolism 1601

work was carried out with a strain of doubtful identity,
were called neutral, semialkaline, and alkaline protease.
Elastase corresponded to the semialkaline, which is
active on elastin, casein, hemoglobin, egg albumin, and
fibrin. Elastase and alkaline protease cause vascular
lesions and necrosis and descematocele formation in the
cornea of animals (Twining et al. 1986), as well as
detachment of respiratory epithelial cells and inter-
ference with ciliary beating (Amitani et al. 1991). These
two enzymes are metalloproteases and are inhibited by
chelating agents. Strains low in protease synthesis are
less pathogenic in burned tissues. On the other hand,
strains that are high producers of proteases in many
cases are less virulent because of ETA, and this is
destroyed by excess of protease.

Experimentally, lipase production by P. aeruginosa
strains can be conveniently tested on plates of common
media that have been supplemented with Tween 80
(Sierra 1957). The medium contains calcium ions, and
the bacterial patches will be surrounded by a precipitate
of the calcium salts of the fatty acids liberated from
Tween 80 in case of positive reactions. Most P. aerugi-
nosa strains produce lipase, particularly during the late
log phase. Oils or fats can be used instead of Tween 80.

The lipase is released in a form tightly bound to the
lipopolysaccharide (LPS). From the genetical point of
view, the gene lipA of P. aeruginosa has homology with
that of P. alcaligenes, adding to other similarities
between these two species found in the early studies of
Stanier et al. (1966). The purification of the extracellular
enzyme and the separation from the LPS has been
described (Stuer et al. 1986). The enzyme seems to be
synthesized in small amounts (about 200 molecules per
cell), each molecule having an exceptionally high mole-
cular act ivi ty (about 2.2 x 104/s).

At least two hemolysins are produced by P. aerugi-
nosa: phospholipase C, which is heatlabile, and a rham-
nolipid that is heat-stable (Esselmann and Liu 1961;
Sierra 1957). P. aeruginosa gives a positive egg-yolk
reaction, but the interpretation of the results is not
always clear. To this reaction, phospholipase C contri-
butes with the formation of an opacity in the medium
around the growth region.

Early observations showed that P. aeruginosa infec-
tions in man and animals did not cause death because of
sepsis in the classical sense (no invasion of the blood-
stream by the organisms). Instead, the effect of the
infection is death due to exotoxin excreted by the
bacteria that inhabit external tissues. For many years,
these early observations were forgotten and the patho-
genesis was attributed to endotoxin as in the case of
other gram-negatives.

Aside from the major virulence factors mentioned
above, there are several miscellaneous factors. One of
these has to do with iron metabolism. As is true with
other pathogenic organisms, P. aeruginosa has to
compete for iron with the tissues of the host (Britigan

et al. 2000). Two siderophores have been identified,

pyoverdine and pyochelin. In the literature a third one is

mentioned. ferribactine. but this is considered to be a

side product of pyoverdine. As a matter of fact, ferri-

bactine has been described for P. fluorescens, not for P.

aeruginosa. In this latter species, there is no evidence for

the cyclization process that normally allows the forma-

tion of the chromophore. There are three types of

pyoverdine and only one of the three is present in each

strain. The loss of this pigment is correlated with the loss

of virulence. Its speciflcity is practically used for the

purpose of typing (siderotyping) (Prof. J. Meyer,

personal communication; for citations, see Meyer et al.

1997).

Flagella and fimbriae also contribute to the lung infec-

tion. The flagellar cap protein FliD participates in the

adhesion of P. aeruginosd cells to mucin, and the normal

phenotype can be restored in cap negative mutants by

providing the gene fliD alone (Arora et al. 1998, 2000).

In fact, the adherence of P. aeruginosa to the mucous

surfaces of the lungs occurs through the action of

nonpilus adhesins binding to mucin. The mutants that

lost this property are also nonmotile (Arora et al. 1996).

Comolli et al. (1999) have demonstrated that mutants of

the genes pilT and pilU of type IV are responsible for

decreased colonization in the liver but not in the lungs,

relat ive to the parent strains.

P. aeruginosa exhibits direct twitching motility up

phosphatidylethanolamine gradients, while many other

species were inactive under the same conditions (Kearns

et al. 2001). A system for control of flagellin synthesis by

FlgM exists in P. aeruginosa that resembles more that in

Vibrio cholera than the one in .E coli because the first

two were sigma 28-dependent (Frisk et aL.2002).In any

case, P. aeruginosa flagella are important in establishing

a respiratory tract infection, and may act to tether the

cells in their initial interaction with the epithelial

membranes (Feldman et al. 1998). P. aeruginosa flagella

are important to allow the cells to move to different

liquid habitats and to select the best conditions. Perhaps

as a consequence of nutritional requirements, the cells

also move to establish respiratory tract infections

and may act as tethers in initial interactions with

epithelial membranes. This function is offset by the

contribution of flagella to host clearance mechanisms

facilitating phagocytic clearance and the role of flagellar

genes in mucin binding and clearance (Feldman et al.

1998).

Pyocyanin, a pigment that is a redox-active com-

pound, increases the release of interleukin-8 (IL-8) by

both normal and cystic flbrosis airway epithelial cell

lines and by primary airway epithelial cells. This release

increases the intracellular oxidant stress (Denning et al.

1998). A novel virulence factor property was demon-

strated for azurin, the redox protein by Yamada et al.

(2002). The role of pulmonary alveolar macrophages in

defense of the lung against the pseudomonads was esti-
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mated, and the results suggest that these macrophages

do not play an important role in defense against P aeru-
ginosa (Chetng et al. 2000).

Quorum sensing rn P. aeruginosa. In several species of
gram-negative bacteria, a system of communication from

cell to cell has been detected by means of the use of

diffusible acyl homoserine lactones and in this way it is
possible a coordination of the gene expression with the

density of the cell population. It is possible that these

compounds may function as virulence determinants by

themselves, as has been postulated in the case of N-(3-

oxododecanoyl)-r--homoserine lactone, and the results

suggest that the quorum-sensing systems are active in

cases of cystic fibrosis and that they may control the

expression of virulence of P. aeruginosa in the lungs of

the patients (Erickson et al.2002).

P. aeruginosa synthesizes two acyl-homosenne

lactones (AHL), N-(butyryl)-l-homoserine lactone and

N-(3-oxododecanoyl)-l-homoserine lactone (3-oxo-C12-

HSL). These are required for quorum-sensing. The

invariant lactone ring comes from S-adenosylmethio-

nine, while the variable acyl chains come from the

cellular acyl-acyl carrier protein pool, a reaction that is

carried by specific AHL synthases that exhibit acyl-chain

specificity (Hoang et al. 2002). Modulations in the

activity of this enzyme may explain the variations in the

chain lengths of the lactones.

The molecules of P. aeruginosa that provoke the

quorum-sensing (N-(3-oxododecanoyl)-homoserine

lactone) are capable of inducing inflammation by them-

selves in vivo (Smith et al. 2002) and they may have

immunomodulatory activity (Telford et al. 1998), but

with time they undergo a lactonolysis in a manner that

depends on the temperature, the pH, and the length of

the acyl chain (Yates et al. 2002). The P. aeruginosa
quorum-sensing system regulates the expression of

several virulence factors, including elastase and rham-

nolid. A strain of P. aeruginosa, however, can produce

these factors despite a nonfunctional quorum-sensing

system. When supplied in trans, E. coli dnak mtfiation

suppressor gene completely suppresses those two viru-

lence factors (Branny et al. 2001).

Typing methods

Typing procedures are useful for epidemiology, that is to

establish the origin of strains causative of infections, and

are very important to guide treatment in environments

of limited dimensions.

BACTERIOCIN TYPING

Bacteriocins are proteins produced by one strain that

are lethal against the cells of other strains of the same
species. Pyocins, bacteriocins produced by P. aeruginosa,

can be used to classify P. aeruginosa. There are three

morphological types of pyocins. The R type resembles

the tails of T-even coliphages (Lee et al. 1999), and the

F types are flexuous filaments. The third type, the S

type, has low molecular weight, diffuses through the

agar, and has no discernible details under the electron

microscope. The pyocin produced by an unknown strain

is tested against a series of indicator strains. This is the

most common method. In a variation, the pyocin sensi-

tivity of the unknown is measured, instead of its produc-

tion. Nonfluorescent pseudomonads are not sensitive to

pyocins, but fluorescent members may be so.

SEROLOGIC TYPING

The serological typing is based on the reaction of a heat

stable O-antigen with a set of antisera initially proposed

by Habs in 1957. Habs worked with 70 strains of

bacteria and came up with L2 somatic groups, forming

the basis of the International Antigenic Typing Scheme

(IATS). Later there were several proposals to extend

this number to reach 17 by addition of a few new small

groups, but they were never accepted internationally.

The antisera are prepared against live or boiled cell

suspensions, and in the agglutination reaction, boiled or

auclaved bacteria can be used.

DNA RESTRICTION ANALYSIS

The endonucleases that are used in this type of analysis

can be those that cut the DNA frequently or those that

do not do so, a property that depends on the composi-

tion of the DNA and on the enzyme speciflcity. Pseudo-

monas is a taxon whose DNA is relatively rich in G+C

pairs, and will give more fragments after digestion with

an enzyme having a high affinity for this configuration

than with adenine and thymidine (A+T). For macro-

restriction genome analysis, few bands are obtained by

using enzymes that attack infrequently the DNA (that is,

by using enzymes with high affinity for A+T pairs) and,

in doing so, the fragments will be of large size and fewer

in number. Their separation by electrophoresis will

require special instrumental ion.

Other species of the genus
Pseudomonas

There are many other species of the genus Pseudomonas

that could be mentioned here, although in their

majority, as far as we know, they lack medical interest.

Within the fluorescent subgroup of Pseudomorzas species

are P. fluorescent, P. putida, and P. syringae. 
-fhe latter

is of much interest to plant pathologists, because its

species are specifically pathogenic for plants, and

although they seldom kill the plants, they deteriorate the

quality of the fruits, and, with that, their economical

value.

P. fluorescens is the most complex species of the

whole genus. Stanier et al. (1966) subdivided it into

biotypes (a name changed later to 'biovars'), but all the
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subdivisions are far from convincing. The exceptions
may be biovar D and E, characterized by different
colors (orange for D due to a soluble pigment phena-
zine-u-carboxylate and green for E due to the insoluble
pigment chlororaphin). These two biovars probably
deserve the category of separate species.

Other properties that have been used for the internal
subdivision of P. fluorescens are the denitrification or
formation the gas from nitrate in an anaerobic medium,
and the property of forming a slime (a levan) in a
medium of high sucrose concentration. There are
P. fluorescens biovars that denitrify as vigorously as
P. aeruginosa. The property of denitrification separates
very neatly those biovars of P. fluorescens from
P. putida, which never denitrifies, but, as said before,
not all P. fluorescens possess this capacity. A universal
property useful for the separation of P. fluorescens
from P. putida ts the liquefaction of gelatin, a positive
property for the former species and negative for the
latter.

Both species contain less phosphorous in the outer
membrane, and therefore are not as sensitive to EDTA
as P. aeruginosa (Wilkinson et al. 1973). This compound
removes the divalent cations that link the phosphate
groups and which are required for the outer membrane
stability.

Roles of P. fluorescens in human Crohn's disease and
murine inflammatory bowel disease have been suggested
(Wei et al. 2002). These authors have found an 12
sequence associated with the disease. The sequence was
isolated and identified as an open reading frame in the
P. aeruginosa genome. The originating species was P.

fluorescens, but homologies were detected in 13 other
Pseudomonas species.

Other species of Pseudomonas are P. stutzeri and a
related one, P. mendocina, that I isolated from soils in
Mendoza, Argentina. Both are occasionally isolated
from clinical materials. Many other species form a long
list, but in their majority are of no medical interest.
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their ability to degrade complex hydrocarbons and

herbicides. A universally accessible database of such

strains has been established (Urbance et al. 2003)
(www.bsd.cme.msu.edu/bsd/index.html).

Currently, approximately 30 species have been incor-
porated into the genus and they range from obligate
plant and animal pathogens through symbiotic organisms

to plant associated species that cause opportunist infec-

tions in man. Table 63.1 lists the species so far recog-

nized and their habitat or biological property. The medi-

cally significant species are the members of the B.

cepacia complex and B. gladioli, B. mallei, and B. pseu-

domallei. Closely related genera such as Ralstonia and

Pandorea are also occasionally recovered from human

clinical specimens. Identification of species and their

differentiation from others is difficult by cultural and

biochemical test methods. Classification is best achieved

by application of polyphasic taxonomic methods
(Vandamme et al. 1.997) and by indexing polymorphisms

in specific gene targets (rRNA, recA) amplified by poly-

merase chain reaction (PCR) assays (Segonds et al.

1999; Mahenthiralingam et al. 2000a).

BURKHOLDERIA CEPACIA COMPLEX

Taxonomy

This species complex owes
description by Burkholder

its present epithet to the
(1950) of a bacterium

Burkholderia spp. and related genera

TYRONE L. PITT AND DAVID A. DANCE

: : : : :  
: i  : : : . : : .

The genus Burkholder ia
Bu rkholderi a cepaci a complex
Burkholderia gladioli
The pseudomal le i  group
Bu rkholderia pseudoma I lei
B. thailandensis

THE GENUS BURKHOLDERIA

The genus Burkholderia was proposed by Yabuuchi et al.
(7992) to encompass the species formerly grouped
within the rRNA group II of the gents Pseudomonas.
Seven species were transferred with B. cepacia as the
type species of the genus. Pseudomonas pickettii and
Pseudomonas solanacearum were subsequently moved
to the genus Ralstonia (Yabuuchi et al. 1995). Today the
genus Burkholderia comprises a complex group of
microorganisms exhibiting extreme diversity not only in
their host specificity but also in their biochemical and
physiological activity. Burkholderia are key microbial
constituents of the rhizosphere and have signilicant roles
including the provision of nutrients to the growing plant
nodule, fixation of atmospheric nitrogen, inhibition of
plant pathogens including fungi, and degradation of
complex compounds. They are versatile and inhabit
ecological niches as varied as rice paddy water, acid
water holes, and sea water. This versatility has led to the
use of a number of Burkholderla species, particularly the
B. cepacia complex, for biocontrol, bioremediation, and
plant growth promotion. The introduction of a biocon-
trol strain with the planting material results in the colo-
nization of the rhizosphere and the suppression of
pathogenic competing bacteria and fungi with proven
economic benefits (Bowers and Parke 1993). Other
Burkholderia strains have been widely used for bior-
emediation of soils and agricultural environments due to
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Table 53.1 Origins of selected Burkholderia spp

Species Source/propefi Reference

B. andropogonis'  Str ipe disease of sorghum, leaf spot of velvet bean Palleroni (1984); Coenye et al.
(2001 b)

B. anthina Genomovar Vl l l  of 8. cepacia complex Vandamme et al.  (2002a)

B. ambifaria Genomovar Vl l  of B. cepacia complex Coenye et al.  (2001f)

B. caledonica Rhizosphere of plants in Scotland Coenye et al.  (2001c)

B. caribensis Soi l ,  exopolysaccharide forming Achouak et al.  (1999)

B. caryophyl l i  Rot of carnations and onions; induces Palleroni (1984)

root nodule formation

B. cepacia Genomovar I  of B. cepacia complex Vandamme et al.  (1997)

B. cenocepacia Genomovar l l l  of B. cepacia complex Vandamme et al.  (2003)

B. cocovenenansb Produces toxoflavin, bongkrekic acid, food Zhao et al.  (1995); Coenye et al.
poisoning associated with fermented corn f lour (1999)

B. dolosa Genomovar Vl of B. cepacia complex; induces root Coenye et al.  (2001d); Vermis et al.
nodule formation (2003)

B. fungorum Roots of plants, fungi, and cl inical specimens Coenye et al.  (2001c)

B. gladiolf  Rot of onions, r ice, f lowers Ura et al.  (1996); Coenye et al.
(200 1 a)

B. glathei Fossi l  lateri t ic soi l  in Germany Zolg and Ottow (1975)

B. glumae Rot of r ice grains and seedlings Urakami et al.  (1994)

B. graminis Wheat rhizosphere, corn, and grasses Vial lard et al.  (1998)

B- hospita Transconjugants acquir ing plasmids pJP4 or pEMTld Goris et al.  (2002)

B. kururiensis Acquifer pol luted with tr ichloroethylene Zhang et al.  (2000a)

B. mallei Causative agent of glanders, no known Palleroni (1984)
environmental source; BW agent

B. mult ivorans" Genomovar l l  of B. cepacia complex Stanier et al.  (1966)

B. phenazinium Soil ,  produces iodinin Vial lard et al.  (1998)

B. phymatum Induces root nodule formation in tropical legumes Vandamme et al.  (2002b)

B. pseudomallei Causative agent of melioidiosis; rural Whitmore (1913)

B. pyrrocinia Genomovar lX of B. cepacia complex Vandamme et al.  (2002a)

B. sacchari Soi l  in sugar cane plantat ion, produces BrSmer et al.  (2001)
polyhydroxyal kanoates

B. stabi l is Genomovar lV of L cepacia complex Vandamme et al.  (1997)

B. terr icola Transconjugants acquir ing plasmids pJP4 or pEMTld Goris et al.  (2002)

B. thai landensrs Environment. Thai land Brett et al.  (1998)

B. ubonensis Soil ,  Thai land; grouped with B. cepacia complex Yabuuchi et al.  (2000)

B. vietnamiensrs Genomovar V ol B. cepacia complex; Gil l is et al.  (1995)
rice seedlings, Vietnam

'8. tropical is '  and Tropical fruit ,  ni trogen f ixers. Tentatively Estrada-De Los Santos et al.  (2001)
'8. brasi l iensis'  named soecies

a) Two pathovars, B andropogonis pv andropogonis and pv stizolobii
b) Also known as'Pseudomonas farinofermentans,' junior synonym of B gladioli
c) Two paLhovars, B gladioli pv gladioli and pv alltcola
d) Plasmids containing genes for degradation of 2,4-dichlorophenoxyacetic acid
e) Previously 'eugonic oxidizers group l,' Pseudomonas kingii

responsible for rot in onion bulbs. The organism was B. cepacia has long been thought not to be a homo-

later referred to as 'Pseudomonas multivorans' by geneous species. Using numerical analysis techniques,

Stanier et al. (1966) and as Pseudomonas kingii by Yohalem and Lorbeer (1994) distinguished four phenons

Jonsson (1970). Snell et al. (7972) showed that P. kingii within a large collection of isolates of B. cepacia from

was synonymous with P. cepacia, the name originally diverse environmental and clinical sources and

proposed by Burkholder, and confirmed the proposition concluded that three of these groups were more

of Ballard et al. (1970) that the latter name be preferred. different from each other than would be expected of a

B. cepacia was named as the type species (type strain subspecies, but the groups were joined in a cluster at

ATCC 25416) following the transfer of the species from approximately 80 percent similarity. Furthermore, an

the genus Pseudomonas to the new gents Burkholderia exploration of the genetic structure of the species by

(Yabuuchi et al. 1992). Wise et al. (1995) by multilocus enzyme electrophoresis,
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showed that the mean genetic diversity was low (0.57)
and the limited association between the alleles investi-
gated suggested frequent recombination and relatively
little clonality. However, it was the pioneering work of
Vandamme et al. (1997) using polyphasic taxonomic
methods including biochemical test reactions, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of whole cell proteins, DNA-DNA hybri-
dization, and gas liquid chromatography of fatty acid
methyl esters that revealed a complex of five genomo-
vars (genetically distinct but phenotypically similar)
among strains isolated from cystic fibrosis (CF) patients.

To date, the B. cepacia complex comprises nine geno-
movars, B. cepacia (I), B. multivorans (Il), B. cenoce-
pacia (III; Vandamme et al. 2003); B. stabilis (IV), B.
vietnamiensis (V), B. dolosa, (VI), B. ambifaria, (YlI),
B. anthina (VIII), and B. pyrrocinia (IX) (Table 63.1)
(Coenye et al. 20019). B. ubonensis, originally named -8.
uboniae by Yabuuchi et al. (2000), has close similarities
to the complex but so far it has not been named as a
member. A panel of experimental strains representative
of the first five genomovars (Mahenthiralingam et al.
2000b) has been widely used by investigators and this
was recently extended to include the later genomovars
VI-IX (Coenye et al.2003c).

Representatives of the flrst five genomovars were clas-
sified into four restriction fragment length polymorphism
(RFLP) groups on analysis of PCR amplifled 165 rDNA.
B. cepacia genomovar I and III were grouped together
but the others fell in different RFLP groups (Segonds
et al. 1999). Bauernfeind and colleagues (1999) utilized
165 and 23S rDNA sequences to identify B. vietna-
miensis and B. multivorans specifically, but were also
unable to discriminate between genomovars I, III, and
IV. The 165 rDNA RFLP approach was extended to all
nine members of the complex by Vermis et al. (2002b)

using A/zI, CfoI, and DdeI restriction enzymes. Only
genomovar VI was identified unambiguously and
approximately half of the B. vietnamiensis strains gave
the same pattern as genomovars I and III. Genomovars
II and IV gave unique restriction profiles but two strains
of each had divergent proflles which were also observed
in other genomovars. Automated ribotyping was applied
to the discrimination of the genomovars by Brisse et al.
(2000), but although broadly they could be distinguished
from each other, several ribotype patterns were evident
within individual genomovars. Ribotyping, however,
clearly distinguished the closely related species B.
gladioli from the B. cepacia complex. In general, ribo-
typing was concordant with the results obtained by 165
rDNA RFLP analysis. Taken together these studies
suggest that there is insufficient variation within the
rRNA operon to speciflcally identify all members of the
complex.

tRNA intergenic length polymorphism analysis
(tDNA-PCR) was used for the classification of B.
cepacia complex isolates and the product was sequenced

by capillary electrophoresis. Genomovar V isolates gave

identical tDNA proflles to genomovar IX, and genomo-

vars I and VIII could not be distinguished from each

other (Storms et al. 2002). DNA-DNA hybridization

using genomic DNA macroarrays for the differentiation

of Burkholderia spp. was proposed by Ramisse et al.
(2003) who constructed a data matrix based on the rela-

tive DNA-DNA relatedness values of selected member

species. This allowed the differentiation of B. mallei

from B. pseudomallei and also discriminated between

genomovars I, II, I[, IV, V, and IX.

The recA gene was targeted by Mahenthiralingam

et al. (2000a) and RFLP analysis of PCR amplifled recA

from reference and clinical isolates showed sufflcient

sequence variation to discriminate all flve genomovars

then known. Genomovar III was subdivided into two

recA grotps III-A and III-B and speciflc PCR assays for

each of the genomovars were proposed following align-

ment of recA sequences for the design of PCR primers.

Subsequently Vermis et al. (2002a) evaluated the recA-

PCR tests on a large collection of B. cepacia complex

isolates and found that the assays for genomovars II, III,

and VII were highly sensitive and invariably speciflc but

genomovar I strains cross-reacted with genomovar IX.

New rec,4 RFLP types were found within the collection

which suggests that novel genomovars await definition.

lsolation and identif ication

B. cepacia complex organisms are slender rods with

multitrichous flagella that may stain irregularly owing to

the accumulation of poly-B-hydroxybutyrate. They are

aerobic and grow well on nutrient agar but often prefer

temperatures of 25-35"C for 48 h for optimal growth.

Most strains grow at 41'C but not at 42C, and none

grows at 4'C. Cultures on blood agar often become

nonviable after 3-4 days and survival on refrigerated

agar slopes is poor; some workers favor maintaining

cultures as suspensions in sterile tap water. Colonies on

nutrient agar are opaque; those of some strains are

grayish-white, but others are at first yellowish and later

take on an intense reddish-purple color due to the

formation of a nondiffusible phenazine pigment; the

yellow pigment is best demonstrated on iron-containing

media. Members of the B. cepacia complex resemble B.

pseudomallei in not forming ammonia from arginine and

in being lysine- and ornithine decarboxylase-positive;

acid may be formed from dulcitol but not from ethanol

in ammonium-salts medium. The oxidase reaction is

characteristically slow and nitrate is not reduced; some

strains produce a melanin-like pigment on tyrosine agar.

Selective media are necessary to optimize isolation of

the species from specimens with mixed flora and several

media, some of them also differential, have been

described that exploit the biochemical diversity and

intrinsic resistance of the complex to antibacterial
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agents. They include: an oxidation-fermentation agar

base supplemented with lactose, polymyxin B, and baci-

tracin (Welch et al. 1987); a commercially available agar

containing crystal violet, bile salts, ticarcillin, and poly-

myxin B (Gilligan et al. 1985); a medium containing the

selective agents 9-chloro-9-(4-diethylaminophenyl)-10-
phenylacridan and polymyxin B (Wu and Thompson

1984). Henry et al. (1999) reported that a medium

containing lactose and sucrose in an enriched casein and
yeast extract with polymyxin, gentamicin, and vanco-

mycin was superior to oxidation-fermentation agar and

the commercially available selective medium for the
recovery of B. cepacia from CF sputum. For the optimal

isolation of B. cepacid, sputum should be liquefied,

diluted in saline, and selective agar plates incubated at

37"C for 48 h and then at room temperature for up to 5

days. A liquid enrichment medium (Malka broth)

supplemented with polymyxin B is recommended for the

isolation of the organism from environmental swabs and

soils (Butler et al. 1995). A number of pseudomonads

and other polymyxin-resistant gram-negative specles are

able to grow on B. cepacia selective media and the iden-

tity of isolates should be confirmed by additional tests.

Some strains of B. cepacia from CF sputum are auxo-

trophic for specific single or multiple amino acids. These

mutants arise from prototrophic parent strains and are

maintained by the nutritionally rich environment of the

CF airway (Barth and Pitt 1995).
Van Pelt et al. (1999) found that automated biochem-

ical identification assays, such as Vitek and Microscan,
gave only 'fair' identification of a panel of molecularly

defined B. cepacia complex isolates, but API 20NE

microgalleries misidentified only a single strain of the

complex. This was supported by Henry et al. (2001),

who concluded that the API 20NE strip was reasonably
reliable for identifying all members of the complex,

except ,8. stabilis. Classification of B. cepacia complex
clinical isolates to genomovar level is best achieved by

amplification of the recA gene to assign the isolate to

the complex. RFLP analysis with HaellI restriction

enzyme is then used to generate genomovar specific
patterns (Mahenthiralingam et al. 2000a).

Genomics

B. cepacia possesses one of the largest genomes so far

sequenced among gram-negative bacteria. The DNA

sequence of B. cenocepacia strain J2315 is now

complete, and the sequences are available on the
Internet (www.sanger.ac.uk/Projects/B.cepacia). The
genome totals 8.056 Mb in three chromosomes of 3.870,
3.217, and 0.876 Mb, and a plasmid of 92.7 kb, with a

G + C content of approximately 66.9 percent. The

multiple replicon structure was investigated by Wigley

and Burton (2000) in clinical and environmental strains

by pulsed-fleld gel electrophoresis (PFGE). Three or

four large replicons were found more frequently in clin-

ical than in environmental strains. The genome is also

rich in insertion sequences and these two features may

have played a key role in the evolution of novel degra-

dative functions and the unusual adaptability of the

bacterium (Lessie et al.1996).

Susceptibil i ty to antimicrobials

B. cepacia can contaminate various pharmaceutical

products, especially antiseptic solutions such as chlor-

hexidine and cetrimide. and a number of outbreaks have

arisen in hospitals as a direct consequence of the prolif-

eration of the organism in such solutions (Martone et al.

1987). The species is resistant to most antibiotics. Nearly

all strains are resistant to the aminoglycosides, poly-

myxin, ticarcillin, azlocillin, and imipenem, whereas vari-

able susceptibility is shown to temocillin, aztreoram,

ciprofloxacin, and tetracycline. A proportion of strains

remain relatively susceptible to trimethoprim-sulfa-

methoxazole and chloramphenicol. A study of B. cepacia

from CF patients in Britain found that about three-quar-

ters of isolates were susceptible to ceftazidime, piper-

acillin (+ tazobactam), and meropenem but usually at

only 'high' breakpoint levels (Pitt et al.1996).

A survey of B. cepacia complex isolates, of known

genomovar status, showed that the minimum inhibitory

concentrations of individual antimicrobials varied widely

within genomovars, although clinical and environmental

strains of B. vietnamiensls were marginally more suscep-

tible to ceftazidime and chloramphenicol than strains

from other genomovars (Nzula et al. 2002). Various

combinations of two, three, or even four antibiotics may

exhibit synergy in vitro against B. cepacia. Manno et al.

(2003) found that less than half oI B. cepacia complex

isolates tested were susceptible to combinations of

ciprofl oxacin-piperacillin and rifampin-ceftazidime. They

also showed that rates of antagonism for cotrimoxazole

and chloramphenicol in combination with p-lactams

were higher than those observed for ciprofloxacin plus

B-lactams.
Resistance to B-lactams is a consequence of a combi-

nation of low permeability of the outer membrane and

inducible p-lactamases. Decreased expression of the

major porins leads to elevated resistance to BJactams
(Parr et al. 1987) and the insensitivity to cationic anti-

biotics results from the sparse degree of phosphorylation

of its lipopolysacchharide (LPS) coupled with the

presence of protonated 4-amino-4-deoxy-l-arabinose in

lipid A or core oligosaccharide (Cox and Wilkinson

1991). B-Lactam resistance may also be mediated by a

class A p-lactamase very similar to the chromosomal B-
lactamase of Klebsiella oxytoca (Trepanier et al. 1997).

A multidrug resistance efflux pump called BcrA

may contribute to high level resistance to tetracycline

and nalidixic acid (Wiefield et al. 2002) and another
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multidrug efflux protein has been reported tn B. vietna-
miensis (Fehlner-Gardiner and Valvano 2002). Plasmids
can be detected in B. cepacia but their contribution to
overall resistance is unknown (Sabat6 et al. 1994);
however, antibiotic resistance is mostly associated with
large plasmids (146-222 kb). Conjugative transfer of
plasmid DNA from P. aeruginosa to B. cepacia, and
from B. cepacia transconjugants to other strains of the
same species, has been demonstrated (Lennon and
DeCicco 1991).

Outbreaks in hospitals

A common feature of early reports of outbreaks of B
cepacia infections in hospitals was contamination of
water supplies, often in pharmacies, antiseptic/disin-
fectant solutions, tubing for irrigation, and monitoring
lines (Martone et al. 1987). Today, outbreaks are less
common owing to the use of prepackaged proprietary
preparations, which decreases the risk of common
source contamination. Nevertheless, extrinsic contamina-
tion of nebulized medications, such as albuterol, has
been implicated in outbreaks in intensive care units
(Pegues et al. 1996) and cardiac wards (van Laer et al.
1998). Patients tend to be colonized rather than infected
and patient-to-patient spread is rare; prolonged carriage
by non-CF patients has not been documented. There are
conflicting reports concerning an association between B
cepacia and chronic granulomatous disease. Respiratory
infection in these patients appears to be independent of
the degree of lung damage (O'Neil et al. 1986), and the
organism is found in only a minority of cases (Nakhleh
et al.1992). Phagocytic cells from these patients do not
produce peroxides necessary for the intracellular killing
of bacteria.

Cystic fibrosis

The major impact of B. cepacia infection has undoubt-
edly been in CF patients in whom it was first recognized
in the mid-1970s. However, it did not become a clinically
significant problem until 10 years later when the preva-
lence of the organism rose to nearly 40 percent of
patients attending a major treatment center in Toronto,
Canada (Isles et al. 1984) and elsewhere in the USA
(Thomassen et al. 1985). The clinical outcome of B.
cepacia infection in CF patients may vary from asympto-
matic carriage through a gradual but accelerated decline
to a rapidly fatal fulminant septicemia in a minority of
cases, the latter condition being termed 'cepacia

syndrome.' The contribution of B. cepacia to clinical
deterioration and lung damage in the majority of
patients is unclear. Peckham et al. (1994) found no
significant difference in inflammatory markers and lung
function between B. cepacia colonized and noncolonized
patients, but more recent studies show a clear excess of

mortality in patients colonized with an epidemic strain

of B. cepacia particularly where lung function was poor

(Ledson et al. 2002). Moreover, the severity of

pulmonary exacerbation was no greater in patients with

multiple organisms compared with those harboring B.

cepacia alone (McManus et al. 2003).

The frequency of B. cepacia complex organisms

among all CF patients is generally low (approximately 5

percent of patients in UK centers), but this may increase

dramatically if transmissible strains are implicated.

Infections are more common in adult (>15 years) than

pediatric patients. It is a widely accepted practice to

segregate B. cepacia-positive CF patients from others

not harboring the organism and this, among other infec-

tion-control measures, has been shown to interrupt

spread and significantly reduce acquisition of the

organism by new patients (Whiteford et al. 1995).

However, a 6 year review of molecular types of isolates

of B. cepacia from 56 patients referred to a North

American transplantation center showed that patient-to-

patient spread was rare and no evidence was found that

they represented a major source of B. cepacia strains

found in the resident CF clinic population (Heath et al.

2002). This may be explained by the fact that the great

majority of the strains examined lacked the cblA gete

which is almost unique to strains of the ET12 clonal

lineage (Johnson et al. 1994). This highly transmissible

lineage originated in Ontario and spread through

north-eastern centers in the USA to the UK,

apparently carried by CF patients returning from

summer camp holidays (Anon 1994). This strain was

subsequently identified in approximately one-third of

UK and Ireland patients colonized with B. cepacia (Pitt

et al.  1996).

It has also been repeatedly demonstrated that

B. cepacia can be transmitted between CF patients both

in and out of hospitals (Govan et al. 1993; D.L. Smith

et al. 1993). Guidelines for patients and their carers

have been put forward by CF associations in Europe

and North America in an attempt to reduce cross-infec-

tion. They stress the need for good personal hand

hygiene, the avoidance of intimate contact between indi-

viduals and sharing of rooms for physiotherapy, and

nebulizer care to minimize bacterial contamination. etc.

They also highlight the importance of regular sensitive

and specific bacteriological screening to establish the

colonization status of patients and inform segregation

policies. It is noteworthy that transmission of strains

can occur between non-CF and CF patients (Holmes

et al.  1999).

GENOMOVARS

More than half of B. cepacia complex isolates from CF
patients are of genomovar III; in the USA approxi-
mately 75 percent are recA lineage IIIb, whereas in
Canada IIIa strains orevail. The second most common is
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B. multivorans (genomovar II) and reports of its

frequency range from approximately 5 to 37 percent.

The other genomovars are uncommon (Mahenthir-

alingam et al. 2002). Accordingly, most clustering of

outbreak isolates are associated with genomovar III

strains but genomovar II may occasionally be implicated

in outbreaks. Nevertheless, most genomovar II strains
from CF appear to be genotypically unique (Turton et al.

2003). The flnding that some virulent genomovar III

strains can superinfect patients already colonized with
genomovar II strains is of clinical importance as the
former are universally associated with clinical decline

and a higher mortality (Mahenthiralingam et al. 2001).

Owing to the shortage of donors, heart-lung, or lung
transplantation is available as an end-stage treatment to

only a minority of CF patients. Patients infected with B.

cepacia complex organisms present an additional
problem in their selection for transplant lists as long-
term survival has been closely correlated with geno-

movar status. Although outcomes are variable with some
1 year mortality rates of between 50 and 100 percent,

survival rates greater than 75 percent have also been
reported (Mariencheck et al. 2001). However, the

survival rates of genomovar III and non-genomovar III

colonized patients differed significantly and mortality
was almost exclusively associated with the former in

both Great Britain and North America (De Sovza et al.
2001; Aris et al.  2001).

TRAN SM ISSIBI LITY FACTORS

Three transmissibility genetic factors have so far been

described in B. cepacia; cblA which encodes for thick

bundles of peritrichous (cable) fimbriae (Sun et al.
1995), an insertion sequence hybrid 151356lIS402 (Tyler

et al. 1996), and the B. cepacia epidemic strain marker
(BCESM), a 1.4 kb sequence containing an open
reading frame with homology to transcriptional regula-

tory genes (Mahenthiralingam et al. 1997). The strong

association of these markers with epidemic strains led

Clode et al. (2000) in the UK to suggest that strict segre-
gation of patients might only be appropriate for those
harboring transmissibility marker-positive genomovar III
strains. This was contested by LiPuma et al. (2001) in

the USA who found a relatively low frequency of
BSCEM (23 percent) and cblA-positive (1.6 percent)

strains in their patient population and attributed the
difference to the spread of the ET12 clone in the UK.
Recent work by Baldwin et al. (2004) has demonstrated
that BCESM is part of a novel genomic island encoding
genes linked to both virulence and metabolism.

Parsons et al. (2003) reported the results of a subtrac-
tive hybridization technique to identify genomic regions
within the ET12 lineage of recA type IIIA that were
absent from a nontransmissible genomovar IIIB strain.
Fifteen sequences were identified, flve of which showed
significant similarity to known sequences. Many of the

regions identified had low guanine and cytosine (G + C)

content, a feature indicative of pathogenicity islands, but

one region shared sequence similarity with capsule/poly-

saccharide-production or export genes of B. mallei and

B. pseudomallei. This finding, taken together with the

observations of Reckseidler et al. (2001) who performed

similar experiments with B. pseudomallei polysaccharide

gene clusters, suggests that the B. cepacia complex

contains a polysaccharide gene cluster that is related

but different from that of B. mallei, B. pseudomallei, or

B. stabilis.

ACQUISITION FROM THE ENVIRONMENT

B. cepacia has been detected in air samples taken after

physiotherapy and can persist in the air after the room is

vacated (Ensor et al. 1996). It is able to survive for long

periods in respiratory droplets on environmental

surfaces but this property varies with the strain (Drabick

et al. 1996). It is also a common contaminant of dental

water systems (Pankhurst and Philpott-Howard 1996).

The species complex is relatively common in the

domestic environment (Mortensen et al. 1995) but is

infrequent in salads and fresh foods.

The question arises as to whether the natural environ-

ment represents a significant risk for CF patients. Butler

et al. (1995) concluded that the environment represented

a low risk but the pathogenic potential of environmental

strains remained unclear. This contrasted with the view

of Bevivino et al. (1994), who found that environmental

strains lacked the abilities to produce gelatinase and an

hydroxamate siderophore, and they failed to attach to

human uroepithelial cells. A more recent study by this

group compared traits related to virulence and transmis-

sibility in large numbers of isolates from Italian CF

patients with isolates from the maize rhizosphere (Bevi-

vino et al. 2002). Genomovar III isolates comprised the

majority of the strains examined in both the envrron-

mental and clinical collection with B. ambit'aria also

being quite frequent in the former. The clinical group

generally contained a higher proportion of antibiotic

resistant strains and were equally as able as environ-

mental strains to macerate onion tissue and produce

proteases. There were, however, marked differences

between the groups in hemolytic activity with more

environmental than clinical strains expressing a hemo-

lysin. The esmR gene was found exclusively among

genomovar III isolates with a marked prevalence in clin-

ical isolates, but only one of the 143 isolates tested posi-

tive for cblA underlinine the raritv of clone ET12 in

Italy.

Holmes et al. (1998) warned about the potential

danger of the widespread application of strains to the

agricultural environment for biodegradation and biocon-

trol purposes. There is evidence of evolutionary diver-

gence in 165 rDNA sequences of rhizosphere isolates

from their clinical counterparts (Tabacchioni et al.
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1995), but diversity in this locus among clinical strains
also occurs as evidenced by the wide range of ribotyping
patterns found among CF isolates (Pitt et al. 1996). A

survey by Richardson et al. (2002) showed that most

rhizosphere isolates had closest affinity with Burkhol-

deria spp. with known bioremediation and biocontrol

capabilities and were unrelated to taxa comprising plant

or human pathogenic strains. Nevertheless, the finding

of a genomovar III strain from agricultural soil in the

USA by LiPuma et al. (2002) suggests that human
pathogenic strains are not necessarily distinct from
environmental strains and patients may, on occasion,
acquire these strains direct from the environment.

Cell surface structures

CELLULAR LIPIDS

Like other gram-negative bacteria, B. cepacia possesses

a complex cell envelope in which a thin layer of pepti-

doglycan is sandwiched between the cytoplasmic
membrane and the outer membrane which is composed
of lipids, outer membrane proteins (OMP), and LPS.

The polar lipids contain two forms each of phosphatidyl-

ethanolamine (PE) and an ornithine amine lipid (OL),

the forms differing only in the presence or absence of a

2-hydroxy fatty acid; diphosphatidylglycerol (DPG) is a

third component. The average distribution of lipid phos-
phorus in cell wall extracts is DPG (23 percent), PE1 (50

percent), PE2 (27 percent). Ornithine-containing lipids

contribute 10-15 percent to the total cellular lipids with

a preponderance of OL2 over OL1 (Cox and Wilkinson

1989). The distinctive range of 2-hydroxy acids in B.

cepacia conferred by PE2 and OL2 is also characteristic
of other Burkholderia spp. (Galbraith and Wilkinson

1991). Lipid composition, particularly an increase in 2-

hydroxy acids in PE1, is strongly influenced by growth

temperature and change in the growth rate also affects
the PE:OL ratio (Taylor et al. 1998).

OUTER MEMBRANE PROTEINS

Two types of OMP profiles are characteristic of clinical

isolates of B. cepacia. The first type is characterized by
proteins of 39, 27, and 18 kDa and, in addition, the
second contains proteins in the size range 80-90 kDa in
growth limiting conditions (Livesley et al. 1998). The 39

and 27 kDa proteins function as porins for small hydro-
philic solutes, constitute antigens, and contribute to anti-

biotic resistance (Parr et al. 1987). The major porin
protein, coded OpcP1, has been cloned and the
predicted opcP gene encoded a mature protein of

35.7 kDa (Tsujimoto et al. 1997). An enzyme-linked
immunosorbent assay (ELISA) test using the 80 kDa

OMP has been shown to be of value for distinguishing

between B. cepacia derived from colonized compared to
noncolonized CF patients (Lacy et al. 1997). Expression

of a 97 kDa putative heme-binding protein was linked to

genomovar III strains by Smalley et al. (2001). This

protein is located in the outer membrane and binds iron

(III) protoporphyrin IX in both the oligomeric and

monomeric forms. It may serve as a receptor for the

uptake of iron or facilitate cell-surface deposition of

ferrihemes which protect the cell against neutrophil-

derived hydrogen peroxide attack in the inflamed lung.

Two other heme-binding OMPs of 77 and 147 kDa were

identified when genomovar IIIa strains were exposed to

increasing concentrations of iron (III) protoporphyrin

IX, these proteins were not found in genomovar I

strains. They may therefore be pivotal to the virulence

of the organism and given their prominence on the cell

surface may prove to be suitable candidates for vaccine

deve lopment  (Smal ley  e t  a l .2003) .

LIPOPOLYSACCHARIDES

LPS forms the immunodominant structure of the outer
membrane. It has a general architecture similar to the

enterobacteria comprised of lipid A, core oligo-

saccharide, and O-specific type chain. There are,

however, some unusual features including: (1) a low

degree of phosphorylation in the core oligosaccharide

(Cox and Wilkinson l99l); (2) extensive substitution by

4-amino-4-deoxy-L-arabinose in the lipid A; (3) a low

content of 3-deoxy-l-manno-2-octulosonic acid (Kdo);

(4) the substitution of Kdo by l-glycero-d.-D-talo-2-

octulosonic acid (Ko); this disaccharide is also present

in B. pseudomallei; and (5) the presence of two distinct

polymeric fractions in several reference strains which

creates ambiguity about the identity of individual O

antigens and in some cases detracts from serospecificity

(Wilkinson and Pitt 1995a).

Compared with many bacteria, B. cepacia produces

remarkably simple O-antigen polymers. They are linear

with di- or tri-saccharide repeating units although some

contain monosaccharides. Many of the polymers also

occur in other gram-negative species and identical struc-

tures have been reported in B. vietnamiensis and B.

cepacia (Gaur and Wilkinson 1'997), The chemical struc-

ture of the O-antigen of an environmental strain of B.

cepacia was reported by Cimino et al. (1998) which was

apparently unique to Burkholderia spp. and for O-anti-

gens in general.

At least three serological typing systems have been

described independently for the grouping of B. cepacia

isolates (see Wilkinson and Pitt 1995a), but Werneburg

and Monteil's scheme (1989) has probably been the

most widely used. This differentiates the species into

nine O and five H types with a typability of 98 percent

and 43 percent, respectively, for isolates from the envir-

onment and nosocomial infection; typability rates fall

significantly with CF isolates. O-serotype and suscept-

ibility to lipopolysaccharide-binding bacteriophages was

not correlated with genomovar status (Kenna et al.
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2003). Evans et al. (1999) used SDS-PAGE and immu-
noblotting to define the chemotype and antigenic cross-
reactivity of 16 strains of four genomovars of B. cepacia.
All strains of genomovars I and II had smooth LPS but
genomovar III strains of the ET12 lineage were of either
rough or smooth LPS chemotype. A rabbit serum raised
to the index ET12 strain (J2315) revealed antigenic
relatedness between LPS core antigens in different
genomovars; variation in LPS chemotype was also
observed with broth and agar grown cells of the same
strain.

EXOPOLYSACCHARIDES

B cepacia produces two distinct acidic exopolysacchar-
ides, PSI and PSII. PSI is characterized by the repetition
of a disaccharidyl unit while PSII has a more complex
heptasaccharidyl repeat unit. PSI was found associated
with PSII in two environmental strains. but PSII alone
was produced by most mucoid strains examined
(C6rantola and Montrozier 2001). B. cepacia rarely
grows as a mucoid form on agar media but production
of the exopolysaccharide is encouraged by growth in
glycerol-based media with high salt content (C6rantola
et al.  2000).

FLAGELLA AND PILI

In common with P. aeruginosa, B. cepacia expresses two
protein flagellin antigenic types which are distinguish-
able by molecular size. The type II flagellins have an
approximate size of 45 kDa and are readily differ-
entiated by SDS-PAGE from the 55 kDa type I flagel-
lins; however, a flagellin of 70 kDa has also been
reported for a single strain (Hales et al. 1998). A third
flagellar protein of 31 kDa was found by Montie and
Stover (1983) but this may have been an artifact of the
isolation procedure rather than complete flagellin. The
diameter of the flagella of type I strains is wider than
that of type II strains (approximately 18.0 vs. 14.5 nm).
The N-terminal sequence of the type II flagellin shows
close identity with B. pseudomallei flagellin. In common
with other flagellins, the B. cepacla sequences exhibit
high levels of homology in the conserved terminal
regions but differ considerably in the central region. No
evidence of phase variation has been reported but Hales
et al. (1998) found extensive flagellin sequence variation
and separated the 16 strains examined into ten RFLP
groups using two restriction enzyme digests. Flagella
contribute to the virulence of many bacterial species and
B. cepacia is no exception. Tomich et al. (2002) attrib-
uted the ability of a clinical strain of B. cepacia (geno-
movar III) to invade cultured respiratory epithelial cells
to be linked to its flagellar status. Loss of motility in
transposon generated mutants was strongly correlated
with reduced invasiveness due to disruption of the fliG
locus and was not due to defective adherence of the
mutant to the test cells.

At least five different structural classes of pilus struc-

tures (cable, mesh, filamentous, spine, and spike) have

been identified in B. cepacia. The cable pilus was

strongly implicated in the spread of the ET12 clone in

the USA and UK (Goldstein et al. 1995), whereas the

mesh pili were the most widely expressed being found in

both epidemic and nonepidemic CF isolates; the spike
pili were commonly associated with environmental

isolates. A 22 kDa protein located on the cable pilus

mediates cell binding with high affinity for respiratory

mucins and lung epithelial cells (Sajjan and Forstner

1993) through the receptor, cytokeratin 13, the expres-

sion of which is increased in CF lungs (Sajjan et al. 2000,

2002). Chiu et al. (2001) showed that strains expressing

cable pili form large clumps on the surface of the target

cell whereas non-cable piliated strains predominantly

attach as single cells. They used dextrans (10 000 Da) to

inhibit the adherence of strains and this was more effec-

tive against non-cable-piliated strains than those expres-

sing this pilus; the inhibitory effect was readily rever-

sible.

Typing of B. cepacia

BACTERIOCINS AND BACTERIOPHAGES

A scheme utilizing production and sensitivity to bacter-

iocins was developed by Govan and Harris (1985) and
identified 14 producer and 23 susceptibility types in 44

combinations among 95 percent of B. cepacia isolates. It

is a simple agar overlay technique and results can be

obtained within 24 h but there may be substantial varia-

tion among outbreak-related strains (Rabkin et al.

1989).

A phage-typing scheme for B. cepacia has not been

described, but the contribution of phages to genomic

plasticity, adaptability, and virulence of the complex was

explored by Langley et al. (2003). Temperate and lytic
phages (T-even like and lambdalike) were isolated from

soils and river sediments but proved not to be species

specific within the complex. Lysogeny was relatively

common and the shared host range of two temperate
phages from B. cenocepacia and B. stabilis suggests that

integration of the same phage can occur in different
species of the complex.

CHROMOSOMAL DNA ANALYSIS

Ribotyping has been widely applied to epidemiological

studies of B. cepacia. LiPuma et al. (1988) found 14

different rRNA patterns based on the positions of 4-8

hybridization bands in EcoRI digests of DNA from CF

strains and at least 50 patterns were identified by
Pitt et al. (1996) among strains from UK CF patients.

PCR has been used to detect polymorphisms in the
intergenic spacer regions of rRNA (Kostman et al.

1992), and arbitrarily primed PCR revealed strain
lineases similar to those obtained bv PFGE of XbaI
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digests, or ribotyping (Bingen et al. 1993). Insertion

sequence primers originally intended for the identifica-

tion of Bordetella pertussis were found to differentiate

between strains of B. cepacia from unrelated sources

and show homology among epidemiologically related

isolates (Cimolai and Trombley 1995). PCR amplifica-

tion of the flagellin gene, fliC, of an extensively char-

acterized panel of B. cepacia complex strains (Mahen-

thiralingam et al. 2000b) discriminated B. multivorans

from other genomovars on the basis of amplicon size

with the exception of a genomovar I strain; four B. viet-

namiensis strains failed to yield an amplicon (Winstanley

et al. 2001).

Multilocus restriction typing (MLRT), which indexes

variation at flve chromosomal loci by restriction analysis

of PCR-amplified genes, was described by Coenye and

LiPuma (2002). The genes targeted were recA, gyrB,

fliC, ceplR, and dsbA, and most clusters delineated by

MLRT corresponded closely to those defined by PFGE.

The method was used to investigate the population

structure of a large collection of clinical and environ-

mental isolates of genomovar III from widespread

geographical sources. The majority of isolates fell into
just three major clonal lineages. Varying degrees of

genetic recombination were found and the authors

speculated that the differences in population structure

stem from differences in evolutionary biology and

ecology (Coenye and LiPuma 2003).

PLASMIDS

McKevitt and Woods (1984) found plasmids in only 23
percent of CF isolates and seven had the same plasmid.

However, enzyme digest lysates and salt-ethanol preci-

pitated DNA revealed plasmids in all but one of 16

isolates examined by Gonzalez and Vidaver (1979).

Furthermore, 3l of 37 diverse strains proved positive for

plasmids when a rapid alkaline lysis method was used

(Lennon and DeCicco 1991). Reported plasmid sizes

range from 1.7 to 224 kbp with up to eight plasmids per

strain (Wigley and Burton 1999).

OTHER TYPING METHODS

Multilocus enzyme electrophoresis (MLEE) has proved
of value for outbreak investigation and studies of the
genetic structure of different strain populations. In parti-
cular, Wise et al. (1995) showed that there was only
limited association between enzyme alleles and this was
suggestive of frequent recombination within the species.
MLEE in combination with ribotyping allowed the defi-
nition of various strain lineages and determination of
linkage between strains from different geographical
locations, which conflrmed that the Toronto clone was
genetically indistinguishable from the epidemic strain in
the UK (Johnson et al. 1994). Quantitative differences
in fatty acid proflles can also be epidemiologically signif-
icant (Mukwaya and Welch 1989), and pyrolysrs mass

spectrometry has been reported to be more discrimi-
nating for strain identification than SDS-PAGE (Corkill

et aI. 1994).

Pathogenicity of B. cepacia

Strains of B. cepacia from animal or plant sources are rela-

tively avirulent (LDso 1 x 108 colony-forming units

(CFU)) for normal mice but they persist in high numbers

in a burned mouse model (Stover et al. 1983). The species

produces a variety of extracellular putative virulence

factors that may contribute to its pathogenicity for plant

and animal hosts. These include lipases, hemolysins, and

proteases, among others (Wilkinson and Pitt 1995b).

Lipases of different types including esterases and leci-

thinases have been described; a 25 kDa protein which

attacked Tweens but lacked phospholipase C activity

was purified from a CF isolate that was not cytotoxic

(Lonon et al. 1988). B. cepacia, unlike P. aeruginosa,has

distinct phospholipase C and hemolysin activities and

about 40 percent of isolates apparently express hemo-

lytic activity (Vasil et al. 1990). A hemolysin that

induces apoptosis (programmed cell death) and degranu-

lation of mammalian phagocytes was described by

Hutchinson et al. (1998). This compound was identified

as a lipopeptide and expressed surface tension lowering

activity; a functional role of suppression of the host's

immune response was suggested.

An extracellular 36 kDa zinc metalloprotease was

purifled from B cepacia which induced bronchopneu-

monia when instilled into the trachea of rats. It also

cleaved gelatin, hide powder, and human collagen types

I, IV, and V (McKevitt et al. 1989). Immunization of an

animal with a peptide corresponding to the conserved

metalloprotease signiflcantly decreased the severity of

experimental lung infections (Sokol et al. 2000b).

Genetic analysis subsequently showed that the predicted

amino acid sequences of the protease from B. cepacia

and B. pseudomallei were similar to the thermolysin-like

family of metalloproteases and was likely to be secreted

via general secretory pathways (Corbett eL al.2003)- B.

cepacia may actively degrade respiratory mucins by the

activity of a mucin-sulfatase. Desulfation increases the

susceptibility of mucins to degradation by bacterial

enzymes and the released carbohydrates and amino

acids probably support bacterial growth. Mucin-sulfatase

activity was detected in all nine strains of B. cepacia atd

four of six P. aeruginosa strains tested; aryl-sulfatase

activity was also found in B. cepacia, but at levels

approximately 2O-fold lower than in P. aeruginosa
(Jansen et al. 1999).

ENTRY AND SURVIVAL IN CELLS

It is widely held that the invasion of host cells and intra-

cellular survival of B. cepacia is fundamental to its

establishment in the host and a necessary prerequisite
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for disease. Using the gentamicin protection assay,
Burns et al. (1996) were the first to show that B. cepacia
invaded cultured respiratory epithelial cells and
progressed into the cytoplasm where they were enclosed
by membrane-bound vacuoles. Live bacteria were neces-
sary for invasion of the cell layer and this was inhibited
by cytochalasin D, an inhibitor of eukaryotic microfila-
ment formation. Intracellular survival and growth of B.
cepacia complex isolates rn Acanthamoeba was demon-
strated by Marolda et al. (1999) and extracellular
bacteria grew saprophytically on byproducts released by
the amoebae. These results suggest a symbiotic relation-
ship between the species complex and free-living
amoebae in which the latter acts as a reservoir for the
organism and even possibly serves as a vehicle for its
transmission among CF patients. A macrophage model
of Martin and Mohr (2000) confirmed these flndings
with strain J2315, but also showed that an environmental
strain had similar invasive properties for macrophages
but not for epithelial cells and was unable to survive or
replicate intracellularly. They concluded that intracel-
lular survival allowed B. cepacia to evade the host
rmmune response. A different view on the interaction of
B. cepacia with macrophages was taken by Saini et al.
(1999). Using fluorescence microscopy and a gentamicin
protection assay, they showed that B. dolosa (geno-
movar VI) and, B. vietnamiensis (genomovar V) survived
in murine macrophages for at least 5 days without signif-
icant bacterial replication. Entry of the bacteria into the
macrophages stimulated production of tumor necrosis
factor (TNF) and primed them to release toxic oxygen
radicals which was attributed to LPS as they were
blocked by polymyxin B. On the strength of these
results, they proposed a model where repeated cycles of
phagocytosis and cellular activation without bacterial
killing promotes a deleterious inflammatory response
causing tissue destruction and deterioration of lung
infection. This scenario fits with the course of chronic
respiratory infection in CF patients due to P. aeruginosa.

B. cepacia has been localized by immunohistology in
CF patients with 'cepacia syndrome' in the exudates
within bronchial lumens and between airway epithelial
cells (Sajjan et al. 2001). In patients with chronic infec-
tions the organisms were diffusely distributed but in
acute infections the distribution was more focal with B.
cepacia located on injured airway surfaces and in
abscesses. In the progression from the chronic state to
invasive infection, B cepacia migrates across the epithe-
lial barrier to invade the lung parenchyma and capil-
laries thereby initiating septicemia. Schwab et aL. (2002)
explored the universality of B. cepacia complex invasion
pathways in well differentiated human airway epithelial
cell cultures. They found that all three strains tested
(genomovars II, III, and IV) circumvented the mechan-
ical barriers of mucus and ciliary transport to penetrate
epithelial cells but they used different routes. The geno-
movar III strain formed biofllms at the aoical cell

surface and invaded and destroyed the cells by disrup-
tion of the glycocalyx and rearrangements of the actin
cytoskeleton. In contrast, the genomovar IV strain did
not form biofilms and the majority of bacteria that pene-
trated the epithelium were located between the cells,
suggesting paracytosis. The genomovar II strain pene-
trated the epithelium both by cell destruction and para-

cytosis. Cieri et al. (2002) assessed the relative invasive-
ness of different genomovars of B. cepacia by their
capacity to invade cultured respiratory epithelial cells
and in a murine model of lung infection. They found
that invasion of the cell line was relatively low compared
to other pathogens and was often variable from assay to
assay. Invasion was most evident with genomovar III
strains (75 percent invasive) and was lowest in genomo-
vars I and IV (25 percent). There was good correlation
between the in vitro and in vivo assays. In contrast,
BALB/c mice rendered leukopenic by administration of
cyclophosphamide prior to intranasal challenge with
different genomovars cleared all of nine genomovar III
strains tested, but with variable toxicity, compared with
five of six genomovar II strains which persisted at stable
numbers in the lungs for several days with minimal
toxicity (Chu et al. 2002). They speculated that geno-
movar III strains provoked higher levels of toxicity,
thereby inducing a more effective immune response and
clearance.

Many gram-negative bacteria use a conserved secre-
tory system, type III, to deliver virulence proteins
directly into host cells. Parsons et al. (2001) identified a
gene cluster which was found in all of B. cepacia
complex genomovars, except genomovar I. They also
found a putative gene homologous to lhe virBl gene of
Brucella sais. One of the genes identified by Tomich
et al. (2003) in their examination of type III secretory
gene homologs in B. cepacia, designated bscN, encodes
an ATP-binding protein believed to generate energy
driving virulence factor secretion. An isogenic bcsN
mutant was significantly attenuated in comparison to the
parent in terms of recovery from mouse lungs and
spleens and induction of an inflammatory cell infiltrate.

SIDEROPHORES

At least four different siderophore compounds are
produced by B. cepacia and include: ornibactins,
pyochelin, salicylic acid (formerly azurechelin), and
cepabactin. The ornibactins and salicylic acid
compounds are produced by the majority of clinical
isolates (Darling et al. 1998). Two genes with significant
homology to pyoverdine biosynthetic genes of P. aerugi-
nosa, pvdA and pvdD, are required for ornibactin synth-
esis, and an outer membrane receptor protein with a
predicted molecular mass of 81.7 kDa was shown to be
necessary for utilization of ornibactin for iron transport
or growth; a mutant lacking the receptor was also signifi-
cantly less virulent than its parent strain (Sokol et al.
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1999, 2000a). Homologs of the universal ferric uptake

regulator (fur) protein, which functions as a transcrip-

tion repressor of many genes in bacteria in response to

iron, has been demonstrated rn B. cepacia with 90

percent sequence homology to the fur gene of B. pseu-

domallei. In contrast to the fur gene in Escherichia coli,

transcription of which is activated by oxidative stress,

hydrogen peroxide and superoxide generators had no

effect on /ar transcription in B. cepacia. The fur
promoter was also not responsive to iron availability

(Lowe et al.  2001).

ENDOTOXIN

The LPS of B. cepacia is probably the most significant of

the virulence factors in mediating the augmented inflam-

matory response of CF patients infected with the species.

Isolated LPS has relatively low toxicity; LD5e values in

mice of approximately 1 mg have been reported but

compared with P. aeruginosa, it has good endotoxic

activity and induces approximately nine times as much

TNF-a (Shaw et al. 1995), This was confirmed by

Zughaier et al. (1999a) who, in contrast to the earlier

study, found that induction of TNF-o by LPS was almost

completely CD14 mediated. Monocytes primed with B.

cepacia LPS produced more superoxide anion than cells

primed with P. aeruginosa or Stenotrophomonas malto-

philia LPS. However, the melanin-like pigment elabo-

rated by some strains on tyrosine-enriched agar appears

to attenuate the monocyte respiratory burst by acting as a

scavenger of the superoxide anion thus protecting the

organism from attack by free radicals (Zughaier et al.

i999b). The proinflammatory cytokines interleukin (IL)-

6 and IL-8 are upregulated by LPS from strain J2315 and

it also increases the surface expression of the B2 comple-

ment receptor 3 on neutrophils and to prime the respira-

tory burst activity of these cells. Genomovar I strains are

also able to prime the neutrophil respiratory burst

response (Hutchinson et al. 2000; Hughes et aL.1997).

The lack of nitric oxide (NO) activity in the lungs of CF

patients is thought to contribute to the survival of B.

cepacia in these patients. Smith et al. (1999) reported that

superoxide, hydrogen peroxide, or NO alone failed to kill

J2315 but when combined they reduced the bacterial

count by more than 1 000-fold. Superoxide dismutase did

not inhibit the process but catalase did, suggesting that

NO and hydrogen peroxide mediated bacterial killing.

An unusual interaction of polymyxin B with B

cepacia LPS was recently described by Shimomura et al.

(2003). They found that although B. cepacia contains 4-

amino-4-deoxy-L-arabinose in its inner core region

which should prevent binding of polymyxin B and thus

confer constitutive colistin resistance, polymyxin B-

immobilized beads were able to bind to B. cepacia LPS

with high afflnity. Remarkably, polymyxin B augmented

the IL-1B-inducing activity of B. cepacia LPS to levels

similar to other gram-negative LPS despite the fact that

the LPS had previously been shown to be a weak IL-1p
inducer (Shimomura et al. 2001).

QUORUM SENSING

Co-colonization of CF patients with P. aeruginosa and

B. cepacia is infrequent but when it occurs it is asso-

ciated with increased morbidity. Communication

between the two species occurs via the N-acyl homo-

serine lactone (AHL) quorum-sensing mechanism with

the possible effect of coordinately regulating their viru-

lence factor expression (Lewenza er al.2002). In the B.

cepacia complex, the CepIR quorum sensing system

regulates protease expression, biosynthesis of ornibactin,

swarming motility, and biofllm formation. A second

system, BviIR, is operative in B. vietnamiensis (Llutter

et al. 2001). The stationary-phase sigma factor (RpoS), a

regulatory system involved in the response to high cell

density, is also an alternative sigma factor which directs

transcription of a large number of genes involved in

adaptation to nutrient-limiting conditions and induction

of virulence factors. Aguilar et al. (2003) found that the

quorum-sensing system of the onion pathogenic strain

(ATCC 254L6) had a negative effect on rpoS gene

expression. They also confirmed that the cep locus regu-

lates protease production and onion pathogenicity. Cell

signaling genes, specifically an AHL synthase gene and

its corresponding transcriptional regulator, were located

on a 31.7 kb pathogenicity island in B. cenocepacia by

Baldwin et al. Q004).

BURKHOLDERIA GLADIOLI

B. gladioli was previously known as 'Pseudomonas

marginata'but is closely related by DNA hybridization to

B. cepacia (Ballard et al. 1970). Strains grow readily on

polymyxin-containing selective media but they can be

differentiated from B. cepacia by their negative reactions

for oxidase enzyme and utilization of maltose and lactose.

B. gladioli may also be confused with Oligella ureolytica

due to its variable urea-hydrolyzing properties. Several

reports attest to the clinical signiflcance of B. gladioli,not

only as an opportunist in the CF lung but also as a cause

of primary invasive infection in these patients and

patients with chronic granulomatous disease (Khan et al'

1996; Hoare and Cant 1996). Multiresistant isolates with

shared phenotypic properties of B. cepacia and B. gladioli

were reported from CF patients by Simpson et al. (1994)

who found the 'Edinburgh epidemic strain' of B. cepacia

to give equivocal reactions in biochemical tests and fatty

acid analysis. Nosocomial acquisition of '8. gladioli' by

CF patients has been reported in the literature (Wilsher

et al.1997), but the isolates were subsequently identified

as B. cepacia (Clode et al. 1999). A PCR assay for the

species based on 23S rDNA sequences was shown by

Whitby et al. (2000) to have a sensitivity of 96 percent

and to be 100 percent speciflc.
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THE PSEUDOMALLEI GROUP

The glanders bacillus was isolated by Loeffler and Schutz
in 1882 from a horse dying of glanders and was named
'Bacillus mallei' by Zopf in 1885 (see Buchanan et al.
1966). An organism, in many respects resembling it, was
isolated by Whitmore and Krishnaswami (1912) from a
glanders-like disease of humans in Rangoon; it was desig-
nated'Baci l lus pseudomallei '  by Whitmore (1913).
Subsequently, Stanton and Fletcher (192I,1925) gave the
name melioidosis to the disease atd'Bacillus whitmori'
to the causative organism. Because the two organisms
cause similar diseases they were classified together but
confusion over their taxonomic position led to them
being placed in a variety of bacterial genera (for early
history, see the seventh edition of this book). Palleroni
(1984) classified the species as members of the genus
Pseudomonas of rRNA homology group II. However,
Yabuuchi et al. (1992) proposed that all members of that
rRNA group be reclassified within the genus Burkhol-
deria and the new names have been validly published.

B U RKHO LDERIA PS E U DO MALLEI

Habitat

B. pseudomallei is an environmental saprophyte present
in soil and water in a limited geographical area - South
East Asia, the Philippines, Northern Australia, parts of
Africa, and South and Central America - but may also
be isolated in temperate climates (Dance l99l;
Yabuuchi and Arakawa 1993). A damp climate and a
terrain of flooded low-lying plains appear to favor the
organism. Counts of B. pseudomallei in soil vary with
region in countries such as Thailand and this may be a
significant determinant of the frequency of melioidosis
in the population (Smith et al. 1995b).

lsolation and identif ication

The culture and manipulation of B. pseudomallei (and
B. mallei) presents a risk to laboratory personnel and so
all procedures involving live cultures must be performed
within a category level 3 containment facility.

B. pseudomallei are slender rods 0.3-0.5 um in width
and 1.-2 pm long with two to four polar flagella per cell.
The smooth colonial form of B. pseudomallei often
appears as long parallel bundles of 'filaments' - really
chains of closely associated rods (Miller et al. 1948a)
embedded in interstitial substance. In the rugose form,
the shorter, oval cells are more irregularly arranged and
there is no interstitial substance. Staining is irregular and
bipolar staining (safety-pin appearance) is seen, particu-
larly of B. pseudomal/el in films of pus; accumulation of
poly-B-hydroxybutyrate may be demonstrated by
staining with Sudan black.

B. pseudomallel grows well on simple media, including
nutrient, blood, and MacConkey agars, but it does not
grow on deoxycholate citrate or Salmonella-Shigella
agars. After overnight incubation on nutrient agar at
37"C, the colonies arc t-2 mm in diameter. The growth

may be smooth and mucoid or rough, with a dull wrin-
kled, corrugated, or honeycombed surface. In the
smooth form, colonies are round, low convex, amor-
phous, translucent, and grayish-yellow, with a smooth,
glistening surface and an entire edge; although mucoid
in consistency, they are easily emulsified. After several

days they become opaque, yellowish-brown, uneven, and
often umbonate. Chambon and Fournier (1956)

described numerous different colonial forms and Stanton
et al. (1927) illustrated an ultra-rugose form, with an
extremely corrugated surface and a tenacious consis-
tency. Frankly mucoid forms are uncommon. No extra-
cellular pigment is formed. The smooth colonial form of
B. pseudomallei tends not only to die out rapidly in
culture but also to kill other pseudomonads, including
rough variants, in its vicinity; Rogul and Carr (1972)

attributed this to the production of ammonia. The
growth' has a characteristic earthy or musty odor
although sniffing of agar cultures is discouraged on
safety grounds. o-Hemolysis is observed on sheep blood
a9a\ older cultures produce B-hemolysis. Colonial
morphology is best observed on Ashdown's medium
which is a simple agar containing crystal violet, glycerol,

and gentamicin (Ashdown 1979b), colonies concentrate
the dye from the medium and grow rugose or smooth.
This medium was recently modified by Howard and
Inglis (2003) and contained less glycerol than the
original; crystal violet, which is apparently inhibitory for
some mucoid isolates, was replaced by Nile BIue.
Typical colonies of B. pseudomallei are shown in
Figure 63.1. Many strains grow poorly below 25'C but
all grow at 4l'C. The species forms acid from various
sugars in Hugh and Leifson's or ammonium-salts media,
produce ammonia from arginine, and has extracellular
hydrolytic enzymes that degrade poly-B-hydroxybutyrate

Figure 63.1 Growth of B pseudomallei on Ashdown's agar
medium after 48 h incubation
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and starch. Gelatin and Tween 80 are hydrolyzed, it is
usually potassium cyanide (KCN) resistant and does not
attack malonate. The following characteristics of -8.
pseudomallei help to distinguish it from B. cepacia'.
production of ammonia from arginine, hydrolysis of
starch, formation of heat-stable phosphatase, and nega-
tive lysine decarboxylase reaction. The patterns of acid-
ification of sugars are rather similar. B. cepacia generally

attacks salicin and adonitol, blt B. pseudomallei does
not. Atypical strains occur in both species and further
confirmatory tests may occasionally be necessary.

Dance et al. (1989c) recommend a simple screening
procedure for the confirmation of identity of B. pseudo-
mallei for an oxidase positive, gram-negative rod
showing bipolar or irregular staining. Organisms are
tested for resistance to disks containing colistin 10 pg

and gentamicin 10 pg and subcultured on Ashdown's
medium and incubated for 48-:72 h. The API 2ONE kit
proved to be highly efficient for the confirmation of the
identity of B. pseudomallei (Dance et al. 1989c), but
false identification of some other pseudomonads as B.
pseudomallei sometimes occurs. Wuthiekanun et al.
(1990) evaluated Ashdown's medium with and without
pre-enrichment in selective broth (containing colistin
and crystal violet) for the isolation of B. pseudomallei

from clinical specimens and concluded that enrichment
improved the chances of recovery of the organism from
sites with an extensive normal flora (see also Walsh and
Wuthiekanun 1996). The inclusion of colistin (50 mg/l)
to broth enrichments markedly improves the yield of ,8.
pseudomallei from clinical specimens (Walsh et al.
1995c); the antibiotic should also be added to the basal
salt medium containing L-threonine (Gallimand's

medium) to optimize the recovery of the organism from
soil (Wuthiekanun et al. 1995a).

Nonculture methods

Three rapid serological assays have been described for
the identification of B. pseudomallei from agar culture.
A speciflc and sensitive latex agglutination test with a
rabbit polyclonal antibody was used by M.D. Smith et al.
(1993). This was strongly reactive with the LPS antigen
which is remarkably conserved within the species but
which also exhibits extensive crossreaction with ,8.
mallei (Pitt et al. 1992). Another latex agglutination test
with an exopolysaccharide specific monoclonal antibody
also proved to be highly specific and sensitive for the
species (Steinmetz et al. 1999). Lastly, a monoclonal
antibody bound to latex towards a 39 kDa B. pseudo-
mallei outer membrane protein was able to detect
approximately 5 x 106 CFU/ml in a direct agglutination
assay with a sensitivity and speciflcity of 94 and 98
percent, respectively. This reagent also proved valuable
for conflrmation of the organism in blood cultures and
potentially could speed up the diagnosis of melioidosis
by 2 days (Pongsunk et al. 1999).

An oligonucleotide probe following partial sequencing

of the 23S rRNA was constructed and used for the iden-

tification and detection of B. pseudomallei by hybridiza-

tion or by direct PCR (Lew and Desmarchelier 1994).

The probe hybridized with DNA from B. mallei bfi did

not react with other Pseudomonas spp. A combination

of the two methods allowed the detection of approxi-

mately 104 CFU/ml in spiked blood samples and sensi-

tivity was increased 10O-fold by concentration of

bacteria from 0.5 ml of blood. Kunakorn and Markham

(1995) described a seminested PCR which was used to

generate products that were quantitatively detected by

enzyme immunoassay. The target DNA sequence was

the internal transcribed spacers between 165 and 23S

rRNA. The primers did not amplify DNA from B.

mallei and a sensitivity of 75 bacteria per ml was

claimed. The 165 rRNA gene was targeted by Dharakul

et al. (1996) for the design of a nested PCR system for

the detection of B. pseudomallei in septicemic melioi-

dosis. B. mallei was not included in specificity tests but

no crossreactions were evident with other gram-negative

species tested. As few as two bacteria were reported to

be detectable by the assay and it could be used with

equal efficiency for buffy coat or pus specimens. A B.

pseudomallei-specific DNA probe sequence was utilized

for the design of two 22-mer primers to amplify a 178 bp

product from several clinical isolates. This PCR system

detected as little as 0.5 fg of DNA which equated to a

sensitivity in spiked whole blood of one bacterial cell

per ml (Rattanathongkom et al. t997). Sura et al. (1997)

designed primer sets from random sequencing of B.

pseudomallei DNA which amplified a speciflc I24 bp

product from clinical strains. Using a combination of

PCR and hybridization, the lower limit of detection was

35 CFU/ml in bacterial suspensions and approximately

400 CFU in liver tissue which was below the positive

threshold for culture. There is some dispute never-

theless, regarding the performance of various PCR

assays for diagnosis of melioidosis. Haase et al. (1998)

found that the intergenic primer set (Kunakorn and

Markham 1995), failed to detect B. pseudomallei in their

collection of Australian isolates and the 23S rRNA

primer set (Lew and Desmarchelier 1994) was insufli-

ciently sensitive to detect the organism in clinical speci-

mens that gave positive results by culture. In this group's

Iaboratory, the 165 rRNA-derived primer set had a

sensitivity approaching 100 percent for clinical samples

and identifled three culture-negative cases. However,

samples from a third of patients with other diseases were

also positive by this PCR. These findings are in marked

contrast to those of Kunakorn et al. (2000) who reported

the sensitivity and specificity of the 165 rRNA PCR to

be only 41 and 47 percent with actual blood samples

from patients diagnosed by blood culture. Some patients

had been treated with antimicrobial drugs active against

B. pseudomallei before the specimens for PCR were

collected which would have reduced the number of
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viable bacteria. An optimized protocol for rapid and
specific detection of B. pseudomallei was described by
Hagen et al. (2002). They used a seminested PCR assay
targeting a genus-specific sequence of the ribosomal
protein subunit (rpsU) 21 and a nested PCR to amplify
the filament forming flagellin gene (fliC). The combina-
tion of PCR and sequencing of the amplicons resulted in
high sensitivity and specificity in flxed tissue sections and
avoided the need for culture of the orsanism.

Susceptibil i ty to physical and chemical
agents

B. pseudomallei is able to grow on 0.1 percent cetrimide
agar and is resistant to various dyes. It survives for up to
30 months in moist clay soil (Thomas and Forbes-Faul-
kner 1981), but for a much shorter time in dry sandy
soil. In experimental conditions, a water content in soil
of <10 percent rendered the bacteria nonviable within 70
days, but at >40 percent they survived for 726 days
(Tong et al. 1996). These studies also showed that the
organism is killed within 18 days on nutrient medium at
0"C, at pH values below 5 and above 8, and is more
susceptible to ultraviolet rays than permanent soil
bacteria. It also has a remarkable capacity to survive in
nutrient-free medium and can be recovered from triple-
distilled water without any additional nutrient after
more than 3 years (Wuthiekanun et al. 1995b).

Most strains of B. pseudomallei are susceptible to
imipenem, piperacillin, doxycycline, amoxycillin-clavu-
lanic acid, azlocillin, ceftazidime, and ticarcillin-clavu-
lanic acid, with a minimum inhibitory concentration
(MIC) of <2 mgl|, approximately 10 percent of strains
exhibit resistance to chloramphenicol (Dance et al.
1989b). Of four carbapenems tested by Smith et al.
(1996), biapenem was the most active but alt carbape-
nems had bactericidal activity against strains resistant to
ceftazidime, co-amoxiclav or both. Resistance to amlno-
glycosides, the polymyxins, and the penicillins is
uniform.

B. pseudomal/el is unusual among 'pseudomonads' in
that intrinsic ampicillin resistance is mediated by a
clavulanate-sensitive BJactamase (Livermore et al.
1987); three different mechanisms of acquired B-lactam
resistance have been described (Godfrey et al. 1991).
Sequencing of the genome of B. pseudomallei strain
K96243 has identified class A, C, and D p-lactamase

genes but not a class B (metallo-)BJactamase gene
(www.sanger.ac.uk/Projects/B_pseudomallei/). The B.
pseudomallei class A p-lactamase, which is susceptible to
clavulanic acid inhibition, confers selective resistance
against ceftazidime and is encoded by the penA gene.
This gene is identical to that found in B. mallei (Tribud-

dharat et aI.2003). A class D B-lactamase gene from B.
pseudomallei was cloned and sequenced and the enzyme
shown to be an oxacillinase with homologv to oxacilli-

nases from Ralstonia pickettii and Aeromonas spp.

(Niumsup and Wuthiekanun 2002). Interestingly, an

environmental strain from a rice fleld possessed the class

D B-lactamase gene suggesting that the enzyme may

play an alternative role in cell physiology in addition to

inactivating BJactams.
Small colony variants (diameter of 1 mm or less) can

be isolated following exposure of an isolate to ceftazi-

dime, ciprofloxacin, or gentamicin, and these show a

significant increase in the MICs of various unrelated

classes of antimicrobials (HauBler et al. 1999). The

significance of these variants in treatment failure and

relapse of melioidosis remains to be determined.

A multidrug efflux system, AmrAB-OprA, which

mediates resistance to aminoglycoside and macrolide

antibiotics has been shown to be unique to B. pseudo-

mallei (Moore et al. 1999). Using a well-delined trans-

poson mutagenesis system two genes were identified,

amrA and amrB, and inactivation of either of these

resulted in enhanced susceptibility to these classes of

antibiotics; the amr locus did not confer resistance to

tetracyclines, chloramphenicol, fluoroquinolones, or B-
lactams. B. pseudomallei also exhibits high levels of

resistance to cationic antimicrobial peptides such as

polylysine, protamine sulfate, human neutrophil

peptides, and polymyxins (Eickhoff et al. 1970; Jones

et al. 1996). Burtnick and Woods (1999) concluded that

the architecture of the B. pseudomallei cell prevents

binding of polymyxin with lipid A molecules in the LPS

of the organism owing to the protective barrier of O-

antigen and outer core LPS components.

B. THAILANDENSIS

Wuthiekanun et al. (1996) compared the biochemical

characteristics of a large number of '8. pseudomallei'

isolates from clinical and environmental sources. The

clinical isolates were, in the main, uniform in their reac-

tions but a number of the soil isolates were of a different

phenotype. All of the latter had the ability to assimilate

arabinose but failed to assimilate dulcitol or erythritol.

This biotype, termed ara*, was shown by Smith et al.

(1997) to be nonvirulent compared with the highly viru-

lent ara clinical strains. Further evidence that the ara*

phenotype was distinct from clinical B. pseudomallei was

provided by ribotyping. Two groups of organisms were

distinguished by their ribotype patterns. Ribotype group

I consisted of both clinical and environmental strains

and was ara-, whereas ribotype group II strains were

exclusively from the environment and were all ara*
(Trakulsomboon et al. 1997). Sufficient differences in

165 rRNA encoding genes were found (Dharakul et al.

1999) to allow the development of a multiplex PCR

assay to differentiate between the two biotypes but the

differences were, however, not sufficient for classifica-

tion into a new species. Nevertheless, further rRNA
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sequence data resulted in the proposal of the
species B. thailandensls by Brett et al. (1998).

Genomics

Like B. cepacia, the genome of B. pseudomallei K96243
is relatively large compared with other bacteria at
7.24Mb. It consists of two chromosomes of 4.07 and
3.17 Mb with a G + C content of 68 percent (Holden
et al. 2004). It is rich in insertion sequences, some of
which are found in B. cepacia (Mack and Titball 1998).
Brown and Beacham (2000) used the technique of
subtractive hybridization to compare the genomes of B.
pseudomallei with B. thailandensis and found that of 43
subtracted clones only six were present in both genomes
and four of these appeared to represent transposable
genetic elements. Many of the sequences unique to B
pseudomallei were of unknown function and a propor-
tion showed similarity to known virulence genes. The
widely used transposon for insertional mutagenesis
studies, Tn5-OT182, contains bla and tetAR genes
encoding ampicillin resistance and tetracycline, respec-
tively, and as the MIC of the latter for most isolates
seldom exceeds 12.5 pglml, the use of 50 pg/ml tetra-
cycline allows the selection of cells into which the trans-
poson has inserted. Tn5-OT182 is described as a self-
cloning, promoter probe transposon that integrates
randomly into the B. pseudomal/ei chromosome (De
Shazer et al. 1997; Woods et al. 1999). The transposon
also has a ColEl origin of replication allowing rapid
cloning of flanking DNA and a promoterless lacZ at one
end that facilitates the formation of transcriptional
fusions when the transposon integrates downstream of a
promoter. For optimal transformation by electropora-
tion, kanamycin should be added to the growth medium;
frequencies of 8 x 103 transformants are achievable
compared with 102 transformants by chemical methods
(Mack and Titball 1996).

Cell surface structures

CELLULAR LIPIDS

The cell wall lipids and fatty acid composition of B.
pseudomallei were investigated by Phung et al. (1995a).
They found, in a panel of environmental and clinical
strains, that the major lipids are phosphatidylglycerol,
two forms of phosphatidylethanolamine and two forms
of ornithine-containing lipid. The total cellular fatty
acids were characterized by the presence of 2-hydroxy-
palmitic, hexadecanoic, octadecanoic, myristic, and 3-
hydroxy palmitic acids. There was no signiflcant differ-
ence between strains of human and environmental
origins. A polar glycolipid containing glucitol and other
unknown sugars with no hydroxy and 2-hydroxy fatty
acids was used as an antigen in an ELISA for the diag-
nosis of melioidosis by the detection of antibody in

new patients' serum samples. Patients with melioidosis
formed specific IgG antibodies to the antigen but a small
number of controls were also positive with this antigen
(Phung et al. 1995b).

OUTER MEMBRANE PROTEINS

Five major OMPs have been identifiedin B. pseudomallei

of 70, 38, 3I,24, and 17 kDa and they were common to

al l  strains tested by Gotoh et al.  (199a). An ol igomeric
protein of 110 kDa migrates as a 38 kDa protein after

heating at 95'C and probably acts as a porin. A 19.5 kDa

antigen, which probably equates with the 77 kDa protein

above, was shown to be speciflc for B. pseudomallei by

Western blotting and potentially useful for the sero-

diagnosis of melioidosis (Anuntagool et al.  1993).

LIPOPOLYSACCHARIDES

B. pseudomallei is antigenically homogeneous due to

conservation of the O-antigenic LPS (Pitt et al.1992).

Thus, polyclonal or monoclonal antibodies raised against

whole cells or purified LPS of a strain will react with all

strains, with rare exceptions. This common LPS antigen

is largely specific to B. pseudomallei bui some cross-

reactions occur with B. mallei and. less so. with B.

cepacia; nevertheless, the wide distribution of the LPS

antigen makes this an ideal candidate for a vaccine and

studies have demonstrated significant passive protection

with anti-LPS antibodies (Bryan et al. 1994). Indepen-

dent studies have shown that a single strain of B. pseu-

domallei produces two distinct partially O-acetylated S-

type LPS molecules (Knirel et al. 7992; Perry et al.

1995). Type I O-PS is an unbranched homopolymer with

the structure 3) -2- O -acetyl-6-deoxy- B-n- manno -hepto-

pyranose-(1- and type II O-PS is an unbranched hetero-

polymer with repeating l-glucose and L-talose units with

the structure -3)-F-n-glucopyranose-(1+3-6-deoxy-o-l-

talopyranose-(1.-2-. Part of the 6-deoxy-t-talose

(6dTalp) is 2-O-methylated and 4-O-acetylated and part

only 2-O-acetylated. These two O-antigens are present

in approximately equal proportions in the LPS.

Isshiki et al. (2001) reported that the LPS of B. pseu-

domallei partitions preferentially into the phenol phase

following hot phenol-water extraction. Using gel-

permeation column chromatography they recovered

three major fractions (I-III) from the phenol phase puri-

fied LPS; only fraction II gave a typical O-repeating unit

ladder pattern in SDS-PAGE while the fraction III

corresponded to LPS core elements. In keeping with

this, the latter fraction induced the highest level of TNF

in tissue cell lines, fraction II less so, and no activity was

detected in fraction I. The authors concluded that frac-

tion I was not an LPS constituent but a capsular poly-

saccharide of 1,3-linked 2-O -acetyl-6-deoxy-B-heptane.

The biological activity of B. pseudomallei LPS is

similar to enterobacterial LPS, but comparative tests

showed that the former exhibits weaker pyrogenic
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activity in rabbits, is less toxic for galactosamine sensr-

tized mice. and is a weaker activator of murine macro-
phages than enterobacterial LPS. However, B. pseudo-

mallei LPS exhibited stronger mitogenic activity to

murine splenocytes even of LPS resistant mice
(Matsuura et al. 1996).

A cluster of 15 genes appears to be linked to O-PSII
production and the wbiA locts is required for the O-

acetylation of the l-6dTalp residues which constitutes an

antibody recognition site (Deshazer et al. L998; Brett

et al. 2003). Serum-sensitive mutants generated by trans-
poson mutagenesis lacked the O-PSII polysaccharide

and this moiety was therefore necessary for serum resis-

tance and virulence of the organism (DeShazer et al.

1998). IgG antibody responses of patients with melioi-

dosis to the two polysaccharides confirmed that only the

level of antibody to O-PSII was significantly higher in
patients who survived than in those who died, indicating

that this response was protective and that O-PSII would

be a potentially useful component of a vaccine against

the infection (Charuchaimontri et al. 1999). Ho et al.
(1997) examined the O-PS specificity and functional

activity of a protective polyclonal antiserum, recognizing

O-PSI and O-PSII, and an IgM monoclonal antibody

speciflc for O-PSIL Both antibodies mediated phagocytic

killing by polymorphonuclear leukocytes. Patients with

acute melioidosis formed antibodies to both O-PS. but

asymptomatic patients who were seropositive by the

indirect hemagglutination test using sonicated whole

cells as antigen were negative for these anti O-PS

antibodies. O-PSII is also expressed by B. thailandensis

and by B. mallei, but in the latter species it lacks

acetyl modifications at the O-4 position of the l-6dTalp

residues (Burtnick et al.20O2).

EXOPOLYSACCHARIDES

Steinmetz et al. (1995) described the characterization of

a species-specific exopolysaccharide (EPS) of B. pseudo-

mallei. 
-fhey 

isolated a monoclonal antibody, following

immunization of a mouse with a mucoid strain, which

showed specificity in immunoblots for a carbohydrate

antigen (molecular weight (MW) >150 kDa) and was
poorly resolved by SDS-PAGE. The antigen had a

capsule-like appearance by electron microscopy and all

mucoid and nonmucoid strains tested reacted with the

antibody in ELISA. Crossreactivity was found only with

B. mallei but no LPS was detected in the purified exopo-

lysaccharide. Structurally, the polysaccharide was a

linear tetrasaccharide consisting of three galactose resi-

dues and one Kdo residue (Nimtz et al. 1997); this
composition was confirmed with a different strain of B.
pseudomallei by Masoud et al. (1997). Kawahara et al.
(1998) found that when the species was grown in the

absence of glycerol, two polysaccharides were produced,

one of which was mainly 1,4-linked glucan and the other
was composed of galactose and Kdo. However, when the

organism was grown in glycerol, a different and novel

polysaccharide compound containing galactose, rham-

nose, glucose, and a uronic acid was synthesized. The

capsule is readily observed by transmission electron

microscopy of ruthenium red-stained cells. Three distinct

forms were detected by Puthucheary et al. (1996) in

cultures taken from human blood agar; a macrocapsular

form seen as a fibrogranular structure of medium density

on the outside of the cell wall approximately 0.1-

0.25 pm; a microcapsulate form with a compact granular

layer of <0.1 pm and a noncapsulate form lacking elec-

tron dense material.

B. thailandensls lacks the tetrasaccharide EPS and this

difference has been exploited as the basis for a rapid test

to differentiate it from B. pseudomal/ei. Anti-LPS anti-

bodies react with both species while the anti-EPS anti-

body reacts only with B. pseudomal/el (Wuthiekanun

et aI.2002).

The role of EPS as a virulence factor was elegantly

confirmed by the work of Reckseidler et al. (2001) who

used the technique of subtractive hybridization to iden-

tify virulence determinants in the genome of B. pseudo-

mallei. One of the subtractive clones encoded a protein

with homology to a glycosyltransferase from P. aerugi-

nosa and insertional inactivation of this gene in the wild-

type strain resulted in an acapsular mutant with an LD56

of 3.5 x 10s CFU compared with an LD56 of <10 CFU

for the wildtype. A similar finding was reported by

Atkins et al. (2002a) who isolated a mutant by signature

tagged mutagenesis which was attenuated in a mouse

model of melioidosis. A plasmid that had been modifled

to incorporate one of 96 tags was transformed into a

wild-type strain by electroporation. The transposon

inserted into the same gene cluster identified by Reck-

seidler et al. (2001) and the resulting mutant demon-

strated a 10s-fold increase in median lethal dose and did

not react with an antibody to EPS. Monoclonal anti-

bodies to EPS were shown to be signif,cantly more

protective in passive immunization studies than anti-

bodies to surface proteins and LPS (Jones et at.2002).

FLAGELLA

The flagellar antigens of B. pseudomallei are serologi-

cally homogeneous; a polyclonal serum prepared against

purified flagella of a reference strain reacted with all but

one of 65 strains tested by Brett et al. (199a). Purified

monomer flagellin proteins were of MW 43.4 kDa and

NH2-terminal amino acid sequence analysis of the

protein showed significant homology with flagellins from

Proteus mirabilis, Bordetella bronchiseptica, and P. aeru-

ginosa. A flagellin-specific antiserum also conferred

protection to infection with live organisms in an experi-

mental model. Using motility mutants selected by trans-

poson mutagenesis, DeShazer et al. (1997) concluded

that the genetic basis of flagellar synthesis and operation

in B. pseudomallei was similar to that found in other
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organisms as many of the genes showed homology to
flagellar and chemotaxis proteins in E. coli and Salmo-
nella typhimurium. No significant difference was found
in the animal virulence of a flagellar mutant and the
wild-type strain suggesting that flagella and/or motility
are probably not virulence determinants in the model
used. However, an isogenic mutant with a deletion in

fliC (aflagellate and nonmotile) was not impaired in its
ability to invade and replicate in cultured human lung
cells compared with the wildtype, but it was avirulent for
intranasal infection of BALB/c mice (Chua et al. 2003).
Further evidence of a virulence role for the flagella of B.
pseudomallei was provided by the demonstration that
the organism tethers itself to the external surface of
Acanthamoeba; a non-flagellate isogenic mutant did not
demonstrate flagellum-mediated endocytosis in contrast
to the wildtype strain (Inglis et aL.2003).

A conjugate of purifled flagellin and O-polysaccharide
from the same strain was prepared by Brett and Woods
(i996) to exploit the antigenic conservation of both anti-
gens in the species in order to maximize production of
protective antibody in the vaccine recipient. Adipic acid
dihydrazide was used as the linker molecule and this
elicited high titer IgG responses to both components
in rabbits; these antibodies were also protective of
mice challenged with both the vaccine strain and a
heterologous strain.

Typing of B. pseudomallei

PHAGES

Thirty bacteriophages active on B. pseudomallei were
isolated from water samples around Hanoi, Vietnam, by
Leclerc and Sureau (1956) and their lytic reactions indi-
cated the presence of two different strains in the area.
Several temperate phages from B. pseudomallei will lyse
B. mallei but not other pseudomonads (Smith and
Cherry 1957; Manzenyuk et al. 1,994). Other cross-
reacting phages described include a temperate phage
from B. thailandensis that formed plaques on B. mallei
but not on B. pseudomallei or other B. thailandensis
strains (Woods et al. 2002), and a transducing phage

from B. cepacia which lysed 13 of 40 B. pseudomallei

strains tested (Langley et aI.2003).

CHROMOSOMAL DNA ANALYSIS

Ribotyping was first used by Lew and Desmarchelier
(1993) to group strains of B. pseudomallei. Using the
restriction enzyme BamHI, they classified 22 different
groups among 100 isolates from various animal, human,
and environmental sources. Twenty-nine isolates from
different sources had the same ribotype pattern and thus
the system defined groups rather than distinct strains.
This was confirmed by Currie et al. (1994) who found
strains of the same ribotype isolated over a period of 25

years in temperate south-western Australia. These

strains were subsequently shown to be heterogeneous by

random amplified polymorphic DNA (RAPD) analysis

(Haase et al. 1995). RAPD was combined with multi-

locus enzyme electrophoresis to examine isolates of B.

pseudomallei from different Australian communities

(Norton et al. 1998) and revealed two broad groups that

appeared to be linked to disease presentation. One

group consisted mainly of patients with respiratory

infection, whereas the second group was more varied in

presentation. Ribotyping was also utilized to determine

the relationship of primary and relapse isolates of B.

pseudomallei from patients with recurring infection after

clinical resolution of their primary illness and showed

that relapse was most often due to infection from an

endogenous source with the same strain as that isolated

from the original infection (Desmarchelier et al. 1993).

EcoRI was preferred by Sexton et al. (1993) to distin-

guish a single ribotype group of strains of B. pseudo-

mallei which were then further divided by hybridization

patterns following SalI, HindIIl, and PstI restriction

endonuclease digestion. A survey of 350 isolates of ,B.

pseudomallei recovered over TL years from 23 countries

revealed 44 BamHI patterns comprised of three to eight

hybridization bands accounting for 15 band positions in

a size range of 3-28 kb (Pitt et al. 2000). Two ribotypes

together accounted for almost half of the collection and

one of these was statistically associated with an Asian

origin. A combination of ribotyping with XbaI DNA

macrorestriction digests resolved by PFGE revealed a

number of different strains within a predominant ribo-

type among Malaysian strains of B. pseudomallei

suggesting that infection was acquired from multiple

sources (Vadivelu et al.  1997).

A DNA probe which could be used to detect and type

B. pseudomallei was advocated by Sermswan et al.

ft994\. This consisted of a 1.5 kb cloned chromosomal

DNA fragment, a radioactively labeled insert which

could detect 4 x l}a bacterial cells. Southern blots

following HindIIl restriction revealed at least eight

groups among 60 clinical isolates.

The DNA pattern methods above are not well suited

to interlaboratory comparisons and so multilocus

sequence typing (MLST), which indexes variation within

fragments of seven housekeeping genes, was applied to a

large collection of human, animal, and environmental

geographically disparate strains (Godoy et al. 2003).

They identifled 71 sequence types among 128 B. pseudo-

mallei strains and the number of alleles per locus varied

from four to 15 (average 8.6) projecting a potential 3.4

million different allelic profiles within the species. All B.

pseudomallei isolates were grouped together and were

clearly resolved from B. thailandensis. The five isolates

of B. mallei tested were identical and clustered with the

B. pseudomal/ei isolates; alleles of six of the seven loci

in B. mallei were present in B. pseudomallei indicaling

that the former is a clone of the latter. The study
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concluded that on population genetic grounds, B. maller
should not be given separate species status.

Pathogenicity

TOXIC PRODUCTS

The role of toxic products in the pathogenesis of melioi-

dosis is unclear. Liu (1957) showed that B. pseudomallei
produced a lethal and dermonecrotic toxin and Heckly
and Nigg (1958) separated two heat-labile toxic constitu-
ents, both of which were lethal for mice when injected
intraperitoneally but only one of which was dermone-
crotic. Proteolytic and lecithinase activity has been
demonstrated in toxic fractions. Ismail et al. (1987)

developed an ELISA for the detection of antibody to B.
pseudomallei exotoxin in mice. They isolated a protein

of approximately 31 kDa from a broth culture that had
been incubated for 7 days and raised a specific mono-
clonal antibody to it in mice. The protein was a potent

inhibitor of DNA and protein synthesis in cultured
macrophages (Mohamed et al. 1989). A low molecular

weight, -3 kDa, cytolethal toxin was described by Haase

et al. (1997) from culture flltrates of isolates of B. pseu-

domallei from different sources. The purified toxin lost
approximately 60 percent of activity after pronase treat-
ment and was relatively heat stable. It was toxic for
McCoy cells and cytopathic effects were visible after
exposure for t h. There was some correlation of cyto-
toxic activity with source of isolates with soil isolates
being the least toxic and those from patients with
melioidosis encephalitis the most active. It is unclear
whether these toxins (31 and 3 kDa) represent those
described earlier by Heckly and Nigg (1958). A highly
purifled glycolipid (acidic rhamnolipid) of 762 Da was
identified in heated culture filtrates of B. pseudomallei.

The rhamnolipid is composed of two molecules of rham-
nose and two molecules of B-hydroxytetradecanoic acid
(HiiuBler et al. 1998). It exhibited toxicity on various cell
Iines and lysed mouse, sheep, and human erythrocytes.

EXTRACELLULAR ENZYMES AND
SIDEROPHORES

An extracellular protease of approximately 36 kDa was
shown to be a metalloenzyme, requiring iron for
maximal activity, which was inhibited by ethylenediami-
netetraacetic acid (EDTA). The protease was active
against various substrates, including immunoglobulins,

but was weakly elastolytic. Antibodies to P. aeruginosa
alkaline protease crossreacted with the B. pseudomallei
protease (Sexton et al. 1994). A type II secretion gene

cluster which controls the secretion of protease, lipase,
and phospholipase C was identifled by DeShazer et al.
(1999) and two genes were found to be necessary for the
maximal secretion of these enzymes. There was no
correlation between the level of protease activity and

the virulence of B. pseudomallei for mice injected intra-

peritoneally (Gauthier et al. 2000). Winstanley et al.

(1999) identified a cluster of genes in B. pseudomallei

homologous to, and in the same order as, a group of

genes in Ralstonia solanacearum which in the latter are

located in a type III secretion-associated pathogenicity

island. These genes were present only in the ara pheno-

type and absent from ara* strains suggesting they have a

role in virulence (Winstanley and Hart 2000).

A survey of 100 clinical isolates of B. pseudomallei

showed that 91 percent produced lecithinase, lipase, and

protease, but none was positive for elastase; 93 percent

formed a hemolysin (Ashdown and Koehler 1990). B.

pseudomallei also produces an acid phosphatase enzyme

that may play a role in intracellular survival (Dejsirilert

et al. 1989). The acid phosphatase can be readily

isolated from both whole cells and culture supernatant

and the cell-associated enzyme appears to serve as a

receptor for insulin (Kondo et al. 1996). The gene

encoding acid phosphatase, acpA, was sequenced in ,8.

pseudomallei and B. thailandensis. PCR primers

designed on the .8. pseudomallei acpA gene were used to

amplify an acpA homolog from B. mallei and differences

of 15 and three amino acids in predicted amino acid

sequences of the AcpA protein in B. thailandensis and

B. mallei were found (Burtnick er al.2O0l).

B. pseudomallei obtarns iron in serum and cells

through a hydroxamate siderophore, malleobactin,

which is optimally produced under iron-deficient condi-

tions (Yang et al. 1991). The siderophore sequesters iron

from transferrin and lactoferrin at neutral and acid pH

and appears to acquire iron more effectively from these

sources than from the host cell (Yang et al. 1993).

ENTRY AND SURVIVAL IN CELLS

The adherence of B. pseudomallei to mammalian cells has

not been extensively explored but attachment of the

organism to fresh pharyngeal epithelial cells has been

documented (Ahmed et al. 1999). Attachment appeared

from electron microscopic studies to be mediated by a thin

electron dense layer which was thought to be capsular

polysaccharide; fimbriae were not observed. A speciflc

receptor-ligand system was reported by Kanai et al.

(1997). Using thin layer chromatography they demon-

strated specific binding of B. pseudomallei acrd phospha-

tase to the tissue glycolipids gangliotetraosylceramide

(asialo GM1) and gangliotriaosylceramide (asialo GM2).

Furthermore, they showed that the acid phosphatase is

most probably a protein tyrosine phosphatase enzyme

which plays a significant role in a two component signal

transfer mechanism.

Several features of melioidosis suggest that B. pseudo-

mallei may occupy an intracellular niche. These include

the observation of structurally intact bacteria within

macrophages in experimental melioidosis (Narita et al.

1982), an augmented cellular immune response (Brown
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et al. 1990), and the demonstration of intracellular
survival and growth (Pruksachartvuthi et al. 1990; Egan
and Gordon 1996). A three-fold log16 increase in
bacterial cell numbers over a period of2l h was observed
by Pruksachartvuthi et al. (1990) and the phagocytes

remained viable and retained their capacity to produce

an oxidative burst for the flrst hour of incubation. The
occurrence of latency and the tendency for melioidosis
patients to relapse are also consistent with the organism
surviving intracellularly. Jones et al. (1996) showed that
B. pseudomallei has the capacity to invade HeLa, CHO,
4549, and Vero cultured cells. The organisms survived in
rat alveolar macrophages and were localized inside
membrane-bound vacuoles in human monocyte-like cells.
They were also resistant to host antimicrobial peptides.

In a subsequent study, mutants deficient in the ability to
invade 4459 cells were generated by transposon muta-
gensis and two open reading frames were identified. The
predicted proteins shared considerable homology with a
two-component regulatory system involved in the regula-
tion of heavy metal resistance in other organisms and
these were linked to Cd2* and Zn2* resistance in the wild-
type strain (Jones et al. 1997). Both the mutant and wild-
type exhibited similar virulence for animals suggesting
that this property was not linked to virulence. Harley
et al. (1998) explored intracellular survival of the species
further by studying the uptake of a test strain by fresh
mouse peritoneal macrophages and cultured cells by elec-
tron microscopy. They found that B. pseudomallei

appeared initially in phagosomes with intact membranes,
but fusion with lysosomes was not observed. Loss of the
membrane occurred rapidly and the organisms escaped
into the cytoplasm.

The presence of multinucleated giant cells has been
reported in the tissues of patients with melioidosis
(Wong et al. 1995); these cells are apparently formed by
fusion of single cells. This was investigated by Kespi-
chayawattana et al. (2000) who showed that when
phagocytic and nonphagocytic cells were labeled with
two different markers, mixed, and then infected with ,8.
pseudomallei, direct cell-to-cell fusion occurred leading
to giant cell formation. Staining of the infected cells with
rhodamine-conjugated phalloidin revealed actin rearran-
gement into a comet tail appearance and this led to the
formation of actin associated membrane protrusions
containing bacteria which led to the death of the cell
through apoptosis. Subsequently, Breitbach et al. (2003)

showed that the mechanism of induction of actin poly-
merization by B. pseudomallei differs substantially from
those evolved in other intracellular pathogens such as
those in the genera Listeria and Shigella.

The novel approach of co-culture oI B. pseudomallei
with Acanthamoeba spp. has given clearer insights into
the mechanisms of entry of the organism into a host cell
(Inglis et al. 2000a). Bacterial adhesion to the tropho-
zoite surface and rapid bacillary rotation were followed
by endocytosis and the appearance of vacuoles

containing single bacilli, then multibacillary vacuoles,

and flnally formation of external bacillary tufts; intracel-

lular bacteria remained motile for up to 72 h, a feature

which might be indicative of a symbiotic relationship in

the natural environment.

INDUCTION OF CYTOKINES AND
EXPERIMENTAL INFECTION

B. pseudomallei is a potent activator of complement.

Activation occurs rapidly regardless of the presence of

specific antibody, and in the absence of the latter the

alternative pathway of complement activation is predo-

minant (Egan and Gordon 1996). These workers further

showed that phagocytosis was signiflcantly greater if the

bacteria were opsonized with fresh rather than inacti-

vated human serum indicating that complement is

involved in the process. Oxidative metabolites were

produced by phagocytes only when challenged with

opsonized bacteria. A strong dose-dependent inhibition

of intracellular growth of B. pseudomallei was observed

with interferon (IFN)-y-activated macrophages (Miyagi

et al. 1997). The induction of bactericidal activity corre-

lated well with the production of nitric oxide (NO) by

these cells and NO was suppressed in the presence of a

speciflc competitive inhibitor of NO synthesis. Super-

oxide dismutase and catalase significantly inhibited

macrophage activity and the bacteria were susceptible to

the killing effects of chemically generated NO and

superoxide anion in a macrophage-free system. These

results suggest that IFN-1-induced macrophage activity

against B. pseudomallel is mediated to a large extent by

reactive nitrogen intermediates and less so by reactive

oxygen-dependent killing mechanisms.

In an experimental mouse model, resistance to acute

infection with B. pseudomallei was completely depen-

dent on the production of IFN-y in vivo as administra-

tion of neutralizing antibody towards IFN-^y lowered the

50 percent lethal dose from >5 r 10s to approximately

2 CFU in a mouse model (Santanirand et al. 1999). This

was associated with a marked increase in bacterial

numbers in the liver and spleen of these animals.

Neutralization of either TNF-a or IL-I2, but not granu-

Iocyte-macrophage colony-stimulating factor, also

increased susceptibility to infection.

Independent studies by Leakey et al. (1998) and

Hoppe et al. (1999) both showed that C57BL/6 mice

(C57BI|6 in Leakey's paper) were more resistant to

infection by B. pseudomallei than BALB/c mice. The

Iatter exhibited an acute course of melioidosis while

the former appeared to mimic the chronic form of the

disease. Following intravenous injection, BALB/c mice

had a progressive bacteremia leading to death within

96 h while C57BL|6 mice typically remained asympto-

matic for up to 6 weeks. However, the course of

infection was highly dependent on the infective dose and

the bacterial strain used (Hoppe et al. 1999). In compar-

ison with BALB/c mice. the bacterial levels in C57BL|6
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mice were decreased 12 h after infection, which suggests
that an innate immune mechanism towards B. pseudo-

mallei early in the infection contributed to the resistance
of these mice. They also had a significantly higher
lgG2allgGl ratio that might be indicative of a T helper
type 1 immune response. Attenuation of the virulence of
B. pseudomallei for BALB/c mice was achieved through
the selection of a mutant auxotrophic for branched chain
amino acids by transposon mutagenesis causing disrup-
tion of the ilvl gene encoding the large subunit of the
acetolactate synthase enzyme (Atkins et al. 2002b). Mice
inoculated intraperitoneally with the auxotroph were
protected against challenge with the wild-type strain.

A diabetic rat model, induced by injection of the
animal with streptozotocin, was used by Woods et al.
(1993) on the basis that melioidosis in humans is signifi-
cantly associated with pre-existing diabetes mellitus.
They showed that insulin inhibited the growth of B. pseu-

domallei, in vivo and in vitro, and the organism grew at
an increased rate in sera from diabetic rats; the addition
of human recombinant insulin, recovered the growth rate
to levels similar to controls. Isotope studies showed that
B. pseudomallel possessed a specific high-affinity binding
site for human insulin. Diabetic rats were also signifi-
cantly more susceptible to septicemia following challenge
with -8. pseudomallei than controls. However, doubt was

cast on the validity of these results when it was demon-
strated by Simpson and Wuthiekanun (2000) that growth

of B. pseudomallei was inhibited by m-cresol at concen-
trations found in pharmaceutical insulin preparations;

they concluded that the previous findings may have been
confounded by the presence of the preservative m-cresol.

B. pseudomallei and B. thailandensls, but not B.
mallei, kills the nematode Caenorhabditis elegans, appar-
ently by an active process. Pathogenicity for the nema-
tode did not always correlate with animal pathogenicity

and killing did not involve LPS, aminoglycoside/
macrolide efflux pumping, type II pathway secreted
exoenzymes or motility (O'Quinn et al. 2001).

MELtOTDOStS

Clinical manifestations

The clinical spectrum of B. pseudomallei infection is
extremely broad, analogous to the range of disease
caused by Staphylococcus aureus, for example. Melioi-
dosis has been referred to as 'the remarkable imitator'
(Poe et al. l97l). The majority of infections appear to be
subclinical, although melioidosis may run a fulminant,
rapidly fatal course, particularly in the immunocompro-
mised. Several attempts have been made to develop a
clinical classification of melioidosis, but none is entirely
satisfactory. Infections may be acute or chronic, loca-
lized or disseminated, but one form of the disease may
progress to another and individual patients are often

difficult lo categorize. Several reviews have summarized
the clinical manifestations of melioidosis (Howe et al.
l97l; Leelarasamee and Bovornkitti 1989; Punyagupta
1989; Dance 1990; White 2003).

MILD AND SUBCLINICAL INFECTIONS

In endemic areas such as north east Thailand, antibodies
to B. pseudomallei are found in approximately 80
percent of children by the time they are 4 years old
(Kanaphun et al. 1993), so the majority of infections are
presumably mild or asymptomatic. A flu-like illness
associated with seroconversion has been reported from
Australia (Ashdown et al. 1989).

LATENT INFECTIONS

In people who have resided in endemic areas for a
limited time, the infection may remain latent for over 20
years before becoming clinically apparent (Chodimella
et al. 1997), giving rise to the nickname 'Vietnamese

time bomb' (Goshorn 1987). Relapses usually occur at
times of intercurrent stress (e.g. other acute infections,
burns or trauma, malignancies, diabetes mellitus). The
sites and mechanisms of persistence are unknown,
although clinically silent, chronic, localized foci of
melioidosis in the lung, liver, or spleen have been
reported in animals, and intracellular survival may play
a part. The proportion of seropositive individuals who
harbor latent infection, and are therefore at risk of
relapse, is also uncertain, although Currie et al. (2000a)
found evidence of recrudescence in only 3 percent of
prospectively studied cases.

CLINICAL DISEASE

Only a small proportion of B. pseudomallei infections are
sufficiently severe to come to medical attention. The
literature is full of individual case reports and case series,
of which several may be of interest to readers (Whitmore
1913; Stanton and Fletcher 1932;Everett and Nelson 1975;
Rode and Webling 1981; Guard et al. 1984; Chaowagul
et al. 1989; Punyagupta 1989; Vatcharapreechasakul et al.
1992; Puthucheary et al. 1992; Kosuwon et al. 1993;
Lumbiganon and Viengnondha 1995; Currie et al. 2000b).
Common clinical pictures are summarized below.

SEPTICEMIC M ELIOIDOSIS

Forty-flve to sixty percent of cases of culture-positive
melioidosis have positive blood cultures (Suputta-
mongkol et al. 7994a; Currie et al. 2000b). The majority
of these present clinically as community-acquired 'sepsis

syndrome,' with a short history (median 6 days; range 1
day to 2 months) of high fever and rigors (Chaowagul
et al. 1989). Only half have evidence of a primary focus
of infection, usually in the lung or skin and subcuta-
neous tissues. Confusion and stupor, jaundice, and diar-
rhea may also be prominent features, as may acute
respiratory distress syndrome (Puthucheary et al. 2001).
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Initial investigations usually reveal anemia, a neutrophil
leukocytosis, coagulopathy, and evidence of renal and
hepatic impairment. Such patients often deteriorate
rapidly, developing widespread metastatic abscesses,
particularly in the lungs, liver, and spleen, and metabolic
acidosis with Kussmaul's breathing. Once septic shock
has supervened, the mortality approaches 95 percent,
many patients dying within 48 h of hospital admission.
Other poor prognostic features include absence of fever,
leukopenia, azotemia, and abnormal liver function tests
(Chaowagul et al.  1989).

If the patient survives this acute phase, the manifesta-
tions of the multiple septic foci which result from
bacteremic dissemination become prominent Any site
or tissue may be involved, but the most common foci are
in the lungs, liver and spleen, skin and soft tissues, and
prostate. An abnormal chest X-ray is found in 60-80
percent of patients, the most common pattern being
widespread nodular shadowing (Figure 63.2) (Dhiensiri
et al.  1988; Chaowagul et al.  1989; Puthucheary et al.
1992). Liver and splenic abscesses are usually multiple
(Figure 63.3) (Vatcharapreechasakul et al. 1992). Cuta-
neous pustules or subcutaneous abscesses occur in 10-20
percent of cases (Chaowagul et al. 1989). Other common
sites for secondary lesions include the kidneys, bones,
and joints. Involvement of the central nervous system
may comprise cerebral abscesses, or 'neurological

melioidosis,' characterized by peripheral motor weak-
ness, brain-stem encephalitis, aseptic meningitis, and
respiratory failure, which probably reflects direct inva-
sion of the central nervous system rather than being
toxin mediated (Woods et al. 1992; Currie et al. 2000b).

B pseudomallei bacteremia may also cause a less
fulminant disease. Such patients usually have a swinging
fever, often associated with profound weight loss This
presumably reflects overspill from occult or apparent
localized foci of infection. Patients with multiple,
noncontiguous foci of infection, which probably reflect
bacteremia at some stage, behave similarly.

' ) t *3

Figure 63.2 Chest X-ray showing widespread nodular opacities
('blood-borne pneumonia') in septicemic melioidosis Reproduced
with permission of W.B Saunders

Figure 63.3 Abdominal ultrasound showing multiple echo-lucent
areas (abscesses) in the liver in septicemic melioidosis
Reproduced with permission of The Medicine Group (Journals)
Ltd

LOCALIZED MELIOIDOSIS

Localized melioidosis occurs most frequently in the lung.

This may manifest as acute bronchitis or pneumonia, but

most often as a subacute cavitating pneumonia accom-

panied by profound weight loss, which is often confused

with tuberculosis or lung abscess (Everett and Nelson

1975) (Figure 63.4). Relative sparing of the apices and

the infrequency of hilar adenopathy may help to distin-

guish melioidosis from tuberculosis (Dhiensiri et al.

1988). Any lung zone may be affected, although there is

Figure 63.4 Chest X-ray in pulmonary melioidosis showing a
large area of consolidation with cavitation and an air/fluid level
Reproduced with the permission of the editor, PHLS Microbiology
Digest
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Figure 63.5 Acute suppurative parotitis with abscess formation, a
common manifestation of melrotdosis rn children Reproduced
with permission of The Medicine Group (Journals) Ltd

a predilection for the upper lobes. Complications include
pneumothorax, empyema! and purulent pericardit is, and
u l t imate l l  p rogress ion  to  sept icemia .

Acute suppurative paroti t is is a characterist ic manifes-
tat ion of melioidosis in chi ldren. accounting for approxi-
mately one third of pediatr ic cases in north east Thai-
land (Figure 63.5) (Dance et al.  1989a). The reason for
this strong age-site association is unclear. Most cases are
unilateral and result in parotid abscesses which require
surgical drainage, although they may rupture sponta-
neously into the auditory canal. Facial nerve palsy and
septicemia are rare complications.

Localized P. pseudomallel infection without bacteremia
may affect any other organ. Well-described examples
include cutaneous and subcutaneous abscesses, lymphade-
nitis, osteomyelitis, septic arthritis, liver and/or splenic
abscesses, cystitis, pyelonephritis, prostatic abscesses.
epidydymo-orchitis, keratitis, and brain abscesses.

Epidemiology of  mel io idosis

GEOGRAPHICAL DISTRI BUTION

The main areas of melioidosis endemicity are South East
Asia and northern Austral ia Fol lowing the early work
by Whitmore in Burma and Stanton and Fletcher in the
Federated Malay States (now Malaysia), further cases
were observed in the French and Dutch colonies in
South East Asia (now Vietnam, Cambodia, and Indo-
nesia) prior to the Second World War. More cases.
possibly 2 000-5 000/year, occur in Thailand than any
other country in the region. Since 1949, melioidosis has
been recognized as being endemic in northern Australia

(Rode and Webling 1981; Guard et al.  1984). I t  has been

proposed that the organism was only introduced to

Australia by troops returning from endemic areas at the

end of the war (Fournier 1965), although this remains

controversial. In recent years it has become clear that

the disease is also prevalent elsewhere in south and east

Asia, including China and Taiwan, Singapore, and the

Indian subcontinent (Dance 1991, 2000a), which has

been the source of infection for several recent cases

diagnosed in Britain (Dance et al. 1999). Sporadic cases

have also been reported from the Pacific Islands, central

Africa, and latterly Central and South America and the

Caribbean (Dance 1991, 2000a). The disease is probably

under-diagnosed in many of these regions, since rela-

tively sophisticated laboratory facilities are necessary to

confirm the diagnosis. Furthermore, reports of cases in

Iran and an epizootic which occurred in France during

the 1970s (Mollaret 1988) have indicated that the

disease is not confined to the trooics.

RESERVOIRS AND TRANSMISSION

Stanton and Fletcher (1932) were the first to identify

melioidosis in animals. They concluded that the disease

was a zoonosis with a reservoir in rodents. However.

workers in French Indochina, noticing that the disease

was sometimes acquired after contact with muddy water

and that wild rats were rarely infected, later proved that

B. pseLtdomallei was really an environmental saprophyte,

readily isolated from soil and surface water in endemic

areas (Chambon 1955). The organism is particularly

associated with rice paddy (Strauss et al. 1969), and

using selective media it may be recovered from 68-78

percent of rice fields in Thailand (Nachiangmai et al.

1985; Wuthiekanun et al.  1995a). The ecology of B.

pseudomallei is poorly understood. It is thought to

persist in deeper clay layers during the dry season. rising

to the surlace after the annual rains (Thomas et al.

1979) Its presence in greater numbers in the soil of

some areas (Smith et al. 1995b), which presumably

depends on a range of chemical (e.g pH), biological,

and environmental factors (Dance 2000b; Inglis et al.

2001), may affect the incidence of melioidosis in these

areas.

Man and animals are thought usually to become

infected by inoculation or contamination of wounds or

mucosae with soil or surface water, although a specific

episode of exposure is only identified in 6-25 percent of

cases (Suputtamongkol et al. 1.994a; Currie et al. 2000b).

Aerosols of dust were thought to be a source of infec-

tion for helicopter crews during the Vietnam war (Howe

et al. L971), and two recent outbreaks in Australia have

been associated with contamination of potable water

supplies, although the precise mode of infection in these

clusters was unclear (Inglis et al. 2000b; Currie et al.

2001). There is increasing evidence that inhalation of

aerosols during heavy monsoons has previously been
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underestimated as a source of infection (Currie and

Jacups 2003). The role of ingestion and insect vectors in

natural transmission is doubtful. Although melioidosis

has been observed in a wide range of animal species
(including rodents, primates, sheep and goats, pigs,

cattle, horses, deer, dogs and cats, dolphins, koalas,

kangaroos, camels, crocodiles, and birds), transmission

from animals to humans has rarely been reported, and
person-to-person spread is very uncommon (Kunakorn

et al. 1991a; Abbink et al. 2001). Iatrogenic infection
from contaminated injections has also been reported

occasionally, as have laboratory-acquired infections,

resulting in the classification of B. pseudomallei as a

containment level 3 pathogen.

DESCRIPTIVE EPIDEMIOLOGY

Melioidosis is a disease of people in regular contact with
soil and water, such as rice farmers in south east Asia and
aboriginals in Australia. Twenty to 50 human cases are
diagnosed annually in Australia, whilst several thousand
are thought to occur each year in Thailand. Suputta-
mongkol and colleagues (1994a) reviewed the epide-

miology of culture-positive melioidosis seen over a 5-year
period in Ubon Ratchatani, north-east Thailand, where
melioidosis accounts for 18 percent of community-
acquired septicemia (Chaowagul et al. 1989). The average

annual incidence was 4.4/100 000 population, with

evidence of space-time clustering. All age groups were
affected, with the peak incidence occurring from 40-60
years. The male:female ratio was 3'.2, and in males aged
60-69 years, the annual incidence approached 30/100 000.
As observed elsewhere, the disease was markedly

seasonal, 75 percent of cases presenting during the rainy

season. Although this pattern suggests that most cases are
recently acquired, the incubation period before the onset

of clinically apparent melioidosis has varied from 2 days
to 26 years, and it is possible that some other seasonal
factor precipitates relapses of latent infections. Other risk

factors confirmed in this study were occupational expo-

sure to soil and water (81 percent of cases were rice

farmers or their children) and the presence of underlying

disease (identified in 53 percent of cases), particularly

diabetes mellitus, which increased the relative risk by up
to 100-fold in some population groups.

The epidemiology of melioidosis in other countries,
such as Australia and Singapore, is broadly similar to that

in Thailand, although the male:female ratio is generally

higher (up to 5:1) (Heng et al. L998; Currie et al. 2000b),
and the reported incidence is up to ten-fold higher (Faa

and Holt 2002), which probably reflects better ascertain-

ment. The incidence is generally highest during particu-

larly heavy monsoons (Merianos et al. 1993).

Pathology and pathogenesis

The pathogenesis of melioidosis is poorly understood
and until recently had been relatively little studied. B.

pseudomallei is a pyogenic organism, causing localized

abscesses or granulomata at the site of primary infec-

tion, depending on the duration of the lesion, and septi-

cemia when the bloodstream is invaded, which may in

turn lead to seeding and localized foci of infection in

other tissues. A high level of bacteremia (>50 CFU/ml)

is associated with a fatal outcome (Walsh et al. 1995a).

The outcome of contact with B. pseudomallei presum-

ably depends on the host's immune system, the virulence

of the infecting strain, and the size and route of the

initial inoculum.

HISTOPATHOLOGY

Lesions of melioidosis are extremely variable in nature,

from an acute, necrotizing inflammatory process with

abscess formation, to chronic granulomatous inflamma-

tion, and sometimes a mixed picture is seen (Piggott and

Hockholzer 1970). Although the process may be difficult

to distinguish from other inflammatory conditions,

features which may be helpful include the presence of

intracellular 'globi' of gram-negative bacilli combined

with giant cells in a background of acute necrotizing

inflammation (Wong et al. 1995).

HOST DEFENSE

Melioidosis which is severe enough to be seen in

hospital is an opportunistic disease, as 50-70 percent of

patients have underlying predisposition to infection.

Diabetes mellitus is particularly important in this regard,

and other underlying conditions reported have included

chronic renal disease, malignancy, immunosuppressive

treatment (particularly steroids), liver disease, alcohol or

drug abuse, thalassemia, pregnancy, and, in Australia,

kava consumption (Chaowagul et al. 1989; Suputta-

mongkol et al. 1994a, 1999; Currie et al. 2000b). More

recently, cystic fibrosis has also emerged as a predis-

posing factor for pulmonary melioidosis (O'Carroll et al.

2003).

Little is known about the speciflc immunological

mechanisms responsible for protection, although cell-

mediated immunity is probably of particular importance.

Relapse of latent infection also usually occurs at times

when cellular immunity is likely to be suppressed (see

above). In this context, it is perhaps surprising that

infection with the human immunodeflciency virus does

not appear to predispose to melioidosis.

HOST RESPONSE

Once infected, the majority of patients mount a vigorous

humoral and cellular immune response. This is presum-

ably usually effective in eliminating infection in view of

the frequency of mild or asymptomatic infection. Most

studies show that 90 percent or more of patients with

culture-positive melioidosis have detectable IgG and

IgM antibodies at some stage in their illness. Evidence

from studies in experimental animals suggests that
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antibodies to the exotoxin, LPS, flagellin, flagellin-LPS
conjugates, and capsular polysaccharides, may all have
some protective effect (Smith et al. 1987; Bryan et al.
1994; Brett et al. 1994; Brett and Woods 1996; Ho et al.
1997; Jones et al. 2002). In human infections, Char-
uchaimontri et al. (1999) found that the level of anti-
body to O-PSII, but not O-PSI, was significantly higher
in patients who survived melioidosis than in those who
died

There is also evidence of massive activation of the
cellular immune system. Evidence from animal models
suggests that this may be partially protective. How-
ever, an over-vlgorous response may be damaging.
The serum levels of TNF-u, IFN-y, and soluble IL-2
receptors as well as IL-6, IL-8, IL-10, lL-12p40,
IL-15, IL-18, granzymes A and B, procalcitonin, and
CXC chemokines have all been found to be elevated
in patients with severe melioidosis, and some of
these correlate with disease severity and outcome
(Suputtamongkol et al. 1992; Friedland et al. 1992;
Smith et al. 1.995a; Lauw et aL. 1999,2000a, b; Simpson
et al. 2000).

Diagnosis

The protean manifestations of melioidosis make it diffl-
cult to diagnose on clinical grounds alone. The diagnosis
should be considered in any patient who has ever visited
an endemic area who presents with septicemia,
abscesses, or chronic suppuration, particularly if there is
evidence of an underlying disease such as diabetes
mellitus. Specific diagnosis depends on the detection of
B. pseudomallei or of corresponding antibodies. The
laboratory should always be warned if melioidosis is
suspected, both to enable appropriate methods and
media to be employed and to ensure that appropriate
containment measures are taken.

MICROSCOPY AND CULTURE

The organism should be sought in blood, pus, sputum,
urine, or any other appropriate specimen. Direct immu-
nofluorescent microscopy may be worthwhile in endemic
areas, and has a specificrty of73 percent and a sensitivity
of 99 percent compared with culture (Walsh et al. 1994).
Definitive diagnosis depends on isolation and identifica-
tion of B. pseudomallel, of which asymptomatic carriage
has never been reported. The organism grows readily on
most laboratory media, although it may take 48 h or
more to develop characteristic colonial morphology. The
sensitivity of culture of sites with a normal flora may be
increased by the use of selective media such as
Ashdown's agar (Wuthiekanun et al. 1990), and selective
broth pre-enrichment increases the yield still further
(Wuthiekanun et al. 1990; Walsh et al. 1995c). Culture
of a throat swab alone using these selective techniques
has an overall sensitivity of 36 percent for the diagnosis

of melioidosis (79 percent in sputum-positive patients),

which is particularly useful in children or others who

cannot produce sputum (Wuthiekanun et al. 2001). Iden-

tification of cultures may be conducted using conven-

tional biochemical tests or commercial kits such as the

API 20E (Ashdown 1979a), Microbact 24E (Thomas

1983), API 20NE (Dance et al. 1989c), Minitek discs
(Ashdown I992a), and Vitek 1 (Lowe et al. 2002),

although none is more accurate than a few simple tests
(colonial appearance on Ashdown's medium, resistance

to gentamicin and colistin) in experienced hands (Dance

et al. 1989c). Identification is often delayed in nonen-

demic areas, however, because microbiologists are not

familiar with the appearance and characteristics of the

organism. More rapid results may be obtained using

immunofluorescence (Naigowit et al. 1993), direct or

latex agglutination (M.D. Smith et al. 1993; Rugdech

et al. 1995; Anuntagool et al. 2000), or a molecular

approach (Gee et aI.2003). Overall, latex agglutination

with a monoclonal antibody to the extracellular poly-

saccharide of B. pseudomallei is probably the most

useful approach, being simple, rapid, specific, and applic-

able both to isolates and broth cultures (Wuthiekanun

et al. 2002). Unfortunately these reagents are not

commercially available.

DETECTION OF ANTIBODIES

Several tests have been described for the serodiagnosis

of melioidosis, although the nature of the immune

response to infection and the antigens involved have

been poorly characterized. The test most widely used in

endemic areas is an indirect hemagglutination (IHA)

test, which detects IgM antibodies to crude heat-stable

antigens, probably predominantly lipopolysaccharide,

(Ashdown 1987). The test is poorly standardized, and

there is considerable interlaboratory variation between

titers which are regarded as positive. Crossreactions

occur with some other organisms such as Legionella
pneumophila (Klein 1980), and the background seroposi-

tivity rate is high in endemic areas, leading to a low

specificity (Chaowagul et al. 1989). Nonetheless, a single

high titer (>1:40) in someone from a nonendemic area,
or a rising titer, may be diagnostically useful. ELISA,
which detect IgG antibodies, appear to give similar

results (Ashdown et al. 1989). Assays which detect

specific IgM (indirect immunofluorescence, ELISA)

correlate better with disease activity (Ashdown 1981;

Khupulsup and Petchclai 1986; Ashdown et al. 1989;

Kunakorn et al. 1990, 1991b) and are thus more

useful in endemic areas and in follow-up of patients on
treatment. There is little doubt that some of the
newer assays employing more purified antigens are an
improvement on the IHA test (Sermswan et al. 2000;

Wongratanacheewin et al. 2001), but none of these tests
has ever been subjected to a large scale, multicenter
analysis.
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Control

Since B. pseudomallei is ubiquitous in the environment
in endemic areas, it is almost impossible for those whose
occupations involve soil and water contact to avoid
exposure. It might be worthwhile for those particularly
at risk (e.g. diabetics) to avoid rice farming, or use
protective footwear and gloves, although the effective-
ness of this has not been evaluated. Elimination of the
organism from soil using disinfectants was attempted in
the French outbreak (Mollaret 1988). No B. pseudo-
mallei vaccine has been licensed for human use,
although several groups are working on vaccine develop-
ment (Warawa and Woods 2002) and experimental
vaccines have been used in animals. Patients should
ideally be nursed in standard isolation, although
person-to-person spread is very rare.

Treatment

Patients with septicemic melioidosis usually require
aggressive supportive treatment and should ideally be
managed in an intensive care unit. Particular attention
should be paid to correction of volume depletion and
septic shock, respiratory and renal failure, and hypergly-
cemia or ketoacidosis. Abscesses should be drained
whenever possible.

B. pseudomal/el is intrinsically resistant to many anti-
biotics, including aminoglycosides and early beta-
lactams. Indeed, a complete lack of response to peni-

cillin and gentamicin, a combination often used for the
empirical treatment of septicemia in the tropics, is
characteristic of melioidosis (Chaowagul et al. 1989).

Until the mid-1980s, various empirical combination
regimens were used to treat melioidosis, usually
including a tetracycline, chloramphenicol, and co-
trimoxazole, but mortality remained unacceptably high.
Several recent studies, summarized by White (2003) and
Samuel and Ti (2003), have shown that the mortality of
acute severe melioidosis can be substantially reduced by
the use of newer beta-lactam agents. Treatment is
divided into two phases * an initial parenteral phase,

during which the objective is to prevent death, and a
subsequent eradicative phase, when the aim is to reduce
relapse.

Suitable agents for use in the acute phase include
ceftazidime, imipenem, and meropenem, and cefoper-
azone-sulbactam, with or without co-trimoxazole (White

et al. 1989; Sookpranee et al. 1.992; Simpson et al. 1999;
Chetchotisakd et al. 2001b). Appropriate doses are given
in Table 63.2. Co-amoxiclav is associated with a higher
failure rate (Suputtamongkol et al. 1994b), and
ceftriaxone and cefotaxime should not be used (Chao-
wagul et al. 1999b). Acute phase treatment should be
given for at least 2 weeks and sometimes longer,
depending on clinical response. The carbapenem anti-

Table 53.2 Doses of antimicrobials for the treatment of melioi-
dosis in the acute phase (first 2-4 weeks)

Dose
Drug (mg/kg/day)

Ceftazidime 120

Ceftazidime plus 100

Co-trimoxazole 8/40

lmipenemu 50

Co-amoxiclav 160

Cefoperazone- 25
su lbac tam p lus

Co-trimoxazole 8/40

Reference

White et al.  (1989)

Sookpranee et al.
(1ss2)

Simpson e t  a l .  (1999)

Suputtamongkol et al.
(1 ss4b)

Chetchotisakd et al.
(2001 b)

a) Meropenem in equivalent doses, with or without co-trimoxazole, is
probably equally effective

biotics have some theoretical advantages over ceftazi-

dime (Smith et al. 1.994, 1996; Walsh et al. 1995b) and

particularly encouraging results have been obtained in

Darwin, Australia, using meropenem plus co-trimox-

azole, with adjunctive granulocyte colony-stimulating

factor, with mortality in melioidosis septic shock falling

from 95 percent to 10 percent (Cheng et al. 2004),

although these findings need further verification in

prospective, comparative studies.

Following parenteral treatment, prolonged oral anti-

biotics are needed to prevent relapse, which occurs in up

to 23 percent of patients (Chaowagul et al. 1993), and is

more common in patients with more severe disease.

Recurrent disease is almost always due to relapse,

although reinfection appears to occur occasionally

(Desmarchelier et al. 1993). The risk can be reduced to

less than 10 percent if antibiotics are given for a total of

20 weeks (Rajchanuvong et al. 1995). The combination

of chloramphenicol (40 mg/kg/day), doxycycline (4 mg/

kg/day) and co-trimoxazole (10 mg + 50 mg sulpha-

methoxazole/kg/day) was associated with a lower relapse

rate than co-amoxiclav (60 mg amoxycillin + 15 mg

clavulanic acid/kg/day) in the latter study, although this

may have been accounted for by differences in compli-

ance, so either regimen is probably adequate. Fluor-

oquinolones and doxycycline alone are inadequate for

eradication treatment (relapse rates 18-25 percent)

(Chaowagul et al. 1997,I999a), as is the combination of

ciprofloxacin plus azithromycin (relapse rate 22 percent)

(Chetchotisakd et al. 2}0la). Co-amoxiclav is preferable

in children and pregnant or lactating women due to its

lower toxicity. It is possible that the chloramphenicol

may be omitted (Chetchotisakd et al. 2001,a), and co-

trimoxazole alone has been used in Australia (Currie

et al. 2000b; Cheng et al. 2004), but this too needs

further evaluation in prospective comparative studies. In

patients who have mild localized disease, any of the oral

regimens described above may be used, although the

ootimum duration is uncertain.
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Outcome and follow-up

Even with optimal treatment, the overall mortality rate
is 40-50 percent in Thailand (range 14-74 percent)

(White 2003), but lower in Australia (19 percent)

(Currie et al. 2000b). The relapse rate ranges from 1 to
26 percent (White 2003). In patients who survive, there
is often chronic morbidity resulting both from the
disease itself and the underlying conditions. Patients
require long-term follow-up to detect relapse. Serial
measurements of IgM (Ashdown 1981) or C reactive
protein (Ashdown I992b) may give an early clue to
relapse. Susceptibility tests should be carried out on
isolates obtained during or after treatment, since anti-
biotic resistance may emerge in 5-10 percent of cases
(Dance et al.  1989b).

BURKHOLDERIA MALLEI

Cu ltu ral characteristics

B. mallei is an obligate animal parasite (particularly of
equine species) that was at one time widespread in the
world. Isolation of the organism is exceedingly rare
today and restricted to a few foci in Asia, Africa, and
the Middle East. Cells of B. mallei are straight or
slightly curved (2-5 pm long and 0.3-0.8 pm wide), with
rounded ends and irregularly parallel or wavy sides; the
cells are arranged singly, in pairs end to end, in parallel

bundles or in Chinese-letter form. Granular inclusions
may be observed and cells may stain irregularly. A
capsule is not evident by light microscopy and flagella
are absent. B. mallei is aerobic but like other pseudomo-

nads can utilize nitrate as an alternative electron
acceptor for anaerobic growth. lt grows less well than B.
pseudomallei on nutrient agar and forms smooth, gray
translucent colonies 0.5-1 mm in diameter in 18 h at
37'C (see Miller et al. 1948a).

According to Holmes et al. (1986), B. mallei is nonmo-
tile, does not grow on McConkey or cetrimide agar, does
not form pigments, is catalase positive, and few are
oxidase positive. All strains reduce nitrate but not nitrite,
and grow and form inclusions on poly hydroxy butyrate
agar. Gelatin hydrolysis, urease activity, and production of
lecithinase is variable; almost all hydrolyze tyrosine but
without formation of pigment. All strains break down
arginine but not lysine or ornithine. The following sugars
in ammonium salts medium are converted: arabinose (89
percent), glucose (99 percent), glycerol (89 percent),
inositol (99 percent), mannitol (67 percent), sorbitol (78
percent), and trehalose (89 percent).

Antimicrobial susceptibil i ty

Isolation of the organism

best achieved by culture

from contaminated samples is
on media supplemented with

agents that inhibit the growth of gram-positive bacteria
(e.g. bacitracin, crystal violet). Data on the antibiotic

susceptibility of B. mallei are scanty. The few strains

reported appear to be sensitive to sulfonamides and

usually also to streptomycin, tetracycline, and novo-

biocin; some were sensitive to chloramphenicol (Miller

et al. 1948a; Al Izzi and Al Bassam 1989). More

recently, Kenny et al. (1999) examined 17 strains

obtained from culture collections and reported the

following susceptibilities in broth dilution (MIC pg/ml)

for 90 percent of the strains tested: ampicillin >64,piper-

acillin 16, amoxicillin-clavulanate 8, cefuroxime >64,

ceftazidime 8, imipenem 0.25, chloramphenicol >64,

doxycycline 2, ofloxacin 8, ciprofloxacin 8, gentamicin

0.5, azithromycin 4, rifampin 16, sulfamethoxazole >64,

trimethoprim 32, co-trimoxazole >64. They concluded

that the superior tissue penetration of azithromycin over

gentamicin made this a possible candidate antibiotic for

treating glanders.

Genomics

B mallei and B. pseudomallei are very closely related

genetically by DNA-DNA hybridization (Rogul et al.

1970) and relatively minor differences exist between the

two genomes. A PCR based on the nucleotide difference

thymidine versus cytosine at nucleotide 2143 in the 23S

rDNA sequences was used to differentiate B. mallei

from B. pseudomallei. A 526 bp product was obtained

with a primer of the following sequence 5'-CAC CGA

AAC TAG CA-3' at an annealing temperature of 47"C

(Bauernfeind et al. 1998). A single nucleotide difference

was also found in the flagellin fliC gene between the two

species despite the fact that B. mallei is nonmotile; there

is a shift from guanine to cytosine at position 798.

However, Sprague et al. (2002) showed that this muta-

tion was not B. mallel specific and was also found in

some strains of B. pseudomallei.

The complete genome sequence has recently been

published (Nierman et aL.2004).

Antigenic structure

B mallei strains are antigenically heterogeneous and

form two or three groups, only one of which is related

to B. pseudomallei (Stanton et al. 1927; Dodin and

Fournier 1970). The species shares LPS antigens with

B. pseudomallei and a polyclonal antiserum to B. pseu-

domallei LPS was shown to bind in Western blots

with eight of ten B. mallei strarns examined by Burtnick

et al. (2002); the negative strains lacked O-repeating

units. An 18.7 kbp region of the B. mallei DNA

sequence was identified that contained 16 open

reading frames identical to those previously deflned as

the O-PS gene cluster in B. pseudomallei (DeShazer

et al. 1998). B. mallei LPS has a similar chemical
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structure but it is devoid of an O-acetyl group at the
4' position of the L-talose residue. Loss of the O-PS
moiety in two strains resulted in loss of serum resistance
and an 15407-like element was identified in the O-PS
biosynthetic gene cluster in these serum sensitive
strains suggesting that the presence of this element is
responsible for the loss of expression of O-PS (Burtnick
et al.2002).

A complement fixation test is prescribed for interna-
tional trade of horses. It is reported to be 90-95 percent
accurate, a positive result is obtained within 1 week of
infection and remains positive in chronic cases. For the
test antigen, the overnight growth from glycerol-agar
slopes is harvested in saline and heated at 65"C for t h.
For details of this and other diagnostic tests and proce-
dures for glanders, see van Zijderveld and Bongers
(2000).

GLANDERS

Glanders is a zoonotic disease of equines which may
occasionally be transmitted to man or other animals
(sheep, goats, dogs, and cats). Traditionally, 'glanders,' a
systemic disease involving the nasal mucosa and lower
respiratory tract, has been distinguished from 'farcy,' a
cutaneous infection with lymphangitis also caused by B.
mallei. In contrast with melioidosis. there has been
remarkably little recent work on this disease. The
history of glanders was reviewed by Wilkinson (1981).

Clinical manifestations

Glanders has a similar range of clinical presentations to
that of melioidosis, as originally observed by Whitmore
(1913). Occult infections are probably under-reported.
At the other end of the spectrum, glanders may present

as overwhelming sepsis resulting in severe toxemia and
widespread abscesses, culminating in delirium, shock,
and death. The disease may be fatal within days or may
persist for many years with remissions and relapses. In
reality, the distinction between glanders and farcy is arti-
flcial since, as with melioidosis, an acute phase may
precede or follow chronic disease and localized cuta-
neous infection may disseminate or may result from
metastatic infection.

Characteristic local manifestations include wound
infection and ulceration, lymphangitis with abscesses
along the course of lymphatic drainage ('farcy buds'),
ulceration of the respiratory (especially nasal) mucosa,
polyarthritis, pneumonia, and lung abscesses, and
nodular abscesses in any site, particularly muscle and
subcutaneous tissue. A widespread necrotizing skin
eruption has been described as a terminal feature of
disseminated glanders. Readers requiring a more
detailed description of the manifestations of glanders are
referred to the excellent review bv Howe (1950). A

recent laboratory-acquired case in a military researcher

who had failed to wear gloves when working with

B. mallei, despite the fact that he was diabetic,

was reported by Srinivasan et al. (2001). His illness

closely resembled melioidosis, with initial axillary

lymphadenopathy followed by a systemic illness with

liver and splenic abscesses. Despite the history of

working with B. mallei, bolh the clinical and laboratory

diagnosis of this case were delayed, which highlights the

potential difficulties of making a diagnosis of these rare

infections.

Epidemiology

GEOGRAPHICAL DISTRIBUTION

In the early part of the twentieth century, equine glan-
ders was present worldwide and was still relatively
common in Europe and the United States. Over 200 000
horses were destroyed as a result of glanders during
the First World War (Howe 1950). No naturally
acquired cases have been reported in the USA or the
UK since 1938, although occasional laboratory-acquired
infections have occurred (Howe and Miller 1947;
Srinivasan et al. 2001). Culrently, equine glanders is
still known to occur in parts of the Middle East, Africa,
and Asia, although the true incidence is uncertain
(Arun et al. 1999). Occasional cases have arisen amongst
carnivora in nonendemic areas, probably through the
ingestion of contaminated imported meat (Alibasoglu
et al. 1986).

RESERVOIRS AND TRANSMISSION

Human glanders, which was rare even when equine
glanders was common, is primarily an occupational
disease of those in close contact with infected animals.
Natural infection is thought to usually result from
contamination of wounds. abrasions or mucous
membranes. The infectivity by these routes is probably
Iow, although the organism is particularly hazardous to
laboratory workers who may acquire infection by inhala-
tion (Howe and Miller 1947). This route may also
account for some naturally acquired cases. Person-to-
person spread has occurred, so patients require isolation.

B. mallei is more delicate than B. pseudomallei and is
usually considered to be an obligate parasite. It may,
however, survive for up to 4 weeks in water (Howe
1950), although the role of ingestion in human infections
is uncertain.

Pathology and pathogenesis

Following inoculation, B. mallei establishes local
infection, often with ulceration, and may subsequently
disseminate via the lymphatics or bloodstream.
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HISTOPATHOLOGY

As with melioidosis, the nature of glanders lesions varies

according to the duration of infection. Nodular foci of
infection range from abscesses with acute inflammation
to chronic granulomata with central caseous necrosis
(Howe 1950). These lesions are said to be distinguish-
able from tuberculous granulomata (Zubaidy and Al-
Ani 1978). Involvement of small blood vessels and
lymphatics with inflammation and endothelial prolifera-

tion progressing to subintimal and medial degeneration
and thrombosis is characteristic (Howe 1950).

HOST DEFENSE

Several animal species are susceptible to experimental
glanders, but species vary in their susceptibility to infec-
tion, with cattle, pigs, rats, and fowl being intrinsically
resistant. It is not clear whether underlying diseases
render humans susceptible to glanders.

HOST RESPONSE

Both humoral and cellular immune responses occur in
natural and experimental infections with B. mallei, bttt
these have not been well characterized. However,
neither natural infection nor immunization induces
protection in horses, despite some success with the latter
in guinea pigs (Mohler and Eichhorn 1914).

Diagnosis

CULTURE

As with melioidosis, the clinical manifestations of glan-

ders are rarely pathognomonic. The diagnosis thus
hinges on an appropriate history (contact with animals
in an endemic area or laboratory exposure) and on isola-
tion and identification of B. mallei from an appropriate
clinical specimen (e.g. blood, wound swab or pus,
sputum) or the detection of specific antibodies.
Although B. mallei will grow on orthodox media, the
laboratory should be alerted if the diagnosis is
suspected, both to increase the chances of detection and
because, like B. pseudomallei, B. mallei requires contain-
ment level 3 accommodation. Its rarity means that most
microbiologists are unfamiliar with its characteristics,
and it might easily be overlooked unless sought specifi-
cally. Selective techniques have been described (Howe
1950), but recent experience of these is limited.

SERODIAGNOSIS

Serological tests (complement fixation, bacterial aggluti-
nation or hemagglutination, or ELISA), may be avail-
able through reference or veterinary laboratories
(Verma et al. 1990), but are of little use for diagnosis of
acute cases and may give crossreactions in patients
exposed lo B. pseudomallei. Skin testing with a crude
extract of B. mallei (mallein) has been used for

screening animals and has been reported to be useful in

human glanders, but cannot be recommended because of

its unreliability, the risk of adverse reactions, and
problems obtaining mallein. As yet no rapid diagnostic

tests have been developed.

Control

The remarkable decline of glanders has been attributed

variously to the compulsory slaughter of infected or

seropositive animals, the decreasing use of the horse,

and the removal of communal water troughs (Blancou

1994). There is no effective vaccine for either human or

animal use, and prevention in those countries where

glanders persists will depend on veterinary public health

measures and the continued reduction of reliance on the

horse as a means of transport.

Treatment

SPECIFIC TREATMENT

Since most human infections occurred in the pre-anti-

biotic era, data on treatment are scarce. Unlike B. pseu-

domallei, B. mallei is sensitive in vitro to aminoglyco-

sides and azithromycin, although it is unknown whether

these agents would be effective in vivo. Otherwise, their

susceptibility profiles are similar (AlIzzi and Al Bassam

1989; Kenny et al. 1999; Heine et al. 2001). Sulfona-

mides in full doses for at least 20 days were effective in

curing experimental infections (Miller et al. 1948b) and

have been used successfully to treat human cases (Howe

and Miller 1947). The recent American case (Srinivasan

et al. 2001) was effectively cured by treatment with

imipenem plus doxycycline followed by azithromycin

plus doxycycline for a total of 6 months (despite relative

in vitro resistance to azithromycin). Until further data

are available, treatment for severe glanders should

comprise one of the regimens validated for the treat-

ment of melioidosis.

OUTCOME AND FOLLOW.UP

The mortality of reported cases, many of whom have not

been effectively treated, has been high (over 90

percent), but this should be reduced if appropriate anti-

biotics are given. Long-term follow-up to detect relapse

should be arranged.

Bioterrorist agents

Both ,8. mallei and B. pseudomallei appear on the

category B list of critical agents published by the US

Centers for Disease Control and Prevention (Rotz et al.

2002). The organisms have long been considered to be

of relevance to military medicine due to the deployment

of troops within endemic areas, particularly during

monsoon oeriods. Thev also share the characteristics
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that they are inexpensive to produce in low technolo-
gical facilities, they have high infectivity, long environ-
mental survival, can be disseminated into the environ-
ment, and have the capacity to cause severe disease and
high mortality. B. mallei and Bacillus anthracis were
released by the Germans during the First World War to
infect shipments to the Allies of horses, mules, cattle,
and sheep (Wheelis 1998). The first reported case of
human glanders since 1949 occurred in a microbiologist
with insulin-dependent diabetes working in the US
Army Medical Research Institute for Infectious
Diseases. The infection was presumably contracted via
skin puncture with infected material (Srinivasan et al.
2001). Animals do not appear to represent a signiflcant
reservoir for the transmission of B. pseudomallei. Never-
theless, the demonstration that some human cases of
melioidosis in Hong Kong were caused by strains with
the same DNA macrorestriction pattern and MLST
sequence type as strains from captive sea mammals and
birds in an aquatic park raises the possibility that animal
to man transmission may occur (Godoy et al. 2003).

MISCELLANEOUS OPPORTUNIST,PSEUDOMONADS'

Pandoraea spp.

The genus Pandoraea is a close relative of Burkholderia
and was flrst described by Coenye et al. (2000) as
nonfermentative gram-negative rods isolated predomi-
nantly from soil and the sputum of CF patients. They
identified four species, P. apista, P. pulmonicola, P.
pnomenusa, and P. sputorum and also reclassified
Burkholderia norimbergensis as a new Pandoraea
species. The taxonomy was developed further by
Daneshvar et al. (2001) who assigned nine isolates of
CDC weak oxidizer group 2 to the new genus and
described four unnamed genomospecies. PCR assays
based on 165 rDNA were developed by Coenye et al.
(2001e) and are recommended for the differentiation of
Pandoraea from the B. cepacia complex. The few
Pandoraea strains tested by Daneshvar et al. (2001)

were resistant to ampicillin, extended spectrum cepha-
losporins and aminoglycosides, but varied in their
susceptibi l i ty to ciprof l  oxacin.

Ralstonia spp.

Formerly known as CDC group IV c-2, the genus
Ralstonia was defined by Yabuuchi et al. (1995). It
contains several gram-negative rods of diverse ecological
function including, for example, the plant pathogen R.
solanacearum, the biomediation agent R. eutropha,
metal resistant species such as R. metallidurans, and the
opportunistic human pathogen, R pickettii (formerly
Burkholderia pickettii).

165 rDNA sequence analysis suggests that there are

two distinct sublineages within the genus; the R.

eutropha lineage which comprises nine species and the

R. pickettii lineage represented by a further flve species.

Members of the R. eutropha lineage have peritrichous

flagella, do not produce acid from glucose, and are

susceptible to colistin. On the other hand, the R. pick-

ettii lineage have one or more polar flagella, form

acid from several sugars, and are resistant to colistin.

On the basis of these features and other phylogenetic

data, Vaneechoutte et aI. (200\ proposed that the

R. eutropha lineage should be classified as a novel

genus Wautersia gen. nov. Both lineages contain

species of human clinical significance. Identification of

Ralstonia species in the diagnostic context is aided

by the use of amplified ribosomal DNA restriction

analysis which allows differentiation of L2 species

(Segonds et al. 2003). However, Coeyne et al. (2003a)

found that some clinical and environmental isolates of

R. pickettii represented a new species for which the

name R. insidiosa was proposed. Another novel species.

R. respiraculi sp. nov. has also recently been recovered

from the respiratory tract of CF patients (Coenye et al.

2oo3b).
R. pickettii is the species most commonly implicated in

outbreaks of infection in hospitals owing to its capacity

to contaminate solutions used for patient care, such as

respiratory therapy solutions and wound irrigation

systems (Yoneyama et al. 2000), and blood culture

bottles (Boutros et aI.2002). Although less frequent, R.

paucula can cause clusters of nosocomial infections some

of which may be serious and even life threatening

(Ramos et al. 1993).

Delfti a (Com a mo n as) a ci d ovo ra n s

The family Comamonadaceae comprises a number of

soil bacteria, but Comamonas acidovorans has been

isolated on a number of occasions from hospital patients

and their environment. Wen et al. (1999) proposed, on

the phylogenetic basis of 165 rRNA genes, that C. acido-

vorans be removed from the gents Comamonas and

renamed as Delftia acidovorans with ATCC 15668T as

the type strain. The organism is able to degrade poly-

urethane, a widely used industrial polymer and utilize

certain herbicides (Nakajima-Kambe et al. 1999; Muller

et al. 2001). D. acidovorans is a common contaminant of

dental unit water lines (Stampi et al.1999) and has been

occasionally reported as a cause of eye infections

(Stonecipher et al. 1991). Some strains are able to grow

on polymyxin-containing agar and may be misidentified

as B. cepacia in sputum specimens from CF patients

(Henry et al. 1997).It acidifles mannitol but not ethanol,

glucose, or maltose in ammonium-salts media and is

generally asaccharolytic. Strains are variable in their

antimicrobial susceptibility but usually are resistant to
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gentamicin and susceptible to the ureidopenicillins,
tetracyclines, quinolones, and co-trimoxazole (von Grae-
venitz 1985). Resistance to B-lactams is the product of
synergy between p-lactamase and outer membrane
protein alterations (Ravaorinoro and Therrien 1999).

Ste n otro p h o m o n as ma lto p h i I i a

CLASSIFICATION

This organism was originally classified as 'P. maltophilia'

but was transferred to the genus Xanthomonas in 1983
and subsequently as the sole member to the genus

Stenotrophomonas (Palleroni and Bradbury 1993). The

latter species was clearly distinguished from the former

by 165 rRNA gene homology studies (Nesme et al.
1995). Cells of S. maltophilia stain evenly and do not
accumulate poly-B-hydroxybutyrate. They usually have

several polar flagella and are actively motile particularly

at 18-20"C. On nutrient agar at 37"C they form opaque
grayish colonies with a yellowish tinge; on blood agar
the growth can have a faint lavender hue. A brownish
pigment is formed by some strains on tyrosine-
containing agar and because of its requirement for
methionine it will not grow in Koser's citrate medium. S.
maltophilia is an obligate aerobe that will not grow

below 5"C or above 40"C. The oxidase reaction is nega-
tive or equivocal and they usually acidify maltose and
less commonly glucose, but do not attack other sugars in
ammonium-salts media. They decarboxylate lysine but
not ornithine, and split esculin, gelatin, Tween 20, and
DNA (Denton and Kerr 1998).

HABITAT

The species is ubiquitous and has been isolated from a
range of water sources including rivers, wells, bottled
water, and sewage. It can also be recovered from soil
and the plant rhizosphere and in the latter environment
its bioremediation and antifungal properties have been
explored for commercial crops (Berg et al. 1996). A
strain of S. maltophilia has also been shown to grow in a
medium containing benzene, toluene, or ethylbenzene as
the carbon source (Lee et al. 2002). Members of the
species are common food contaminants and have been
isolated from frozen fish, milk, and meat carcasses. A
recent report highlighted S maltophilia as the most
common contaminant identif,ed from embryos and
semen samples stored in liquid nitrogen and the
organism was further shown to signiflcantly suppress
fertilization and embryonic development in vitro
(Bielanski et al. 2003). Human carriage is variable; fecal
carriage rates have been reported to be as high as 33
percent in patients with hematological malignancy but
only 3 percent in a control patient group (Kerr et al.
1991). Carriage on the hands of hospital workers in
outbreaks is uncommon.

OPPORTUNIST INFECTION

The species is occasionally associated with outbreaks of

infection in hospitals, particularly in intensive care units,

being recovered from bypass equipment, defrost water

baths in operating theaters, and ice-making machines. S.

maltophilia has been isolated from patient specimens as

the causative organism of a wide variety of infections

but sepsis is unusual unless certain risk factors are

prevalent in the patient population, i.e. prior surgery,

shock, mechanical ventilation, and broad spectrum anti-

microbial prophylaxis, particularly imipenem, to which it

is intrinsically resistant (Elting et al. 1990; Laing et al.

1995). Friedman et al. (2002) found that the most

common characteristics in cases of bacteremia were the

presence of an indwelling central venous catheter and

previous antimicrobial therapy; 18 percent of patients

died within 7 days and a signiflcant correlation was

found between deaths and a failure to remove the

indwelling catheter or treat with appropriate anti-

microbials. A survey of opportunist infection of human

immunodeficiency virus (HIV) patients revealed 61

episodes of S. maltophilia infection in 59 HlV-infected

patients. Approximately 78 percent of cases were clini-

cally septic with bacteremia while lower respiratory tract

and urinary tract infection were relatively uncommon

leading to the conclusion that compared with non-

typhoid Salmonella spp. bacteremia, HIV patients were

at significantly higher risk of developing S. maltophilia

disseminated infection (Calza et al. 2003). However, the

attributable mortality rate (26.7 percent) for S. malto-

philia bacteremia was found to be similar to the rate for

other nosocomial bacteremias, but there was an eight-

fold increase in the risk of death (Senol et al.2002).

Despite its incidence in bloodstream infections, the

respiratory tract is the most common site of infection in

hospitalized patients and many patients have preexisting

lung conditions. Kollef et al. (1995) considered that the

presence of the organism in the sputum was the most

important predictor of mortality in late-onset ventilator-

associated pneumonia, but the distinction between colo-

nization and true infection is not easilv made.

ENDOCARDITIS

Most cases of endocarditis due to S. maltophilia occur in

intravenous drug users or as a complication of prosthetic

valve surgery, and endocarditis outside these situations

is uncommon. Khan and Mehta (2002) reviewed 23 cases

of S. maltophilia endocarditis and found that all patients

were pyrexial and prosthetic valves were involved in half

of the cases. The underlying risk factors were prior valv-

ular or congenital heart disease surgery (60 percent),

intravenous drug abuse (32 percent), and infected intra-

vascular lines (18 percent). The most frequently used

antibiotics for therapy were aminoglycosides, trimetho-

prim-sulfamethoxazole, and penicilllins. Mortality was

39 percent and was equally distributed between patients
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with prosthetic and native valve endocarditrs. S. malto-

philia may occasionally cause infections of the central

nervous system, the eyes, urinary tract, skin and soft

tissues, bone and joints, and the gastrointestinal tract
(see Denton and Kerr 1998).

INFECTION IN CYSTIC FIBROSIS

S. maltophilia has increasingly been isolated from the

sputum of CF patients since 1979 and evidence suggests

that in some large centers its incidence among CF
patients has risen year on year. Talmaciu et al. (2000)

reported that since 1993 the incidence of S. maltophilia
positive patients increased from 2.8 to 6.2 percent in

1997. These patients had worse growth parameters, clin-

ical scores, and spirometric values than S. maltophilia-

negative patients and there appeared to be a higher inci-

dence of colonization with Staphylococcus aureus among

those patients who grew S. maltophilia. Nevertheless,

they concluded that acquisition of S. maltophilia had

little repercussion on the clinical status of the patients.

Considerable variation has been reported in the preva-

lence of the species in CF centers worldwide (19 percent

in a UK center and over 30 percent in a Spanish center,

see Denton and Kerr 1998) and this may be attributable

to, among other factors, the wider use of carbapenems

and longer duration of hospitalization of patients. CF
patients may harbor strains for long periods and, to date,

crossinfection between patients is not widespread. S.

maltophilia may be mistaken for B. cepacia as it grows

reasonably well on selective media containing polymyxin

B (Burdge et al. 1995).

TYPING

Strains of S. maltophilia can be divided into a number of

types by heat-stable antigens (Schable et al.1992), and
further subdivided by ribotyping with EcoRI (Bingen

et al. 1991), PFGE (Laing et al. 1995), and arbitrary
primer-PCR (Chatelut et al. 1995). Marty (1997)

reviewed the typing methods available at that time and

concluded that PFGE, of XbaI or SpeI total chromo-

somal digests offered the highest discrimination and

defined populations at the strain level. Ribotyping with

restriction endonucleases (BamH\ ClaI, EcoRI) was less

discriminatory but PCR flngerprinting with primers

targeting repeat motifs (enterobacterial repetitive inter-
genic consensus (ERIC), repetitive extrapalindromic
(REP)) was recommended for the study of outbreaks

Denton et al. (1998) used PFGE, and ERIC-PCR to

investigate the molecular epidemiology of the organism

in a CF center and concluded that there was no evidence

of person-to-person transmission although some patients

apparently acquired their colonizing strain from the
hospital environment. A common feature of typing

studies of S. maltophilia is the high diversity of strain

types recovered and the low incidence of cross-infection

between patients.

ANTIMICROBIAL SUSCEPTIBILITY

The determination of the antimicrobial susceptibility of J.

maltophilia is problematic. The species exhibits a

temperature-dependent variation in susceptibility to

several antibiotics including aminoglycosides and poly-

myxin B (Wheat et al. 1985), and this variation has been

linked with alterations in outer membrane fluidity and

LPS composition (Rahmati-Bahram et al. 1996). Disk

diffusion tests are considered inaccurate and lack repro-

ducibility particularly for quinolone agents (Pankuch et al.

1994; Denton and Kerr 1998). The concentration ofZn2*

in the medium has a profound effect on the observed

susceptibility of strains to imipenem, but this does not

appear to be so for meropenem. There are three basic

mechanisms of resistance to BJactam agents; production

of the B-lactamase L1 which confers resistance to the

penicillins, B-lactamase L2 (speciflc for the cephalos-

porins), and low permeability of the outer membrane due

to efflux pumps (Mett et al. 1998; Zhanget al. 2000b). A

50 kDa outer membrane protein was expressed by many

multiple drug resistant strains and this protein showed

antigenic homology with a protein secreted by P. aerugi-

nosa strains hyperexpressing drug efflux systems. More-

over, antibody to OprM, the outer membrane component

of the MexAB-OprM multiple drug resistance efflux

system of P. aeruginosa, reacted strongly with the S

malto philia protein (Zhang et al. 2000b).

A comprehensive review of the antimicrobial suscept-

ibility of S. maltophilia is given by Denton and Kerr

(1998). The tetracyclines doxycycline and minocycline,

co-trimoxazole, and the third-generation cephalosporins

have the highest activity against the organism, whereas

the antipseudomonal penicillins are only moderately

active. Most strains are resistant to aminoglycosides.

Gabriel et a\. (2004) studied 673 initial CF patient

isolates for their susceptibility to ten antimicrobial

agents and also conducted checkerboard dilution studies

of eight agents against them. The majority (78 percent)

of isolates were resistant to all agents in two or more

antimicrobial classes, but 91 percent of these were inhib-

ited by at least one antimicrobial combination. Doxycy-

cline was active against 80 percent of isolates but co-

trimoxazole inhibited only 16 percent of isolates.

However, synergistic or additive activity was demon-

strated for cotrimoxazole with ticarcillin-clavulanate (65

percent of isolates), ciprofloxacin with ticarcillin-clavula-

nate (64 percent), among others.

Brevu nd i mo n as di mi n uta and
B revu nd i mon as vesicu I aris

These are closely related species of monotrichate

organisms with flagella of very short wavelength. They

were previously classified as rRNA homology group

lV within the genus Pseudomonas, but Segers et al.

(1994) proposed the name Brevundimonas following a
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comprehensive study of phenotypic and genotypic char-
acters. They require pantothenate, biotin, and cyanoco-
balamin for growth; B. diminuta also requires cysteine or
methionine. They grow rather slowly on ordinary
nutrient media. Features other than growth require-
ments that distinguish B vesicularis from B. diminuta
are that B. vesicularis gives only a weak oxidase reac-
tion, forms a carotenoid pigment, and thus has yellow or
orange colonies, and acidifies glucose and maltose in
ammonium-salts media. Both species are rare in patho-
logical specimens and of doubtful clinical significance,
although occasional serious infections may occur (Gilad
et al.  2000; Chi et al.2004).
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The organisms included in this chapter are a diverse
group that encompasses pathogens of humans, animals,

or both. Members of the genus Pasteurella, Mannheimia,

and Actinobacillus are found oredominantlv in animals.
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bacterium, and certain Capnocytophaga species are
members of the human oropharyngeal flora that can
behave as pathogens primarily in immunocompromised
hosts and those with underlying disease. Canine Capno-
cytophaga species and CDC group EF-4 organisms are
also associated with animal exposures, with the former
species being capable of causing severe, life-threatening
disease. Dysgonomonas species, and D. capnocytopha-
goides in particular, are also opportunistic agents. Chro-
mobacterium species are environmental bacteria that are
capable of causing rare systemic infections. In this
chapter, the taxonomy, virulence factors, clinical signifi-
cance, cultural characteristics, and antimicrobial suscept-
ibility of these organisms will be addressed.

PASTEU RELLA AND MAruruH H MIA
SPECIES

TAXONOMY AND CHARACTERISTICS
OF THE GENUS PASTEURELA AND THE
GENUS MANNHEIMIA

Pasteurella species are members of the family
Pasteurellaceae. This family also includes the genera
H aemophilus, Actino b acillus, Mannheimia, Lonepinella,
Phocoenobacter, and Gallibacterium (Christensen et al.
2003; Dewhirst et al. 1992; Foster et al. 2000; Osawa
et al. 1995). At present, the taxonomic structure of the
family Pasteurellaceae is complicated and unclear, and
taxonomists are currently attempting to unravel the rela-
tionships among the members of the described genera
and the proper assignment of various species to these
and other genera (Angen et al. 1999; De Ley et al. 1990;
Dewhirst et al. 1,992, 1993a). The delineation of these
genera was previously based on DNA hybridization
studies, with species showing greater than 50 percent
homology being included in the same genus with little
regard for phylogenetic origin and phenotypic character-
ization (Mutters et al., 1985a, b). Since 1985, new species
within the family Pasteurellaceae have been assigned to
gents Actinobacillus or genus Pasteurella in a more or
less arbitrary fashion. Examination of 165 rRNA
sequences has shown that the older species of Pasteur-
ella - P pneumotropica, P. aerogenes, P. ureae, and the
P. haemolytica group - are not closely related to the
type species of Pasteurella (P. multocida sensu stricto) or
to each other and probably belong in either the genus
Actinobacillus or in new genera (Dewhirst et al. 1992;
Mutters et al. 1985a; Sneath and Stevens 1990). As a
first step in the dissection of this complex group of
organisms, P ureae was formally reassigned to the genus
Actinobacillus as Actinobacillus ureae in 1986 (Mutters

et al.  1986).

In 1985, several new Pasteurella species were
described based on DNA-DNA hybridization. These
new species included P. dagmatis, P. canis, P. stomatis,
P. anatis, and P. langaa (Mutters et al. 1985a). These

strains encompassed the former biotype Henriksen P.
pneumotropica strains (the so-called Pasteurella gas) as
P. dagmatis, and the former P. multocida biotype 6 as P.
canis and P. stomatis. These studies also resulted in the
transfer of the avian strains Haemophilus avium and
Haemophilus paragallinarum to the gents Pasteurella as
P. avium and P. volantium, respectively (Mutters et al.
1985a; Mutters et al. 1985b). Both P. avium and P.
langaa represent V-factor-independent strains of avian
origin. Recently P. anatis was reclassified in the new
gents Gallibacterium as Gallibacterium anatis (Chris-

tensen et al. 2003). Sequencing of 165 rRNA from the
type strains of the various Pasteurella species demon-

strated a single genetic cluster containing the type
strains of P. multocida, P. avium, P. canis, P. dagmatis,
P. gallinarum, P. langaa, P. stomatis, and P. volantium as
members of the genus Pasteurella sensu stricto
(Dewhirst et al. 1992, 1993b; Frederiksen 1993) Two
additional species - designated Pasteurella species A and
B - were considered to be members of the genus but
remained unnamed. Using both genomic fingerprinting
techniques and quinone analysis, Kainz and coworkers
in Austria suggested that Pasteurel/a sensu stricto should
be restricted lo P. multocida, P. canis, P. dagmatis, P.
stomatis, and Pasteurel/a species B, and that P. multo-
clda subsp. septica may constitute a separate species
within the genus (Kainz et al. 2001). Despite efforts to
restructure the genus, several isolates have been
described and assigned to the genus Pasteurella that are
very likely misnamed strains that belong to other or to
new genera. These Pasteurella species included P. mairi,
P. bettyae, P. caballi, P. testudinis, P. seminis, P.
lymphangitidis, P. granulomatis, and P. trehalosi
(Schlater et al. 1989; Sneath and Stevens 1990). P
lymphangitidls has now been excluded from the genus

Pasteurella based on DNA-DNA hybridization and
phenotypic characteristics, and in 1999 members of the
P. haemolytica group (including P. haemolyticd sensu
stricto and P. granulomatls) were placed in the new
gents Mannheimia or reclassified as the previously

described species P. trehalosi (see below) (Angen et al.
1999; Sneath and Stevens 1990). The biochemical char-
acteristics of Pasteurella species sensu stricto are found
in Table 64.1, while those of the missclassified Pasteur-
ella species are found inTable 64.2.

New Pasteurella species have been described on the
basis of mostly single isolates. Although the taxonomrc
status of these newer isolates is unclear at present, the
provisional assignment of these organisms to the genus
Pasteurella underscores the heterogeneous nature of the
genus and the need for additional studies on the taxo-
nomic structure of this group. Pasteurella skyensis has
been isolated from Atlantic salmon and exhibited simila-
rities in 165 rRNA sequences with a strain from a
porpoise that was designated, but not validly published,

as Pasteurella phocoenarum (Birkbeck et al. 2002).
Kainz et al. (2001) mentioned a strain called Pasteurella
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leonis that may be a valid species according to 23S

rRNA sequencing and quinone analysis. Finally, a new

subspecies oI P. multocida, designated subspecies rlgrls,

has been described as an isolate from a tiger-bite wound

in a child, but this flnding has not been validated by

further investigations (Capitini et al. 2002). Among the

established Pasteurella species, P. multocida subsp.

multocida, P. multocida subsp. sepllca, P. canis, P.

dagmatis, and P. stomatis are the most frequently

isolated species in human infections (Escande and Lion

1993).

P. haemolytica strains are recognized as prominent

pathogens in domesticated animals, causing severe

diseases and major economic losses in the cattle, sheep,

swine, and poultry industries. Historically, P. haemoly-

tica strarns were divided into biotypes designated A

(cattle-associated) and T (sheep-associated) (Carter

1984). Biotype A strains produced acid from arabinose

but not trehalose while biotype T strains produced acid

from trehalose but not arabinose. These biotypes were

each divided into 17 serotypes, with serotypes 1.,2,5-9,

ll-14,16, and l7 belonging to biotype A, and serotypes

3, 4, 10, and 15 belonging to biotype T. In 1985, P.

haemolytica sensu stricto was excluded from the genus

Pasteurella on the basis of DNA-DNA hybridization

studies, and DNA-rRNA hybridization confirmed its

exclusion from the Pasteurella, Haemophilus, and Actino-

bacillus genera (Mutters et al. 1985a). Genotypic investi-

gations of trehalose-positive P. haemolytica (biotype T)

strains has resulted in their reclassification as Pasteurella

trehalosi, even though they show marginal genetic affinity

with the gens Pasteurella (Sneath and Stevens 1990).

Examinations of many diverse trehalose-negative (biotype

A) P. haemoly/lca strains by phenotypic criteria, multi-

locus enzyme electrophoresis, ribotyping, and 165 rRNA

sequencing has resulted in the proposal of a new genus,

Mannheimia, to accommodate the trehalose-negative

isolates of the P. haemolytica complex and P. granulo-

matis (Davies et al. 1.996; Ribeiro et al. 1989). Based on

165 rRNA sequencing, four distinct related clusters

corresponding to five new species have been delineated

in the new gews Mannheimia'. M. haemolytica and M.

glucosida (cluster I), M. ruminalls (cluster ll), M. granu-

lomatis (cluster III), and M. varigena (Angen et al.

1999). These new species are most closely related to
gen:s Actinobacillus (particularly A. lignieresii) and P.

trehalosi. Mannheimia species can be separated from

gents Pasteurella by failure of the former species to

produce acid from mannose and from most animal-asso-

crated Actinobacillus species by being urease-negative.

Mannheimia species are mannitol-positive, which sepa-

rates them from members of the genus Haemophilus,

which are mannitol-negative.

Members of the gents Pasteurella have certain

phenotypic characteristics in common (Carter 1984;

Mutters et al. 1984, 1985b). Pasteurella species are

nonmotile, gram-negative, facultatively anaerobic

coccobacilli or rods. Most species are oxidase-positive,

catalase-positive, and alkaline phosphatase-positive,

and reduce nitrate to nitrite. Most species also produce

acid from glucose, fructose, mannose, and sucrose, and

none of them hydrolyze starch or salicin. Members of

the genus Pasteurella and animal-associated Actinoba-

cll/us species are difficult to distinguish phenotypically

(Mutters et al. 1984). Like the pasteurellae, Actinoba-

cll/us species are characteristically oxidase- and cata-

lase-positive gram-negative coccobacilli that reduce

nitrate to nitrite. Several members of both genera also

produce urease.

VIRULENCE FACTORS OF PASTEURELLA
MU LTOCIDA AND MANNH EI MIA
HAEMOLYTICA

Virulence factors have been investigated primarily with

P. multocida strains that are associated with economically

important diseases in animals, such as fowl cholera,

atrophic rhinitis in swine, and hemorrhagic septicemia

and bronchopneumonia in cattle (Christensen and

Bisgaard 1.997; Horadagoda et al. 2002). Infections in

animals may involve a variety of anatomic sites. Some P.

multocida strains are encapsulated, and four capsular

groups - A, B, D, and E - have been described. In cattle,

hemorrhagic septicemia is associated with P. multocida

capsular type B strains, while capsular type A strains

cause respiratory distress syndromes and broncho-

pneumonia (Frank 1989; Horadagoda et al. 2002). Most

human isolates of P. multocida belong to capsular group

A and, to a lesser extent, group D. These capsular groups

can be divided further by somatic O antigen typing.

Strains of P. multocida that cause atrophic rhinitis in

swine produce a 145-kDa dermonecrotic toxin that is an

essential virulence factor for the development of this

progressive respiratory tract infection (Lichtensteiger

et al.1996). This molecule also activates several cellular

signal-transduction pathways (Orth et al. 2003). Toxin

production is primarily associated with capsular types A

and D, and the toxin gene, toxA, is located in a conserved

region of the P. multocida chromosome. Toxigenic

capsular type A strains associated with atrophic rhinitis

and nontoxigenic capsular type A strains associated

with pneumonia represent distinct subpopulations of

P. multocida (Chen et al. 2002; Davies et al. 2002).

Phenotypic and genotypic analysis of toxigenic strains

have shown that these strains are not clonal, and no

significant differences could be found between toxigenic

strains of porcine or human origin when investigated by

biochemical, serological, or genomic typing methods

(Donnio et al. 1999). Molecular methods have been

developed for the direct detection of the toxA gete in P.

multocida (Lichtensteiger et al. 1996). The role of the

dermonecrotic toxin, if any, in human disease is not

known. Clinical isolates of P. multocida also produce
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lipases, which may also be potential virulence factors for
this organism (Pratt et al. 2000).

Among the pasteurellae, only P. multocida exhibits the
broad host range that is reflected in various types of infec-
tions in a wide variety of hosts. Among the other species,
P. avium, P. volantium, G (P ) anatis, P. langaa, and, P.
gallinarum are commensals of various avian species but
may also cause respiratory tract and systemic infections in
these same animals (Christensen and Bisgaard 1997; Lin
et al. 2001). P. gallinarum, in particular, is associated with
various types of pathological lesions in poultry. P. testu-
dinis has been isolated from tortoises living in the Mojave
and Sonora deserts of the USA. This species can be
recovered from the respiratory tracts of clinically healthy
animals as well as from tortoises with upper respiratory
tract disease (Snipes et al. 1995).

M. haemolytica strains are well recognized as the etio-
logic agent of bovine pneumonic pasteurellosis or ship-
ping fever. In cattle, this infection is triggered by over-
crowding, stress, immunosuppression, and concomitant
viral respiratory tract infection. These species also cause
diseases in pigs, sheep, and hares, with M. haemolytica
being the most frequently isolated pathogen (Angen
et al. 2002). M. haemolyticc strains isolated from cattle
with pneumonic pasteurellosis produce a leukotoxin that
is species-specific and has cytolytic activity against rumi-
nant lymphoid cells (Highlander 2001; Jeyaseelan et al.
2002). The leukotoxin is a 105-108-kDa protein that
belongs to the RTX toxin family, which also includes the
E. coli hemolysin, the B. pertu.rsrs adenylate cyclase/
hemolysin, and the A. pleuropneumoniae Apx toxin
(Saadati et al. 1997). Repeats in toxin (RTX) refers to
the presence of characteristic, glycine-rich repeat units
at the C-terminus of the peptide molecule. At low
concentrations, M. haemolytica leukotoxin activates
neutrophils, induces formation of inflammatory cyto-
kines, and causes cytoskeletal changes that lead to apop-
tosis (Stevens and Czuprynski 1996). At higher concen-
trations, the toxin causes pore formation in the cell
membranes, which results in cell swelling and lysis. In
vitro, the leukotoxin causes cytopathic changes in the
bovine alveoli, where it is associated with the
membranes of degenerating macrophages and neutro-
phils. Leukotoxin-negative mutants of M. haemolytica
show a significant reduction in virulence in animal
models in comparison with leukotoxin-producing strains
(Tatum et al. 1998). In addition, differences in the inci-
dence and severity of ovine pneumonic pasteurellosis
and lipopolysaccharide (LPS) chemotypes suggest an
important role for the LPS in determining host-
species susceptibility to lung infection (Hodgson et al.
2003). Other virulence factors associated with iron
acquisition and surface adhesins homologous with those
found in nontypable strains of Haemophilus influenzae
(i.e. Hia, Hsf, HMW1, and HMW2) have also been
found in M. haemolytica (Lo 2001). Fibrinogen-binding
proteins have been described that may be important

virulence factors in the pathogenesis of fibrinous pneu-

monia caused by M. haemolytica and P. trehalosi
(McNeil et al.2002).

PASTEURELLA MULTOCIDA

Clinical  s igni f icance

P. multocida is the most frequently recovered Pasteurella
species from human specimens and is also recovered from
a wide variety of animals. The organism can commonly be
cultured from the oral cavities of healthy domesticated

cats (70-90 percent) and dogs (40-66 percent) and is also
found in a wide variety of other animals, including cattle,
horses, swine, sheep, fowl, rodents, rabbits, monkeys,
lions, panthers, lynx, birds, reindeer, and buffalo (Talan

et aI. 1,999).In some animals, this organism causes serious
infections, including shipping fever and hemorrhagic septi-
cemia in cattle, cholera in fowl, atrophic rhinitis in swine,
and pleuritis, pneumonia, abscess formation, chronic
rhinitis, otitis media, and septicemia in laboratory rabbits
(Christensen and Bisgaard L997;Hondagoda et aL.2002).

The majority of human infections are wound infec-

tions associated with bites and scratches from cats and
dogs. These infections are characterized by rapid devel-
opment of pain, erythema, swelling, cellulitis with or
without abscess formation, and purulent or serosangui-
nous drainage at the wound site (Westling et al. 2000).
Bone and joint infections may result from implantation

of P. multocida into the bone and joint spaces by a trau-
matic bite, by hematogenous seeding of the joint spaces,
or by contiguous spread from an adjacent cellulitis.
Bacteremia occurs predominantly in the settings of pre-
existing liver disease (e.g. cirrhosis) or other underlying
conditions, such as solid neoplasms, hematologic malig-
nancies, systemic lupus erythematosus, and human
immunodeficiency virus (HIV) infection (Raffi et al.
1987). However, profound sepsis due to P. multocidahas
been seen following animal bites in individuals with no
underlying disease (Ruiz-Irastorza et al. 1995). In
patients with bacteremia, hematogenous dissemination
may result in intraabdominal infection, meningitis, pneu-

monia, septic arthritis and bursitis, and vertebral osteo-
myelitis (Raffi et al. 1987). P. multocida can also be
recovered from the upper and lower respiratory tracts,
where it may exist as a commensal or as a cause of
epiglottitis, pneumonia, empyema, lung abscess, adult
respiratory distress syndrome, bronchitis, sinusitis, tonsil-
litis, and otitis media (Ory et al. 1998; Wine et al. 1997).
P. multocida is an infrequent cause of intraabdominal
infections, including postsurgical wound infections, spon-
taneous bacterial peritonitis, appendicitis, and intraab-
dominal and splenic/hepatic abscesses (Chun et al. 2003;
Raffl et al. 1987). Patients who develop these infections
invariably have underlying diseases such as cirrhosis,
solid-organ tumors, and/or hematologic malignancies.
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P. multocida may be a rare cause of central nervous
system infections (e.g. meningitis, brain abscess), ocular
infections (e.g. keratitis, endophthalmitis), and both
native and prosthetic valve endocarditis (Genne et al.
1996; Hoffman et al. 1987; Layton 1999). With this wide
clinical spectrum, P. multocida may be recovered from a
variety of clinical specimens, particularly from immuno-
compromised hosts.

Cultural characteristics and
identif ication

P. multocida grows well on chocolate and sheep blood
agar, forming smooth gray colonies that are 0.5-2.0 mm
in diameter after 24-h incubation at 3517"C in 5-7
percent CO2. The organism is nonhemolytic and does not
grow on MacConkey agar or other types of selective or
differential enteric media. Isolates from respiratory tract
specimens may be mucoid. A characteristic odor (like an
E. coli, but more pungent) is frequently noted, perhaps

due to the formation of large amounts of indole by the
organism. P. multocida is oxidase-positive, catalase-posi-
tive, ornithine decarboxylase-positive, indole-positive, and
urease-negative. The spot indole test using the p-amino-

cinnamaldehyde reagent is usually strongly positive. P.
multocida produces acid, but no gas, from glucose,

sucrose. and mannitol, but not from maltose or lactose.
For typical isolates recovered from likely sources, such as
a cat bite or scratch, the demonstration of oxidase-posi-
tive, gram-negative bacilli that are strongly spot indole-
positive and fail to grow on MacConkey agar is usually
sufficient to presumptively identify P. multocida. P.
multocida strains may be further broken down into three
subspecies (subspecies multocida, septica, and gallicida)

based on acid production from sorbitol and dulcitol. Iden-
tification to subspecies is of interest in the study of veter-
inary isolates but is not particularly relevant or important
for human clinical isolates.

Antimicrobial susceptibi I ity

Antimicrobial susceptibility testing indicates that P.
multocida isolates are broadly susceptible to a variety of
antimicrobial agents in vitro. The organism is susceptible
to penicillin, ampicillin, amoxicillin-clavulanate, broad-
spectrum penicillins (i.e. ticarcillin, piperacillin, mezlo-
cillin), expanded-spectrum cephalosporins (i.e. cefo-
taxime, cefoperazone, cefuroxime, ceftazidime, cefti-
zoxime), tetracyclines, and chloramphenicol (Cormrcan

and Jones 1995; Goldstein and Citron 1988; Noele and
Teele 1986). Less activity has been noted with the first-
generation cephalosporins, such as cephalothin and cefa-
zolin, and with the semisynthetic penicillins (Goldstein

and Citron 1988; Goldstein et al. L988; Noele and Teele
1986). Aminoglycosides have moderate to poor activity
against P. multocida strains in vitro, and the organism is

resistant to vancomycin and clindamycin (Goldstein and

Citron 1988). Among the macrolide antibiotics, azithro-

mycin, clarithromycin, roxithromycin, and dirithromycin

have greater activity against P. multocida than erythro-

mycin (Goldstein and Citron 1993; Goldstein et al.

1999a). P. multocida strains are also very susceptible to

the fluoroquinolones and oxazolidinones, but clinical

data supporting their efficacy as chemotherapeutic

agents are limited (Goldstein and Citron 1988, 1993;

Goldstein et al. 1999a, b). Animal isolates of P. multo-

cida are often resistant to tetracycline due to the

presence of a transposon-associated tet(H) tetracycline-

resistance determinant (Hansen et al. 1996). For therapy

of P. multocida infections in cattle and pigs, aspoxicillin,

ceftiofur, and amoxicillin have minimal inhibitory

concentration (MIC) values well within the therapeutic

range (Chang and Carter 1976; Yoshimura et al. 2001).

Despite the in vitro susceptibility of P. multocida to

many agents, clinical experience with many of them is

limited and, therefore, precludes their being recom-

mended for empiric therapy. At the present time, peni-

cillin and the expanded-spectrum parenteral cephalo-

sporins remain the agents of choice for treatment of

infections caused by P. multocida. Trimethoprim-sulfa-

methoxazole and ciprofloxacin may be acceptable ther-

apeutic alternatives to parenteral penicillin and cepha-

losporins when oral therapy is preferred in cases

following animal bites (Lion et al. 1996b).

Resistance to penicillin via plasmid-mediated BJacta-
mase production is fairly uncommon in P. multocida and

was reported first among animal isolates. In 1991, the

first pJactamase-producing P. multocida isolate from a

human was recovered from a respiratory tract specimen

(Rosenau et al. 1991). This isolate was resistant to

penicillin, ticarcillin, cephalothin, sulfonamides, and

tetracyclines; clavulanate and sulbactam reduced the

MIC of the isolate to BJactam drugs by 64-fold. This B-
Iactamase was characterized as a ROB-1-type B-lacta-
mase according to substrate and inhibition specificities

and isoelectric point determinations.

OTHER PASTEURELI.A SPECIES
ISOLATED FROM HUMAN INFECTIONS

Pasteu rel I a pneu motropica

P. pneumotropica is part of the respiratory tract flora of

dogs, cats, rats, and mice. In laboratory rodents, the

organism causes lower respiratory tract infections and

abscesses (Artwohl et al. 2001). Man acquires the

organism via traumatic exposure to animals, such as dog

and cat bites. Human infections attributed to P. pneumo-

tropicainclude meningitis, bacteremia with shock, bone

and joint infections, wound infection, cellulitis, and pneu-

monia (Cuadrado-Gomez et al. 1995; Minton t990). P.

pneumotropica peritonitis in a dialysis patient has also
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been described as a consequence of contamination of the
dialysis tubing by a pet hamster (Campos et al. 2001).
Recently, molecular methods (i.e. 165 rRNA sequencing)
have been used to confirm a bacteriological diagnosis of
P pneumotropica septrcemia in a previously healthy
woman who was frequently scratched by her cats
(Frebourg et al. 2002). Specimens yielding positive

cultures have included wound drainage, bone fragments,
joint fluid, throat swabs, urine, pleural fluid, and blood. It
is likely that most descriptions of P. pneumotropica infec-
tions in humans are due to P. dagmarrs, which is the
former Henriksen biovar of P. pneumotopica.

After 24-h incubation, colonies of P. pneumotropica on
blood agar are variable in size (0.5-1 mm in diameter),
smooth, convex, and nonhemolytic. They are oxidase-
positive, catalase-positive, urease-positive, indole-positive,
and ornithine decarboxylase-positive (Table 64.2). The
latter two identification tests help to differentiate P.
pneumotropica from A. ureae, which is negative for these
two reactions. Some strains of P. pneumotropica will
grow on MacConkey agar. The positive urease test and
differential reactions for maltose and mannitol help to
differentiate this organism from P. multocida. Classically,
strains of P. pneumotroplca could be differentiated into
two distinct biotypes - Jawetz and Heyl - on the basis of
biochemical tests. A molecular method based on 165
rDNA fragment amplification random amplified poly-
morphic DNA analysis has been described that is able to
separate these biotypes more readily than conventional
phenotypic approaches (Kodjo et al. 1999).

Another species that is closely related to P. pneumo-
tropica was assigned the provisional name Pasteurella sp.
new species 1 or Pasteurella gas (Carter 1984). It has
also been isolated from animal bites, miscellaneous
specimens from humans, and oropharyngeal specimens
from dogs and cats. This organism resembles P. pneumo-

tropica in cultural characteristics and biochemical reac-
tions. Colonies tend to be slightly larger than those of P.
pneumotropica after 24-h incubation. Like P. pneumo-
tropica, it is indole-, urease-, and maltose-positive, but it
can be differentiated by lack of ornithine decarboxylase
activity and failure to produce acid from xylose. Urease,
ornithine decarboxylase, and acid production from
maltose are helpful for differentiating this species from
P. multocida. Urease-negative P. pneumotropica-llke
isolates have also been referred to as Pasteurel/a species
taxon 16 (Bisgaard and Mutters 1986). Some isolates of
Pasteurella gas produce small amounts of gas from
glucose and other carbohydrates. Some members of this
taxon, plus some other P. pneumotropica-like organisms
have been reclassified as P. dagmatis. P. pneumotropica
isolates are usually susceptible to penicillin, ampicillin,
first-, second-, and third-generation cephalosporins,
piperacillin, tetracycline, erythromycin, chloramphenicol,
and ciprofloxacin, and most strains are susceptible to the
aminoglycosides and trimethoprim-sulfamethoxazole
(Cuadrado-Gomez et al. 1995).

Pasteurella aeroqenes

P. aerogenes is a part of the oropharyngeal and intestinal

flora of swine. Rare human infections have resulted

from bites, tusk wounds, and other occupational expo-

sures to pigs and boars (Lester et al.1993; Ejlertsen et al.

1996). This organism is also associated with abortion and

stillbirth in animals, including pigs, dogs, and rabbits

(Fodor et al. 1992). P. aerogenes was isolated from the

ears and throat of a stillborn child delivered by a women

in the thirty-first week of pregnancy (Thorsen et al.

1994). The same organism was isolated from vaginal

cultures following the delivery. On investigation, the

authors learned that the woman worked as an assistant

on a pig farm in Denmark. It was not known whether

the organism infected the fetus hematogenously or by

ascending genital tract infection. P. aerogenes was also

reported as a cause of vertebral osteomyelitis in a
previously healthy 62-year-old male without a history of

animal contact, pre-existing disease, or immunosuppres-

sion (Quiles et al. 2000).

P. aerogenes produces smooth, convex, circular,

nonhemolytic colonies on blood agar and also grows on

MacConkey agar. Most strains are catalase-positive,

oxidase-variable, indole-negative, and urease-positive;

most isolates also produce ornithine decarboxylase
('table 64.2). As the name implies, this species rs aero-
genic, meaning that gas is produced from glucose during

fermentation. P. aerogenes isolates recovered from

human wounds have been susceptible to ampicillin,

cephalothin, cefotaxime, cefuroxime, aminoglycosides,

ciprofloxacin, and tetracycline (Ejlertsen et al. 1996).

Strains recovered from animals may be resistant to

ampicillin and cephalothin due to BJactamase produc-

tion and are also frequently resistant to tetracyclines.

Pasteurella canis and Pasteurella
stomatis

Both P. stomatis and P. canis have also been isolated from

wound infections resulting from dog bites (Holst et al.

1992; Pouedras et al. L993; Talan et al. 1999). P. canis

strains are divided into two biotypes; biotype 1 is found in

the oral cavity of dogs, whereas biotype 2 has been recov-

ered from calves (Mutters et al. 1985a). In the study

conducted by Holst and colleagues, 28 of 159 strains

examined were identified as P. canis; aIl of these were

from dog-bite wounds and belonged to biotype 1 (Holst

et al. 1992). Ten of the 159 strains were identified as P.

stomatis; eight were from dog-bite wounds and two were
from abscesses. In the eight P. stomatis wound infections,

P. multocida or P. canis were coisolated with P. stomatis.

P. canis and P. stomatls isolates are oxidase- and cata-

lase-positive. Most strains of P. canis are indole-positive,

ornithine decarboxylase-positive, and urease-negative. P.

stomatis strains are also usuallv indole-positive (reac-
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tions may be weak) and urease-negative, but they are
ornithine decarboxylase-negative (Table 64.1). P. canis
and P. stomatis are susceptible to ampicillin, amoxicillin-
clavulanate, cephalothin, cefotaxime, linezolid, the
aminoglycosides, tetracycline, piperacillin, and the fluor-
oquinolones (Goldstein et al. 1998, l999a,b; Holst et al.
1992; Potedras et al. 1993).

Pasteurella dagmatis

P. dagmatis is a part of the oral flora of dogs and cats
and is associated with bites and scratches from these
animals. Of 159 Pasteurella strains submitted to a veter-

inary laboratory in Denmark. five isolates were identi-
fled as P. dagmatis (Holst et al. 1992). Human infections
with this organism included single isolates from a cellu-
litis, a groin abscess, a throat abscess, and two isolates
from dog-bite wounds. P. dagmatis has also been recov-
ered from cat-bite wounds (Zbinden et al. 1988). This
organism is a rare cause of pneumonia, bacteremia, and
endocarditis (Fajfar-Whetstone et al. 1995; Rosenbach
et al. 200I; Sorbello et al. 1994).

After 24 h, colonies of P. dagmatis are l-3 mm in
diameter and are nonhemolytic on sheep blood agar. This
organism is oxidase- and catalase-positive, indole-positive,

urease-positive, and ornithine decarboxylase-negative, and
produces small amounts of gas from glucose (some isolates
of this species were previously referred to a Pasteurella gas)
(Table 64.1). No growth is seen on MacConkey agar. P.
dagmatis isolates from human infections have been suscep-
tible to penicillin, ampicillin, ticarcillin, cephalosporins and
cephamycins, aminoglycosides, tetracycline, ciprofloxacin,
and trimethoprim-sulfamethoxazole (Fajfar-Whetstone

et al. 1995; Sorbello et al. 1994).

Pasteurella bettyae

P. bettyae (formerly known as CDC group HB-5 and
then as P. bettii) has been isolated primarily from the
genitourinary tract and related specimens (i.e. vagina,

cervix, urethra, and amniotic fluid). In 1989, a cluster of
flve patients with urethritis, pelvic inflammatory disease,
or Bartholin's gland abscesses was identifled in
Tennessee, USA, in which P. bettyae was isolated as the
etiologic agent. This outbreak suggested that the
organism may be a sexually transmitted pathogen
(Baddour et al. 1989). P. bettyae may also be associated
with genital ulcer disease. In a study performed in
Rwanda, the organism was isolated from 25 (3.6

percent) of 675 patients (204 women and 471 men) with
genital ulcer disease, but from only one of 983 patients

without genital ulcer disease (Bogaerts et al. 1990). Of
145 men with a urethal discharge but without genital
ulcers, P. bettyae was isolated from only one patient. In
1996, P. bettyae was isolated from blood cultures of a25-
year-old woman with peripartum bacteremia and as a

cause of fatal pneumonia and pleural effusion in a 40-

year-old man with HIV infection (Moritz et al. 1996;

Shapiro et al. 1996).

P. bettyae is a gram-negative coccobacillus that grows

on both blood agar and chocolate agar; ability to grow

on MacConkey agar is variable. After 24 h of incubation

in a CO2 environment, colonies are 0.5-1 mm ln

diameter, nonhemolytic, smooth, and white. The

organism is oxidase-variable or delayed, although posi-

tive results are usually obtained with the tetra-

methylphenylene diamine reagent. The catalase reaction

is usually negative. Nitrate is reduced to nitrite, but not

to gas, and ornithine decarboxylase and urease are not

produced. Acid is formed from glucose (along with

gas) and sometimes mannose, but not from maltose,

sucrose, lactose, mannitol, sorbitol, trehalose, or xylose

(Table 64.2). Indole production after overnight incuba-

tion in tryptone broth is a variable reaction. The amount

of indole formed may be small, so xylene extraction of

the broth and use of Ehrlich's indole reagent are often

required for its detection.

P. bettyae isolates are usually susceptible to ampicillin,

cephalosporins, aztreonam, imipenem, fluoroquinolones,

aminoglycosides, trimethoprim, and trimethoprim-sulfa-

methoxazole, and are resistant to erythromycin, clin-

damycin, vancomycin, and tetracycline. All five isolates

recovered in the Tennessee cluster were susceptible to

ampicillin, whereas seven of the 24 isolates tested from

the Rwanda study were ampicillin-resistant and

produced a p-lactamase (Baddour et al. 1989; Bogaerts

et al.  1990).

Pasteurella caballi

P. caballi is an inhabitant of the upper respiratory tract

of horses (Blackall et al.1997; Schlater et al. 1989). This

organism has also been isolated in pure and/or mixed

culture from equine infections, including endocarditis,

pneumonia, peritonitis, wounds, abscesses, and genital

tract infections (Church et al. 1998; Schlater et al. 1989).

Documented cases of human P. caballi infection include

an inflammatory, fluctuant flnger lesion that occurred in

a veterinarian who worked with horses and ponies, and

from a horse-bite wound (Bisgaard et al. I99l; Escande

et al. 1997). Isolates of P. caballi are usually oxidase-

positive, catalase-negative, and nonhemolytic on sheep

blood agar, and do not grow on MacConkey agar. Indole

and urease are not produced, although some strains are

ornithine decarboxylase-positive. P. caballi strains are

broadly susceptible to antimicrobial agents; some strains,

however, are resistant to lincomycin, streptomycin, and

sulfonamides and are intermediate in susceptibility to

penicillin G (Schlater et al. 1989). The isolate obtained

from the veterinarian was susceptible to all anti-

microbials tested, except penicillin and the sulfonamides

(Bisgaard et al. 1991).
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Pasteu rel Ia ga I I i n a ru m

P. gallinarum is a gram-negative coccobacillus that
primarily inhabits the respiratory tract of domestic fowl,
although isolates have also been obtained from pigs and
rats (Christensen et al. 2002c). The first report of a
human infection with P. gallinarum appeared in 1995,
when the organism was recovered from blood cultures of
a 72-year-old Saudi male who developed endocarditis 10
years after surgical repair of a ventricular septal defect
(Al Fadel Saleh et al. 1995). The isolate in this report
was susceptible to penicillin, ampicillin, and cefotaxime,
and the patient responded to 6 weeks of therapy with
the latter two agents. Interestingly, the patient did not
report any bites, scratches, or contact with any animals.
A second report of a human infection appeared in 1,999
from Japan, when P. gallinarum was isolated from blood
cultures of a 34-year-old man with acute gastroenteritis
(Arashima et al.  1999).

Isolates of P. gallinarum ate oxidase- and catalase-
positive and nonhemolytic on sheep blood agar and do
not grow on MacConkey agar. Indole, urease, and orni-
thine decarboxylase are not produced. This isolate was
susceptible to ampicillin, cefazolin, cefotaxime, azithro-
mycin, imipenem, norfloxacin, and the aminoglycosides,
and the patient responded to cefazolin therapy.

MANNHEIM'A SPECIES

Characteristic

Hemolysis

Oxidase
Catalase
Alka l ine  phosphatase

Nitrate reduction

Urease
Indo le

Lysine decarboxylase
Ornithine decarboxylase
Glucose, gas

Acid from:

Ga lactose

Sucrose
r-Arabinose

Inositol
Sa l i c in

Escu l in
Mann i to l

Sorbitol
Dulcitol

Members of the former P. haemolytica complex are rarely
isolated from humans, and infections have usually resulted

Table 54.3 Phenotypic characteristics for identification of Mannheimia species

from occupational or recreational exposure to animals.

Rivera and colleagues reported a case of aortic graft infec-

tion due to both P. haemolytica biotype A (M. haemoly-

tica) and group C B-hemolytic streptococci in a 5O-year-old

man (Rivera et al. 1994). Yaneza and colleagues reported

a case of endocarditis due to this organism (Yaneza et al.

1991). This patient had no contact with cattle or other

farm animals. M. haemolydca isolates are susceptible to

penicillin, ampicillin, amoxicillin-clavulanate, macrolides

(i.e. azithromycin, clarithromycin, erythromycin), chlor-

amphenicol, the aminoglycosides, and the fluor-

oquinolones, but are resistant to linezolid (Goldstein et al.

1999a, b). Biochemical characteristics for the identification

of Mannheimia species are found in Table 64.3.

GALLI BACTE RI U M SPECI ES

G. anatis and Gallibacterium genomospecies 1 are causes

of salpingitis, peritonitis, and respiratory tract infections

in chickens (Christensen et al. 2003; Lin et al. 2001).

These organisms have not been isolated from infections

in humans.

ACTI NO BACI LLU S SPECI ES

TAXONOMY

Actinobacillus species are small, gram-negative, non-

motile, nonsporeforming bacilli that are predominantly

found in animals. Besides the association with animals,

these orsanisms are similar to members of the eenus

M.haemolytica M, granulomatis

+ -
+ o

+ o
+ +

+ +

i

+

M. glucosida

+
+

+

f

f

(+)

T

M, ruminalis M, varigena

V +
+ +

J

+

t

+

+

i

f i

f

+

+

+, 90 percent or more of the strains positive within 1 2 days; (+), 90 percent or more of the strains positive within 3-1 4 days; , less than ten percent of
the strains positive within 14 days; d, delayed reaction; V, 1 1-89 percent of the strains positive; +*, weak positive
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Pasteurella in many of their cultural and phenotypic

characteristics. The gents Actinobacillus is hetero-

geneous and contains Actinobacillus species defined on

the basis of hybridization and sequencing data as species

sensu stricto, as well as species located outside the genus

either in prospective genera of Pasteurellaceae or other

families. The established species A lignieresii, A. suis, A.

capsulatus, A. equuli, A pleuropneumoniae (formerly

Haemophilus pleuropneumonaie), and A. hominis repre-

sent the core group of true actinobacilli. In 1986, the

former Pasteurella species P. ureae was formally trans-

ferred to the genus Actinobacillus as Actinobacillus

ureae; this species is also a member of the genus sensu

stricto (Dewhirst et al. 1992; Mutters et al. L986). Other

Actinobacillus species that have been described, such as

A. capsulatus, A. muris, and A. seminis, clearly belong to

other genera based on DNA-rRNA hybridization and

165 rRNA sequencing (Dewhirst et al. 1992; Mutters

et al. 1986). The genus also includes some of Bisgaards

taxa; Bisgaard taxon 9 is now classified as A. arthritidis

and Bisgaard taxon 11 is now classified as A. equuli

subsp. haemolyticus (Blackall et al. 1997; Christensen

et al. 2002a, b). Actinobacll/us genomospecies 2 repre-

sent A. lignieresii-l1ke strains isolated from horses

(Christensen et al. 2002a). Bisgaard taxon 5 remains

unnamed at this time. The former Bisgaard taxon 12 has

been named as A. muris. A. seminis and A. rossii are

located outside the genus Actinobacillus (Foster et al

1999). A. scotiae, A succinogenes, A. delphinicola, A.

minor, A. indolicus, and A. porcina.r have also been clas-

sified as additional Actinobacillus (Foster et al. 1996,
.1998; 

Guettler et al. 1999; Maller et al. 1996). A. salpin'

gltidls, which includes biovars 5 and 8 of the avian P.

haemolytica/P. anatis/A salpingitidis complex, has been

reclassified as genomospecies 1 of the newly described

Pasteurellaceae genus Gallibacterium (which also

includes the former Pasteurella anatis as Gallibacterium

anatis) on the basis of a polyphasic approach using 165

rRNA sequencing, DNA-DNA hybridization, pulsed

field gel electrophoresis (PFGE), amplified fragment

length polymorphism (AFLP), and other techniques

(Christensen et al. 2003). The biochemical characteristics

for identification of Actinobacillus species sensu stricto

are found in Table 64.4, while those species of provi-

sional taxonomic status are found in Table 64.5.

As mentioned, most Actinobacillus species are asso-

ciated with animals. Members of the genus and their

animal associations include A. lignieresii (horses), A.

equuli (prrmarily horses), A. capsulalrs (rabbits), A.

muris (mice), A. seminis (sheep, rams), A. delphinicola

(sea mammals), A. scotiae (porpoises), and A. succino'

genes (bovine rumen). A. pleuropneumoniae, A. suis, A

rossii, A. minor, A. porcinus, and A. indolicr.rs are found

in the respiratory tract of swine. Genetically confimed

A suis has also been isolated from a cat (Daignault et al.

1999). Three species - A. actinomycetemcomitans, A.

ureae. and A. hominis - are found in humans.

Members of the genus Actinobacillus are small cocco-

bacillary, nonsporeforming, gram-negative bacteria. On

blood and chocolate agar, they form small, translucent

Tabfe 54.4 Phenotypic charcteristics for identification of Actinobacillus species sensu stilcto

A. pleuro-
A. equuli pneumoniae A, suis

+ + +

V + +
+ +

+ + r

+ -

Characteristic

Oxidase

Cata lase

Alkal ine phosphatase

U rease

NAD dependence

Orn i thine deca rboxylase
Esculin hydrolysis

Acid from:

Arabinose

Galactose
Inositol

Lactose
Maltose

Mann i to l

Mannose

Sal ic in

Sorbitol
Sucrose

Treha lose
Xylose

A. lignieresii

+

+

A. arthritidis

+

A. hominis A. ureae

+ +

+
+ +

+ +

d -

(+)

V
+ +

+ (+)

V V

V _

(+

d

+

+
+

o

+

+

+ +

(+)

+ -

v (+)

) (+) (+)

+ +
- +

+ +

+

+ +

+ -
+ +(+) +

+, 90 percent or more of the strains positive within 1 2 days; (+), 90 percent or more of the strains positive within 3-14 days; , less than ten percent of

the strains positiv,: within 14 days; d, delayed reaction; V, variable; 1 1-89 percent of the strains positive
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colonies of 12 mm diameter. In comparison with

Pasteurella, colonies of Actinobacillus species are

smaller All members of the genus Actinobacillus are

positive for either oxidase or alkaline phosphatase. As

with other members of the family Pasteurellaceae, these

organisms reduce nitrate to nitrite, do not grow in

Simmons's citrate medium, and do not acidify adonitol

or sorbose. Acid is produced from glucose, fructose,

sucrose, and xylose without gas formation, and no acid is

produced from inositol and dulcitol. -frte Actinobacillus

species are usually urease-positive and acidify maltose

and mannitol, but not trehalose. Tests for ornithine

decarboxylase, arginine dihydrolase, and indole are

usually negative. The G + C content of the DNA is 40-

43 mol/". The type species is A. lignieresii.

A. actinomycetemcomitans, the principal human isolate,

shares many cultural and biochemical characteristics with

the haemophili. Transformation, DNA hybridization, 165

rRNA sequence data, and immunodiffusion studies have

demonstrated that A. actinomycetemcomitans is more

closely related to H. aphrophilus, H. paraphrophilus, and

H. segnis than to the other Actinobacillus species (Olsen

et at.1999; Tanner et al. 1982). In 1985, a proposal was

made to transfer A. actinomycetemcomitans to the genus

Haemophilus as Haemophilus actinomycetemcomitans
(Potts et al. t985). However, this proposal was rejected

due to a lack of similarity to the type species of genus

Haemophilus (r.e. H. influeneae). Others have argued that

A. actinomycetemcomitans and H. aphropftilzs should not

be included in the genus Haemophilus because they do

not require X or V factors. However, recently described

species from swine - A. minor, A. porcinus, and A. indo-

licus - are all V-factor-dependent, as rs A. pleur-

opneumoniae. At the present time Actinobacll/as species,

including A. actinomycetemcomitans, remain in the family

Pasteurellaceae, which is now included among the y-

Proteobacteria (Garrity and Holt 2000).

VIRULENCE AND PATHOGENICITY OF
ACTI NOBACI LLUS SPECI ES

Acti n oba ci I I u s acti no mycetemcom ita n s

The most important Actinobacillus in human infections,

A. actinomycetemcomians is implicated in periodontal

infections (see below), but the exact role of the organism

in these infectious processes is not clear. Several potential

virulence factors have been identifled in strains of A. acti-

nomycetemcomitans. Isolates produce a leukotoxin, which

is a 116-kDa protein that binds to cell membranes of

neutrophils, monocytes, and T-lymphocytes (Taichman

et al. 1980). In contrast to other RTX toxins, the leuko-

toxin of A. actinomycetemcomitans exists in both cell-asso-

ciated and extracellular forms (Kachlany et al. 2000).

Highly leukotoxic forms appear to exhibit increased

pathogenic potential (Guthmiller et al. 2001). The toxin

induces pore formation in cell membranes, causes degra-

nulation of lysosomal contents to the polymorphonuclear

cell surface, induces cleavage and fragmentation of chro-

mosomal DNA, possibly by activation of endogenous

nucleases, and protects the organism from phagocytosis

(Johansson et al. 2000; Mangan et al. 1991). Production of

leukotoxin in the supragingival area may result in loca-

lized degranulation of polymorphonuclear leukocytes

(PMN) and release of lysosomal contents that may

enhance inflammation and cause the localized immuno-

suppression central to the develoPment of periodontal

lesions. This toxin is encoded by an operon consisting of

four genes (ltxC, ltxA, ltxB, and ltxD), of which ft.rA is the

structural gene (Kolodrubetz et al. 1996). The ltxC protein

is required for activation of the leukotoxin protein, while

the ItxB and ltxD gene products are involved in secretion

of the toxin polypeptide (He et al. 1999). Essentially all A.

actinomycetemcomitans strains contain the leukotoxin

operon, but the level of leukotoxin produced by different

strains varies (Hitz et al. 1996). Some highly leukotoxic

strains of A. actinomycetemcomitans produce ten to 20

times more leukotoxin than minimally leukotoxic strains

due to the presence of a 530-bp deletion within the toxin

promoter region or to the presence of an insertion

sequence element adjacent to the leukotoxin promoter

region (Brogan et al. 1994; Haubek et al. 1995; He et al.

1999). These highly toxic clones are associated with loca-

lized juvenile periodontitis and other severe periodontal

infections (Zambon et al. 1996).

In addition to leukotoxin, several other putative viru-

lence factors have been described in strains of A. actino-

mycetemcomitans. Fresh isolates possess long fimbriae

that are maximally produced under anaerobic conditions

and are lost on serial subculture (Scannapieco et al.

1987). These fimbriae are composed of a 52-54-kDa

subunit protein. Fimbriated cells aggregate sponta-

neously, demonstrate increased adherence to hydro-

xyapatite beads, and promote adherence to and coloni-

zation of oral mucosal surfaces and tissues, respectively

(Mintz and Fives-Taylor 1994a). A gene locus was

recently identified in A. actinomycetemcomitans strains

that had greater than 90 percent sequence identity with

the cytotoxin distending gene (cdt) of some pathogenic

E. coli strains arrd H. ducreyl (Mayer et al. 1999). Strains

possessing this gene produced toxin in vitro, while natu-

rally occurring toxin-negative strains had large deletions

within the cdt gene locus itself. In vitro, cytolethal

distending toxin causes distention and death of Chinese

hamster ovary and other cell lines and is able to cause

cell cycle arrest of lymphocytes (Tan et al. 2002).

Among the periodontopathogenic bacterial species

found in the oral cavity, A. actinomycetemcomitans is

the only one that has been found to produce this toxin

(Yamano et al. 2003). The cytotoxic and immunosup-

pressive properties of this toxin may function to cripple

the host immunity and contribute to the pathogenesis of

aggressive periodontitis.
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A. actinomycetemcomitans is able to actively invade
human cells and cell lines (Brissette and Fives-Taylor
1999). This ability may protect the organism from
humoral and cellular immune factors and from the effects
of some antimicrobial agents. Cellular invasion by A. acti-
nomycetemcomitans involves both actin-dependent and
actin-independent pathways. Invasiveness is not asso-
ciated with any particular strain type as defined by
restriction fragment length polymorphism analysis, and
leukotoxin production is seen more frequently in nonin-
vasive strains of A. actinomycetemcomitans (Lepine et al.
1998). A surface polysaccharide antigen of A. actmomyce-
temcomitans has also been shown to stimulate bone
resorption in a mouse bone culture system and and to
induce osteoclast-like cells in mouse bone-marrow tissue
cultures (Ueda et al. 1995). Alveolar bone loss during the
pathogenesis of periodontal infections such as localized
juvenile periodontitis may reflect the activity of this
antigen in vivo. Ochiai and colleagues isolated and puri-
fied an immunosuppressive fraction (ISF) from A. actino-
mycetemcomifans, immunized animals with ISF, and
performed adoptive transfer experiments to provide
sensitized T-cells to unimmunized mice (Ochiai et al.
1994) These ISF-induced T-cells exerted an immunosup-
pressive effect on B-cell:function and on the production
of antibodies against A. actinomycetemcomitans. ISF may
act as a virulence factor by suppressing localized antibody
production, thereby preventing opsonization and micro-
bial clearance. Lastly, the cell wall LPS of A. actirutmyce-
temcomitans possesses endotoxic properties similar to
those of other bacteria. In the gingival crevices, LPS
stimulates osteoclasts to initiate bone resorption, activates
complement, and induces lysosomal release from poly-
morphonuclear leukocytes.

A. actinomycetemcomitans strains also produce
several enzymes and other factors that may contribute
to virulence. Enzymes that are able to degrade
immunoglobulins G, M, and A are producedby A. acti-
nomycetemcomitans and may prevent opsonization by
antibody (Gregory et al. \992). Cell-associated and
extracellular components are also produced that are
able to bind the Fc region of immunoglobulin mole-
cules (Tol lo and Helgeland 1991). Release of these
molecules from the organism may contribute to period-
ontitis by interfering with bacterial opsonization,
phagocytic activity of polymorphonuclear cells, and
fixation of complement by antigen-antibody complexes.
This binding component is apparently a 25-32-kDa
outer-membrane protein (OMP) related to the OmpA
of E. coli (Mintz and Fives-Taylor 1994b). A. actinomy-
cetemcomitans strains also produce collagenases and
proteases that may act on connective tissue and base-
ment-membrane collagens (Gazi et al. 1997; Robertson
et al. 1982). These enzymes may function to facilitate
spread of the organism in the soft tissue and to
generate small peptides that have biological activity as
mediators of inflammation.

Acti nobaci I I us pleu ropneu mon i ae

In animal production facilities A. pleuropneumoniae is a
significant pathogen of swine. The species causes a
severe and often fatal fibrinous hemorrhagic broncho-
pneumonia as well as acute infections. A. pleuro-
pneumoniae produces three different RTX toxins, the
so-called Apx toxins. Similar toxins are produced by
porcine A. suis and A. rossii (Kamp et al. 1994; Kuhnert
et al. 2003; Schaller et al. 2000). In addition to RTX
toxins, 1. pleuropneumoniae stratns express transferrin-
binding proteins and urease during infection. It could be
shown that urease activity may cause sufficient impair-
ment of the local immune response. The ability to utilize
transferrin-bound iron is presumably required for multi-
plication and persistence of A. pleuropneumoniae in the
porcine respiratory tract. Construction of bacterial
mutants with deletions in both transferrin-binding
protein genes resulted in strains that were unable to
cause symptomatic infections and to engender an
immune response. These transferrin-binding proteins

could be regarded as virulence factors of A. pleur-

opneumoniae (Baltes et al. 200I, 2002).

ACTINOBACILLUS
ACTI N O M YCETE M CO M ITAN S

Cl in ical  s igni f icance

A. actinomycetemcomitans is a part of the normal flora of
the oral cavity, particularly in the gingival and supra-
gingival crevices. Based on reactions of specific mono-
clonal antibodies with exposed, cell-surface carbohydrate
moieties of the LPS, this species can be divided into six
serotypes, designated a to f (Gmur et al. 1993). Serotypes
a, b, and c are the most prevalent, comprising more than
80 percent of oral strains with equal frequencies (Saarela

et al. 1999). While it has been suggested that certain sero-
types (e.g. serotype b) may be associated with specific
forms of periodontal disease, biotyping and rRNA gene
probe studies have demonstrated significant phenotypic

and genomic heterogeneity among strains belonging to the
same serotype (Asikainen et al. 1995; Dogan et al. 1999b;
Saarela et al. 1993). Different strains within the same
serotype may also be detected with arbitrarily primed
polymerase chain reaction (PCR) and PCR-restriction
fragment length polymorphism analyses (Dogan et al.
1999a). Additional studies using sequence analysis of 165
rRNA genes, and PCR assays for leukotoxin, cytolethal
distending toxin, major fimbrial subunit antigen, and sero-
type-specific O-polysaccharide genes have shown that A.
actinomycetemcomitans strains can be divided into three
lineages consisting of all serotype b strains, all serotype c
strains, and strains belonging to serotypes a, d, e, and f
(Kaplan et aL.2002). All of these serotypes and lineages
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have been isolated from patients with periodontal disease,

indicating that all of them have pathogenic potential.

A. actinomycetemcomitans is associated with actino-

mycotic infections, endocarditis, bacteremia, wound

infections, and dental infections. The organism's name is

derived from its recognized concomitant isolation with

Actinomyces species from abscesses and other infections

(Amrikachi et al. 2000; Kuijper et al. 1992; Zijlstra et al.

1992) A. actinomycetemcomitans is also a cause of both

native valve and prosthetic valve endocarditis (Collazos

et al.1994; Kaplan et al. 1989; Steitz et al. 1998). Native

valve endocarditis usually occurs in individuals with

antecedent valvular damage due to congenital heart

diseases (e.g. congenital aortic stenosis, bicuspid aortic

valve disease, atrial-venticular septal defect, or mitral

valve insufficiency due to rheumatic heart disease). Pros-

thetic mitral and aortic valve endocarditis have also

been reported in individuals with porcine and mechan-

ical valves and pacemakers, and localized complications

have included pericarditis and paravalvular abscess (Van

Winkelhoff et al. 1993;, Wilson 1989). Predisposing

factors in the development of A. actinomycetemcomitans

endocarditis include poor dentition or recent dental

manipulations. A. actinomycetemcomitans endocarditis

usually follows an indolent course. Fever, weight loss,

chills, cough, and night sweats are common, along with a

heart murmur. Hepatosplenomegaly and conjunctival or

splinter hemorrhages are variably present. Complic-

ations include septic emboli, coronary arteritis, vascu-

litis, congestive heart failure, valvular damage requiring

prosthetic valve placement or replacement, infectious

complications of hematogenous dissemination (e.g.

endophthalmitis, glomerulonephritis, septic arthritis),

and death (Binder et al. 2003; Kaplan et al. 1989; Lass

et al. 1984; Steitz et al. 1998; Viallard et al. 2002).

A. actinomycetemcomitans is a recognized pathogen in

the development of periodontitis, particularly in younger

individuals. This organism is causally related related to a

type of early-onset periodontitis called localized juvenile

periodontitis (LJP) (Gustke 1998a). LJP is a disease of

older children and young adults (aged L2-26 years) that

is characterized by rapid degeneration and destruction

of the alveolar bone supporting the first permanent

molars and incisors. Subgingival bone loss in these areas

results in the development of deep gingival pockets that

bleed readily with probing. During the development of

this condition, there is ordinarily minimal plaque and

calculus accumulation and little apparent gingival

inflammation (Gustke 1998a). Progression of bone loss

to involve adjacent teeth leads to generalized juvenile

periodontitis or rapidly progressive periodontitis. In the

USA, periodontal disease associated with A. actinomyce-

temcomitans is more common among African-American,

Asian, and Hispanic individuals than among Caucasians
(Slots 1999).

Periodontal disease associated with A. actinomycetem-

comitans evokes both svstemic and localized immune

responses. LJP patients produce high titers of serum IgG

to A. actinomycetemcomitans serotype antigens, which

are O-side chain oligosaccharides in the cell-wall LPS

(Gu et al. 1998). The LPS of the organism also induces

localized gingival inflammation and allows the organism

to establish itself in subgingival plaque. In addition to a

potent leukotoxin and an LPS, A. actinomycetemcomi-

/ans produces several other properties that contribute to

its virulence as a periodontal pathogen (see above).

Some of these factors also stimulate the production of

antibodies in serum and crevicular fluid (Gu et al. 1998).

The immune response to microbial antigens may help to

limit the periodontal process and failure to stimulate

humoral or cell-mediated responses against the organism

and/or its products may be partially responsible for

progression to more severe, generalized periodontal

disease. In addition to LJP and other generalized forms

of periodontal disease, A. actinomycetemcomitans is also

implicated in the pathogenesis of Papillon-Lefevre

syndrome, which is an inherited disease characterized by

hyperkeratosis of the palms and soles and extensive

periodontal destruction, resulting in the loss of both

primary and permanent teeth (Velazco et al. 1999).

Other infections caused by A. actinomycetemcomtans

result from contiguous spread of the organism from its

habitat in the oral cavity or from hematogenous dissemi-

nation during bacteremia. These infections include brain

abscess, cervical lymphadenitis, cellulitis, septic arthritis,

osteomyelitis, vertebral discitis, and ostreomyelitis,

subcutaneous and intra-abdominal abscesses, and urinary

tract infections (Hammerbetg et al' 1998; Kaplan et al.

1989; Molina et al. 1994; Nashi et al. 1998; Zlilstta et al.

1992). Pulmonary infections with A. actinomycetem-

comitans in the absence of Actinomyces specles ate rare,

with only four cases reported before 1990 in the English

literature. In a case reported by Yuan and coworkers,

the infection involved the lung, the soft tissue of the

chest wall, and the overlying ribs and sternum (Yuan

et al. 1992). The portals of entry for these various types

of infections have included oral lesions, prior pulmonary

infections, skin abrasions, thoracotomy sites' and urinary

tract instrumentation.

Cultural characteristics and
identif ication

A. actinomycetemcomitans grows slowly on chocolate and

blood agars, with visible colonies appearing after 48J2 h.

Colonies are small, smooth, translucent, and nonhemo-

lytic, and have slightly irregular edges. Fresh clinical

isolates are adherent to the agar and are difficult to emul-

sify. With prolonged incubation (i.e. 5-:7 days), colonies

may develop a central density that appears as a four- or

six-pointed star. This characteristic is lost on repeated

subculture and the colonies become less adherent. As with

H. aphrophilus, growth in broth is scant and adherent to

the sides of the tube. On Gram stain, the organisms
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appear as pale staining, gram-negative coccobacilli.
Longer cells may be noted after several subcultures.

Characteristics for identilication of A. actinomycetem-
comitans include lack of growth on MacConkey and
other enteric agars and positive reactions for catalase
production and nitrate reduction (Table 64.5). The
organism is oxidase-negative (occasional strains may be
weakly positive), is urease-negative, does not produce
indole, and does not require X or V factors. Lysine and
ornithine decarboxylase and arginine dihydrolase reac-
tlons are negative. Most strains strongly ferment glucose,
fructose, and mannose; acid production from maltose,
mannitof, and xylose varies. -4. actinomycetemcomitans
can be differentiated from 1L aphrophilus in that the
former is catalase-positive and o-nitrophenyl-B-t-galac-
topyranoside (ONPG)-negative, and acid is not pro-
duced from lactose, sucrose, or trehalose.

Molecular methods for detection and identification of
A. actinomycetemcomitans have also been described
(Dogan et aL. 1999a; Riggio and Lennon 1997). Genetic
studies have shown that the gene for the 23S ribosomal
RNA is split into two smaller forms in A. actinomycetem-
comitans, while the transcript is continuous in H. aphro-
philus, H. paraphrophilus, H. segnis, and H. influenqae
(Preus et al. 1992). Recognition of this atypical RNA
pattern on polyacrylamide gel electrophoresis can
provide accurate identification and strain differentiation.
Direct probe- and amplified probe-based methods have
also been developed for detection of A. actinomyce-
temcomitans and other periodontal pathogens directly in
subgingival plaque samples (Komiya et al. 2000; Tran
and Rudney 1999). Amplification of the lktA gene,
the structural gene for the A. actinomycetemcomitans
leukotoxin, has also been used for identification and
direct detection of the organism in gingival fluid and
subgingival plaque (Goncharoff et al. 1993). While
typrng and char acterization of ,4. actinomy ce temc o mitans
strains may be accomplished by serology, other tradi-
tional and molecular-based methods that have been used
include antibiogram typing, biotyping based on fermen-
tation of mannose, mannitol, and xylose, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-pAGE)
of outer-membrane proteins, restriction endonuclease
analysis of whole chromosomal DNA, restriction frag-
ment length polymorphisms, and ribotyping (Asikainen
et al. 1995; Han et al. 19911' Suzuki et al. 2001; Van
Steenbergan et al. 1994). Molecular-based assays may be
of particular value in differentiating atypical strains of
A. actinomycetemcomitans (".g. catalase-negative
strains) from hemophili and for epidemiological studies
(Riggio and Lennon 1997).

Antimicrobial susceptibil i ty

Strains of A. actinomycetemcomitan.r are susceptible to
third-generation cephalosporins (e.g. ceftriaxone, cefur-

oxime, cefixime, cefotaxime, ceftazidime, cefipime),
fluoroquinolones (".g. ciprofloxacin, ofloxacin, levo-
floxacin, clinafloxaccin), tetracycline, doxycycline,
azithromycin, trimethoprim-sulfamethoxazole, rifampin,
and the aminoglycosides (Kugler et al. 1999; Madinier' 
et al. 1999; Muller et aI.2002; Pajukanta et al. 1992a,b,
1993). While amoxicillin shows good activity against A
actinomycetemcomitans, between 30 and 40 percent of
strains are resistant to benzylpenicillin (Kugler et al.
1999; Madinier et al. 1999; Paju et al. 2000). Penicillin-
resistant strains do not produce BJactamase enzymes, so
resistance is presumably due to altered penicillin-binding
proteins (Paju et al. 2000). Amoxicillin-clavulanate does
not demonstrate any greater activity than amoxicillin
alone, which further supports the lack of B-lactamase
activity (Madinier er al. 1999). In vitro susceptibility to
amoxicillin does not necessarily predict a favorable clin-
ical outcome, and because of this, the third-generation
cephalosporins (i.e. ceftriaxone) are considered the
drugs of choice for empiric therapy of serious infections,
such as endocarditis (Wilson et al. 1995). In vitro studies
indicate that combinations of antimicrobial agents for
the treatment of A. actinomycetemcomitans endocarditis
may be synergistic, additive, or antagonistic (Pavicic
et al. 1992). Hence, the efficacy of combination therapy
cannot be predicted and must be determined for indivi-
dual strains by either an agar dilution technique or an
E-test (Pajukanta et al. I992b).

Treatment of A. actinomycetemcomitans-associated
periodontal disease involves subgingival debridement,
scaling, root planing, and antimicrobial therapy directed
against periodontitis-associated bacteria. Successful
treatment partially depends on the eradication and
suppression of A. actinomycetemcomilans and other
bacteria from deep periodontal pockets. The currently
recommended regimen includes tetracycline, or doxycy-
cline, or combination therapy with amoxicillin and
metronidazole (Gustke 1998b). While most strains have
remained susceptible to tetracyclines, the agents of
choice for many years, plasmid-associated, tetb-mediated
tetracycline resistance in A. actinomycetemcomitans has
been reported (Roe et al. L995; Walker and Karpinia
2002). The amoxicillin-metronidazole combination is
associated with fewer treatment failures and effectively
eradicates and suppresses subgingival growth of A. acti-
nomycetemcomitans (Yan Winkelhoff et al. 1992). Since
most strains of A. actinomycetemcomitans are resistant
to metronidazole in vitro, success of the combination
therapy may be partially due to the activity of amox-
icillin on A. actinomycetemcomitan^r and the broad
activity of metronidazole against coinfecting anaerobic
periodontal organisms (t.e. Prevotella and Porphyr-
omonas species). Fluoroquinolones (e.g. ciprofloxacin,
moxifloxacin) may also be effective agents for the treat-
ment of A. actinomycetemcomitans-associated period-
ontal infections (Kleinfelder et al. 2000; Muller et al.
2002).
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ACTINOBACILLUS UREAE

Genetic and phenotypic studies have shown that several

Pasteurella species (i.e. P. ureae, P. pneumotropica, ar'd

P. aerogenes) are closely related to animal species in the

gen:s Actinobacillus (Bia et al. 1978; Dewhirst et al.

L992; Escande et al. 1984; Mutters et al. 1984). Pheno-

typic similarities include similar oxidase and catalase

reactions, reduction of nitrate to nitrite, growth on

MacConkey agar, production of urease, and fermenta-

tion of several carbohydrates (Table 64.4). At present,

P. ureae is the only species that has formally been trans-

ferred to the genus Actinobacillus as Actinobacillus

ureae (Mutters et al. 1986).

A. ureae is an uncommon commensal of the human

respiratory tract and a rare isolate from several types of

human infections, including bacteremia, endocarditis,

meningitis, bone-marrow infection, atrophic rhinitis,

bronchitis, pneumonia, conjunctivitis, otitis media, and

peritonitis (Avlami et al. 1997; Bigel et al. 1988;

Bogaerts et al. 1985; Brass et al. 1983; Kingsland and

Guss 1995; Noble et al. 1987). In most cases, an under-

lying or predisposing condition is present, such as post-

surgical infection, diabetes, periodontal disease, emphy-

sema, or alcohol-associated cirrhosis of the liver. Cases

of meningitis have been associated with previous skull

trauma (assault, cranial surgery) and with underlying

disease, including HIV infection (Kaka et al. 1994;

Kingsland and Guss L995).

A. ureae is a pleomorphic gram-negative bacillus; on

staining, some strains form distinct filaments. After 24-h

growth on blood agar in a CO2-enriched atmosphere,

colonies are smooth, L mm in diameter, and nonhemo-

lytic or weakly cr-hemolytic. Some isolates may appear

mucoid. The organism is usually oxidase- and catalase-

positive, reduces nitrate to nitrite, does not ordinarily

grow on MacConkey agar, and hydrolyzes urea rapidly

(Table 64.4). No indole is produced, and lysine and orni-

thine decarboxylase and arginine dihydrolase reactions

are negative. Acid is produced from glucose, maltose,

sucrose, and mannitol; no acid is produced from lactose,

xylose, or trehalose The other biochemically similar

Actinobacillus species may be differentiated from -4.

ureae by acid production from additional carbohydrates

(e.g. lactose and xylose) and by the abilities of the

former species to grow on MacConkey agar. Molecular

methods have also been used for the diagnosis of ,4.

ureae meningitis (Whitelaw et aL.2002). A. ureae strarns

are susceptible to most antimicrobial agents, including

penicillin, ampicillin, cephalothin, cefoxitin, tetracycline,

trimethoprim-sulfamethoxazole, and the aminoglycosides.

ACTI NO BACI LLU S HO M I N IS

A- hominis is a rare human isolate that has been recov-

ered from sputum specimens of individuals with chronic

lung disease and from empyema fluid (Friis MOller 1981).

Wust and colleagues reported on two patients with

hepatic failure due to chronic hepatitis B infection and

alcoholic cirrhosis, respectively, in which A. hominis

septicemia occurred as the terminal event in their illness
(Wiist et al. 1991). In a study conducted in Copenhagen

on 36 patients with A. hominis lower respiratory tract

infection and/or bacteremia, chronic alcoholism, cardio-

vascular disease, drug addiction, chronic psychiatric disor-

ders, and chronic obstructive pulmonary disease were

frequent predisposing factors (Friis-M@ller et al.2001'). A.

hominis strains are usually oxidase-positive and catalase-

negative and do not grow on MacConkey agar. The

organism is strongly urease-positive but does not produce

indole or ornithine decarboxylase (Table 64.4).

ANIMAL SPECIES IN THE GENUS
ACTINOBACILLUS

Actinobacillu^s species found in animals include ,4.

lignieresii, A. equuli sttbsp. equuli, A. equuli snbsp.

haemolyticus, A. suis, A. pleuropneumoniae, A. seminis,

A. muris, A. capsulatus, A. rossii, A. delphinicola, A.

scotiae, A. succinogenes, A. arthriditis, A. minor, A'

porcinus, and A. indolicus (Christensen et al. 2002a, b;

Foster et al. 1996, 1998, 1999; Guettler et al. 1999;

Maller et al. 1996; Phillips 1984; Sneath and Stevens

1990). Also included in this group are other unnamed

taxa (i.e. Bisgaard taxa 5, and 8, and Actinobacillus

genomospecies 2 (formerly certain strains of Bisgaard

taxon 9)). These species comprise parts of the normal

flora of certain animals and may occasionally cause

disease in them.

A. lignieresii is associated with granulomatous infec-

tions in the oral cavity (wooden tongue disease) and

gastrointestinal tracts of cattle, and pneumonic and cuta-

neous infections in sheep and other ungulates. Under

normal conditions, A suis and A. equuli colonize ll:.e

upper respiratory tract and the oral cavity, and the genital

tract of horses and pigs, but they can cause a variety of

diseases in these animals. A. equuli can be isolated from

the respiratory tracts of diseased animals and from

newborn foals dying within the flrst week after birth with

septicemia (Mair et al. 1974; Rycroft and Garside 2000).

A. equuli may also cause bacteremia, peritonitis,

nephritis, osteomyelitis, and arthritis in horses and swine

and both localized and systemic infections in monkeys,

calves, dogs, and rabbits. Actinobacillus sals has been

recovered from septicemic pigs and has been associated

with pneumonia, pleuritis, pericarditis, and polyarthritis in

swine and horses (Peel et al. 1991). A. pleuropneumoniae

is an important pig pathogen causing porcine pleur-

opneumonia, a highly contagious respiratory infection.

This severe and often fatal fibrinous hemorrhagic bronch-

opneumonia leads to significant economic losses (Bossa

et al. 2002). A. seminis is restricted to sheep and is a

causative agent of abortion, epididymitis, orchitis, and

sterilitv (De la Puente-Redondo et al. 2000; Foster et al.
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1999). A. muris resembles Bisgaard taxon 12, a group of
bacteria isolated from laboratory white mice, and is found
as a normal component of the oropharyngeal and genital
tract flora of these animals (Bisgaard 1986). A. capsulatus
causes arthritis in rabbits, and A. rossii is found in the
vaginas of postparturient sows and aborted piglets
(Blackall et al. 1997). A. delphinicola and A. scotiae have
been isolated postmortem from different pathological
Iesions of the lung, cervix, and uterus or from intestinal
contents of stranded porpoises, dolphins, and a whale
(Foster et al. 1996). Their role in infectious diseases in
these animals is unknown. A. succinogenes is found in the
bovine rumen (Guettler et al. 1999). A. arthriditis has
been isolated from diseased and healthy horses, as has
Actinobacillus genomospecies 2, which represents equine
strains of A lignieresii (Christensen et al. 20Aa).
Biochemical characteristics for identification of these
organisms are found in Tables 64.4 and64.5.

The pathogenicity of recently described Actinobacillus
species such as A. minor, A. indolicus, and A. porcinus is
still unclear. Investigations have demonstrated that these
newer species have a low potential for colonization of
the upper respiratory tract of gnotobiotic piglets and
show no pathogenicity in these animals (Chiers et al.
2001). On the other hand, a considerable number of
isolates of these three groups were recovered in pure
cultures from pneumonic lungs of pigs. Consequently, it
will be necessary to critically review the opinion that
these NAD-dependent Pasteurellaceae are only agents
colonizing the mucosa (Kielstein et al. 2001).

Human infections with animal species of Actino-
bacillus usually occur as a result of animal-related
trauma. A. lignieresii, A. equuli, and A. szls have been
recovered from human clinical specimens, including
horse- and sheep-bite wounds, joint fluid, blood, and
sputum (Ashhurst-Smith et al. 1998; Benaoudia et al.
1994; Escande et al.  1996; Peel et al.  1991). Al l  three
species have also been isolated from the human upper
resprratory tract (Sakazaki et al. 1984). Ashhurst-Smith
and colleagues reported a case of A. equuli bacteremia
and sepsis in a butcher after sustaining a knife cut at
work (Ashhurst-Smith et al. 1998). Although this patienr
had a prosthetic mitral valve in place, endocarditis was
not a complication. The remaining Actinobacillu.s species
have not been isolated from human clinical specimens.

EIKENELLA CORRODENS

TAXONOMY

Holme (1950) first applied the name corroding bacillus to
an anaerobic Haemophilus-like organism that was
isolated from actinomycotic lesions. Similar organisms
were described by Henriksen (19a8) and by Eiken (1958)
and were originally thought to be facultative strains of
the obligately anaerobic species Bacteroides corrodens.
This classification was disputed when the facultative

nature of these strains was determined (Henriksen 1969).
Similar organisms were also described by King (1964) and
were given the name CDC group HB-1. Phenotypic and
genotypic studies demonstrated that these facultative
corroding bacilli were distinct from the anaerobic species.
The obligately anaerobic species was reclassifled in the
genus Bacteroides and named Bacteroides ureolytictts.
The facultative strains were placed in the monospecific
genus Eikenella as Eikenella coruodens in honor of
Eiken's earlier studies on this organism (Jackson and
Goodman 1972). The gentx Eikenella was originally class-
fled in the family Brucellaceae (Henriksen 1969). Using
165 ribosomal RNA sequencing and rRNA-DNA hybri-
dization, Dewhirst et al. (1990a), Rossau et al. (1989), and
others demonstrated a close taxonomic relationship
between E. corrodens and Neisseria species. E. corrodens
is the only species in the genus and is now included in the
emended family Neisseriaceae in the B-subgroup of the
Proteobacteria (Dewhirst et al. 1990a).

VIRULENCE AND PATHOGENICITY

Several workers have examined E. corrodens strains in
efforts to define potential virulence factors. A lectinJike
protein found on the surface of E. corroderzs strains
appears to function in adherence to human crevicular
epithelial cells and interacts with a galactose-bearing

receptor on epithelial cell surfaces (Yamazaki et al.
1988). This molecule also functions as a hemagglutinin.
E. corrodens strains express type 4 pili and exhibit phase
variation, resulting in an irreversible transition from the
piliated to the nonpiliated state (Villar et aL.1999,2001).
On agar media, piliated cells form small colonies
that pit the agar; nonpiliated cells produce larger,
nonpitting colonies. The genetic loci responsible for
pilus structural proteins, pilus synthesis, and export have
been described (Villar et al. 1999,2001). Piliated cells
synthesize and export the pilus proteins to the cell
surface, while nonpiliated variants synthesize pili but do
not export them. Piliated cells also display twitching
motility and are competent to undergo transformation,
while nonpiliated cells lack these features. A 3342-kDa
principal outer-membrane protein has also been
described that can trigger the release of lysosomal
enzymes by macrophages and also can stimulate or
depress macrophage activity in a dose-dependent
manner (Maliszewski et al. 1983). Like other gram-
negative bacteria, E. coruodens has an outer-membrane
LPS that has similar biological activities to the
LPS found in enteric bacteria (Progulske et al. 1984).
Structurally, the LPS of E. coruodens differs from that of
enteric bacteria in that it lacks 2-keto-3-deox-
yoctulosonic acid, heptose sugars, and B-hydroxymyristic
acid. Several antigens on the surface of E. corrodens
broadly cross-react with those of other organisms,
including Kingella kingae, Kingella denitrificans, and
Moraxella bovis (Chen et al. 1990a).
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CLINICAL SIGNIFICANCE

E corrodens is a member of the normal oropharyngeal
and upper respiratory tract flora (Marsden and Hyde

197I). lt is also found in the gastrointestinal and genito-

urinary tracts. In the oral cavity, E. corrodens plays a
role in periodontal disease, gingivitis, periapical infec-

tions, and root-canal infections (Chen and Wilson 1992).

Young patients with periodontal disease have the
highest concentrations of ,E corrodens in subgingival
plaque sample, while very low numbers of organisms are
found in similar specimens from individuals with no
periodontal disease (Suda et al. 2002). E corrodens
may also be isolated from other head and neck infec-
tions, including ocular infections, sinusitis, otitis media,
mastoiditis, submandibiular abscesses, subdural and
extradural empyemas, and brain abscess (Arana et al.
1998; Asensi et at.2002; Assefa et al. 1994; Hemady et al.
1992; Heymann and Drezner 1997; Joseph et al. 1998;
Klein et al. 1990: Paul and Patel 200I; Sane et al. 1999).
By extension from periodontal, middle ear, or sinus
infections, the organism may enter the central nervous
system, leading to meningitis, brain or paraspinal

abscesses, and subdural empyema (Asensi et al., 2002;
Brill et al. 1,982). Aspiration of oropharyngeal contents
may lead to mixed pleuropulmonary infections involving
E. corrodens (Hoyler and Antony 2001; Joshi et al. 1,99I,

Killen et al. 1996). These patients are usually immuno-
compromised or have underlying lung disease associated
with compromised local defense mechanisms.

E. corrodens is uncommonly associated with other
serious infections. E. corrodens bacteremia and endo-
carditis occur in immunocompromised hosts, intravenous
drug abusers, and individuals with previous valvular

damage following dental procedures or oral surgery,

although endocarditis has also been seen in healthy indi-
viduals with no recognized risk factors (Fainstein et al.
1981; Olopoenia et al. 1994; Watkin et al. 2002). Infec-
tions of prosthetic valves and other indwelling vascular
prostheses associated with E corrodens have also been
reported (Decker et al. 1986; Heiro et al. 2000). Bacter-

emia with or without endocarditis may occur in indivi-

duals with diseases such as rheumatoid arthritis and
hematological malignancies (Fainstein et al. 1981;
Monkemuller and Bronze 1998). In recent years, E.
corrodens has been isolated from the blood, subcuta-
neous abscesses, and soft-tissue infections of individuals
who are users of injectable drugs (Angus et al. 1994;
Gonzalez et al. 1993; Olopoenia et al. 1994). The use of
saliva for skin cleansing prior to drug injection is the

likely pathogenesis of these infections. E. corrodens may
also be recovered from cellulitis, osteomyelitis, and
joint-space infections as a result of human bites, clen-
ched-fist injuries (i.e. fist flghts), and wounds contami-
nated with oropharyngeal contents (Bonnet et al.1997:-
Sagerman and Lourie 1995). In these settings, the

organism is isolated in mixed culture with other faculta-
tive and obligately anaerobic organisms found in the
oral cavity. Bacteremic E. coruodens infections resulting
in hematogenous cellulitis, septic arthritis, vertebral
osteomyelitis, intervertebral diskitis, and paraspinal
abscess have also been reported (Emmett and Allman
2000; Flesher and Bottone 1989; Lehman et al. 2000;
Raab et al. 1993). E. corrodens infections involving the
vertebral column may occur as a complication of spinal
surgery (Ang and Ngan 2002). E. corrodens is able to
survive in the gastrointestinal tract and may be recov-
ered from abdominal, splenic, hepatic, and pancreatic
abscesses and from peritoneal infections along with
facultative and anaerobic gastrointestinal flora (Arnon

et al. 1999; Joseph et al. 1998; Ramos et al. 1994; Stein
et al. 1993). Although uncommon, gynecological infec-
tions, including chorioamnionitis, endometritis, and
cervicitis, have been described and may result from colo-
nization of intrauterine devices (Andres et al. 2002;
Jeppson and Reimer 1991).

CULTURAL CHARACTERISTICS AND
IDENTIFICATION

E. corrodens will grow on both blood and chocolate agar

but does not grow on Macconkey agar, eosin methylene

blue (EMB) agar, or other selective or differential media.

Colonies are small (0.5-1.0 mm) after 48 h. About 50

percent of isolates may pit the agar as they grow, and

both pitting and nonpitting variants may be observed in

the same culture. A pale yellow pigment (observed best

on a white swab swept through growth on a chocolate

agar plate) is usually produced, and most strains have an

odor suggestive of sodium hypochlorite (i.e. Chlorox

bleach). On Gram stain, the organisms appear as regular,

slender, gram-negative bacilli or coccobacilli measuring

1.5-4 microns. with rounded ends. The biochemical char-

acteristics for identification of E. corrodens strains are

fairly uniform. The organisms are oxidase-positive and

catalase-negative, although rare strains may be weakly

catalase-positive (Table 64.6). 
-fhe 

organism reduces

nitrate to nitrite and does not require X or V factors,

although hemin is necessary for aerobic growth. Nonpit-

ting isolates may be mistaken for Haemophllzs species

and, when tested with X and V factor disks, display

growth around the X disk but not the V disk. Indole and

urease are not produced, but most strains are lysine

decarboxylase- and ornithine decarboxylase-positive. E.

corrodens is asaccharolytic and does not ferment or

oxidize carbohydrates. The organism is not encapsulated,

is nonmotile, and does not form spores.

Molecular methods for detection, identification, and

typing of E. corrodens have been investigated as well. E

corrodens-specific DNA probes have been designed by

analysis of 165 rRNA, identification of unique nucleotide

seouences. and chemical svnthesis of probe molecules that
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Table 64.5 Biochemical characteristics for identification of Eikenella corrodenl Cardiobacterium hominig Kingella specie5 and Sutto-
ne l la  indo logenes

Characteristic

Hemolysis, SBA
Oxidase

Catalase
Reduction of nitrate to nitr i te
Reduction of nitr i te to N2 gas
Indo le

Urease
Ornithine decarboxylase
Esculin hydrolysis

ONPG
Gas from glucose

Acid from:

Gl ucose

Maltose
Fructose

Sucrose

Lactose
Xylose

Mann i to l

Mannose

Galactose
Trehalose

Raff inose

Sorbitol

E. corrodens C. hominis

+ +
b

+ +

+ w +

- 1

- +

. c

+

t

+

K. kingae K. denitrificans K. oralis S. indologenes
o ap

+ + + +

+

, (
- +

+, posl t lve react ton,  ,  negatrve reactron;  +w, weak posi t ive react ion;  ONPG, o-ni t rophenyl-B-o-galactopyranoside;  SBA, sheep blood agar
a) Most  st rarns produce a sof t  B-hemolys s on sheep blood agar
b) Rare strains may be weakly catalase-positive
c) Rare strains may be maltose- and/or rnannitol-negative

are complementary to these species-specific sequences
(Lippke et al. 1991). These probes enable direct detection
of the organism in subgingival plaque samples of period-
ontitis patients. Molecular strain typing methods, including
SDS-PAGE, pulsed-field gel electrophoresis, restriction
endonuclease analysis, and arbitrarily primed PCR have
been developed to determine relatedness of E. corrodens
to other bacteria and to delineate strain differences
among clinical E corrodens isolates (Chen and Ashimoto
1996; Chen et al. 1990b; Steffens et al. 1994)

ANTIM ICROBIAL SUSCEPTI BILITY

Antimicrobial susceptibility testing of E. corrodens ts
diflicult because of its fastidious nature and slow growth.
Most studies have used agar dilution susceptibility
testing because the organism grows poorly in broth used
for routine susceptibility testing. In 1998, Alcala and
colleagues reported a broth microdilution procedure for
E. corrodens rsing Haemophilus test medium (Alcala
et al. 1998). Depending on the antimicrobial agent,
between 75 and 97 percent agreement (t1 log2 dilution)
was noted between the microbroth and agar dilution
procedures. Most E. corrodens strains are susceptible to
ampicillin, amoxicillin, and tetracyclines and are

resistant to the penicillinase-resistant penicillins, clin-

damycin, vancomycin, erythromycin, metronidazole, and

the aminoglycosides (Chen and Wilson 1992; Goldstein

et al. 1978; Luong et al. 2001). Penicillin susceptibility

may vary from strain to strain. Most isolates are variably

susceptible to the first-generation cephalosporins, with

cefazolin being the most active (Goldstein et al. 1978).

E. corrodens is also susceptible to cefoxitin, ceftriaxone,

cefotaxime, cefepime, ciprofloxacin, and the carbope-

nems (imipenem, meropenem) (Alcala et al. 1998;

Cormican and Jones 1995; Goldstein et al. 1978; Kugler

et al. 1999). Rare BJactamase-positive strains have been

reported (Goldstein et al. 1978; Lacroix and Walker

1991). The E. corrodens B-lactamase enzyme is highly

cell-associated, shows little activity against cephalos-
porins, and is strongly inhibited by clavulanate and

sulbactam (Lacroix and Walker 1991).

KINGELLA SPECIES AND SUTTONELLA
INDOLOGENES

TAXONOMY

The type species of
originally described

the genus Kingella, K. kingae, was

in the 1960s and at that time was
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called CDC group M-1. Early descriptions of this
organism suggested a relationship with the moraxellae,
except that these strains were catalase-negative (Snell

1984). CDC group M-L was renamed Moraxella kingii,
and subsequently this name was taxonomically amended
to Moraxella kingae (Bovre et al. 1974). Because of
significant genetic, chemotaxonomic, and phenotypic
differences, Henriksen and Bovre recommended that M.
kingae be removed from the gents Moraxella and
renamed as the new genus and species Kingella kingae
in the family Neisseriaceae in 1,976 (Henriksen and
Bovre 1976). In that same year, Snell and LaPage
proposed the transfer of two other moraxella-like,
oxidase-positive, catalase-negative, saccharolytic species
to the genus Kingella (Snell and LaPage 1976). These
new species included the organism previously called
TM-1 described by Hollis et al. (Kingella denitrificans),
and indole-positive strains that had originally been
isolated from cases of conjunctivitis (Kingella indolo-
genes) (Hollis et al. 1972; Snell and LaPage 1976). Based
on 165 rRNA sequence comparisons, Dewhirst and
colleagues showed that K. indologenes was more closely
related to C. hominis than to the other Kingella species
or to the other members of the family Neisseriaceae
(Dewhirst et al. 1990b). Also, despite the similar
phenotypic characteristics of C. hominis and K. indolo-
genes, the G + C content of their DNA differed enough
to warrant separate genus and species status. Conse-
quently, K. indologenes was removed from the family
Neisseriaceae and placed as the only species in the new
genss Suttonella as Suttonella indologenes (after the
Australian microbiologist R.G.A. Sutton) in the family
Cardiobacteriaceae in the y-subgroup of the Proteo-
bacteria (Dewhirst et al. 1990b; Garrity and Holt 2000).
K. kingae and K denitrificans remain in the emended
family Neisseriaceae, which is also in the y-subgroup

of the Proteobacteria (Dewhirst et al. 1990a; Garrity
and Holt 2000; Rossau et al. 1989). In 1993, Dewhirst
and colleagues described a new Kingella species that was
recovered from human dental plaque of a patient with
adult periodontitis (Dewhirst et al. 1993b). This new
species was named Kingella orale and subsequently was
emended to Kingella oralis. This organism constitutes
0.4 percent of the total microbiota in dental plaque from
periodontally healthy individuals and about 4.6 percent

of the microbiota in dental plaque from adult and juve-

nile periodontitis patients (Chen 1996).

CLINICAL SIGNIFICANCE

Although they are part of the normal upper respiratory
and genitourinary tract flora of humans, Kingella
species, and K kingae in particular, are increasingly
being recognized as important human pathogens. Since
its initial description, K kingae was considered to be a
rare cause of infection in patients with endocarditis.
However, during the past decade, K. kingae has

emerged as a significant pathogen in pediatric patients,

causing primarily bacteremia and skeletal infections

(Douglas et al. 1998). This organism can be isolated

from the upper respiratory tract of infants and children;

almost 75 percent of children over 6 months of age have

been found to carry the organism in their oropharynx at

some time (Yagupsky and Dagan 2000; Yagupsky et al.

2002).'fhe prevalence of the organism in the respiratory

tract is highest among children aged 6 months to 4 years,

which parallels the ages having the highest attack rates

for invasive disease (Yagupsky et al. 2002). Carriage

rates are lower among children under 6 months and over

4 years of age. Studies in daycare-center populations

have demonstrated that K. kingae can be transmitted

from child to child by the respiratory route in daycare

settings (Slonim et al. 1998). The portal of entry for the

organism into the blood stream is probably via breaches

in the oropharyngeal mucosa.

Bone and joint infections are the most common clin-

ical manifestations of K. kingae infection in children;

these infections present as bacteremia, septic arthritis,

osteomyelitis, discitis, tenosynovitis, and dactylitis

(Birgisson et al. 1997; Dodman et al. 2000; Moylett et al.

2000; Yagupsky and Dagan 2000). In fact, with the

availability of effective vaccines against H. influenzae

type b, K. kingae has essentially replaced H. influenzae

as the most common gram-negative bacterium causing

osteoarticular infections in children under 3 years of

age (Dodman et al. 2000). Most infants with systemic

K. kingae infections present with low-grade fevers and

often have concurrent viral upper respiratory tract

infections (Birgisson et al. 1997; Dodman et al. 2000).

In most cases, K. kingae septic arthritis is an acute

infection, with patients usually presenting within 3 days

of the appearance of signs and symptoms. These chil-

dren are usually febrile, and the involved joints are

swollen and tender and display decreased ranges of

motion. Blood cultures from these patients are

frequently negative (Dodman et al. 2000). K. kingae

septic arthritis is usually monoarthritic, with the most

frequently involved joints being the knee, hip, and

ankle. Osteomyelitis due to K kingae is usually an

indolent infection that follows a subacute course. with

patients usually presenting 7-10 days after ther appear-

ance of symptoms. Patients with osteomyelitis of the

long bones usually are unable to bear weight on the

affected limb. and there is local tenderness over the

involved bone (Moylett et al. 2000). Hematogenous

seeding of the intervertebral disk leads to spondylitis

and intervertebral discitis (Dodman et al. 2000; LaScola

et al. 1998). Disk-space infections may involve the

lumbar, thoracic, lumbosacral, or thoracolumbar spaces

(Yagupsky and Dagan 2000). Children with invasive K.

kingae infections often have significant underlying

conditions, such as acute lymphocytic leukemia or

congenital heart disease. Although rare, bone and joint

infections due to K. kingae, including intervertebral
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discitis and septic arthritis, have been diagnosed in
adults (Esteve et al. 2001; Meis et al. 1992).

As with several other fastidious gram-negative bacilli,
K kingae and the other Kingella species are rare causes
of bacteremia and endocarditis. K. kingae endocarditis,
as with the other fastidious bacteria discussed thus far,
primarily occurs in people with underlying heart disease
or cardiac prostheses, although cases in people with no
previous heart disease have been reported (Chakraborty

et al. 1999; Ferber et al. 7997; Wells et al. 2001; Wolak
et al. 2000). Unlike bone and joint infectiols, K. kingae
endocarditis is seen more in adults and school-age chil-
dren, although cases in children may occur as well
(Wells et al. 2001; Yagupsky and Dagan 2000). Compli-
cations, including pericarditis, pericardial abscess,
embolic phenomena, mycotic aneurysm, cerebral infarc-
tion, and congestive heart failure, also may occur in the
clinical course of K. kingae disease. K. kingae bacter-
emia, endocarditis, and meningitis have been reported in
patients with severe underlying diseases, including

systemic lupus erythematosis and acquired immunodefi-

ciency syndrome (AIDS) (Urs et al. 1994; Wolak et al.
2000). Many patients are noted to have poor oral
hygiene, pharyngitis, or mucosal ulcerations due to treat-
ment for other conditions (e.g. radiation therapy).
K. kingae bacteremia without endocarditis has also been
reported in immunocompetent adults following dental
manipulations (Roiz et al. 1997). Additional complica-
tions of K. kingae bacteremia and bone infections
include meningitis, hematogenous endophthalmitis, soft-
tissue infection, and corneal abscess (Carden et al. 1991;
Mollee et al. 1992; Rolle et al. 2001; Van Erps et al.
1992). K. kingae has been isolated from blood and
sputum specimens of patients with pneumonia, epiglot-
titis, and tracheobronchitis (Kennedy and Rosen 1988).
Septicemia with K. kingae in immunocompromised chil-
dren and adults may also mimic systemic neisserial
infections (i.e. meningococcemia or disseminated gono-

coccal infection) in its clinical presentation, with the
presence of characteristic skin lesions and joint involve-
ment (Redfleld et al. 1980; Shanson and Gazzard 1984;
Toshniwal et al. 1986).

K. denitrificans and S. indologenes have rarely been
isolated from clinically significant infections. K. deni-
trificans has been cultured from the upper respiratory

and genitourinary tracts, where it constitutes a part of
the normal flora, and has been documented as a rare
cause of septicemia and both native and prosthetic valve
endocarditis (Hassan and Hayek 1993). Patients with
endocarditis ranged from 22 to 66 years of age and all
but one either had pre-existing valvular disease or had
prosthetic valves in place. Many of the patients had
undergone dental procedures without prophylaxis or had
concomitant respiratory tract infections. K. denitrificans
has also been recovered from empyema fluid in a patient
with bronchogenic carcinoma, from bone-marrow
cultures of an AIDS patient, and from amniotic fluid of

a Z3-year-old woman with chorioamnionitis (Maccato

et al. 1997; Minamoto and Sordillo 1992; Molina et al.

1988). S. indologenes has been isolated from human eye

infections and was first reported in association with a

case of prosthetic valve endocarditis in 1987 (Jenny et al.

1987; Snell and LaPage 1976). K. oralis has not been

associated with any infectious process.

CULTURAL CHARACTERISTICS AND
IDENTIFICATION

Kingella species are plump gram-negative bacilli or

coccobacilli that sometimes occur in pairs or short chains.

Individual cells measure 1-3 microns in length They are

oxidase-positive and, unlike Neisseria and Moraxella

species, catalase-negative. All species grow on chocolate

and blood agars but do not grow on Macconkey agar or

other enteric media. A selective medium for recovery of

K. kingae from respiratory tract specimens has been

described that is composed of trypticase soy agar

containing 5-7 percent sheep blood and vancomycin

(2 pglml) (Yagupsky et al. 1995). The vancomycin inhi-

bits the gram-positive oropharyngeal bacterial flora and

facilitates detection of the B-hemolysis produced by the

organism. All Kingella and Suttonella species do not

produce lysine or ornithine decarboxylases, arginine dihy-

drolase, indole, acetoin, or urease (Table 64.6).

K. kingae is B-hemolytic on sheep blood agar; the

hemolytic reaction is soft, resembling that of group B

streptococci, and may only be noted in areas of

confluent growth or after the removal of the colony from

the agar surface. On prolonged incubation, some strains

of K. kingae (and K. denitrfficans) may pit the agar like

E. corrodens. K. kingae produces acid from glucose and

maltose only. K. denitrificans was originally called TM-1

and was first recognized by its ability to grow on

Thayer-Martin medium (Hollis er al. 1972). K. deni-

trificans produces acid only from glucose in supple-

mented media, rapid carbohydrate degradation tests,

and various kit systems, and it is also prolyl-aminopepti-

dase-positive. Because of these characteristics, K. deni-

trificans may be misidentified as N. gonorrhoeae, parti-

cularly in specimens from the oropharyngeal and

genitourinary tracts. This organism, unlike the other

species in the genus, reduces nitrate to nitrite, and most

strains will also reduce nitrite to nitrogen gas on

prolonged incubation. S. indologenes produces acid from

glucose, maltose, and sucrose, but not from lactose, and

is distinguished by its ability to produce indole. Like

C. hominis, this characteristic should be determined in

tryptone broth with xylene extraction and addition of

Ehrlich's indole reagent. S. indologenes may be differ-

entiated from C hominis, which it closely resembles, by

appearance on Gram stain, positive alkaline phosphatase

activity, and failure to produce acid from mannitol and

sorbitol (Bruun et al. 1984; Dewhirst et al. 1990b).

K. oralis produces acid from glucose only, but it may be
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differentiated from K. denitrificans by its failure to

reduce nitrate and nitrite and the absence of prolyl-

aminopeptidase activity (Dewhirst et al. I993a). E.

corrodens may be differentiated from both C. hominis

and Kingella species by its Gram stain morphology,

failure to ferment carbohydrates and its positive orni-

thine and lysine decarboxylase reactions. Biochemical

reactions for identification of Kingella species and

S. indologenes are presented in Table 64.6.
While identification of these organisms is straightfor-

ward once they are isolated, recovery of K. kingae from

clinical specimens, particularly joint-fluid specimens, is
sometimes difficult. Yagupsky and coworkers found that

direct plating of aspirates was much less sensitive for

recovering K. kingae than inoculation of BACTEC

blood culture media (Yagupsky et al. \992). Among L00

specimens cultured by both methods, 34 grew significant
organisms; ten of the 11, K. kingae isolates that were

obtained grew only in the BACTEC medium and were

not recovered on direct plating. The discrepancy in the
isolation rate of K. kingae was not observed for other
organisms causing bone and joint infections. K. kingae
has also been detected in blood and synovial fluids using

the BacT/Alert system (Organon Teknika) and the
pediatric Isolator 1.5 microbial tube (Wampole Labora-

tories, Cranbury, NJ, USA) (Lejbkowicz et al. 1999;

Yagupsky and Press 1997). Using pooled synovial fluids

seeded with small inocula of 24 different K. kingae

isolates, Host and coworkers detected 100 percent of the

24 isolates using the BacT/Alert Aerobic and BacTi

Alert Pedi-BacT aerobic bottles, 88 percent using the

BacT/Alert FAN aerobic bottle, and 63 percent using

the Bactec Plus Aerobic F bottle (Host et al. 2000).
Improved recovery of K. kingae from joint-fluid speci-

mens inoculated into blood culture media may be due to
the dilution of inhibitory factors in synovial fluid by the

culture medium (e.g. broth-based blood culture systems)

or by removal of the organisms from the synovial fluid

milieu (e.g. Isolator cultures). Inoculation of osteoarti-

cular fluids into blood culture bottles is now considered

the standard of practice for processing of these speci-
mens in the clinical laboratory (Moylett et al. 2000;

Yagupsky et al. 7992). Molecular methods (e.g. PCR)

have also been used for the direct detection of K. kinpae

in joint fluid (Stahelin et al. 1998).

ANTI M ICROBIAL SUSCEPTI BI LITY

K. kingae strains are susceptible to penicillin, ampicillin,

oxacillin, cephalosporins of all generations, chlor-

amphenicol, the aminoglycosides, trimethoprim-sulfa-
methoxazole, and ciprofloxacin. Some strains may be

relatively resistant to erythromycin, and most strains are
resistant to clindamycin, lincomycin, and vancomycin
(Birgisson et al. 1997; Jensen et al. 1994; Kugler et al.

1999). Isolates of K. denitificans have antimicrobial

susceptibilities similar to those of K. kingae; growth of

K. denitrificar?.r on Thayer-Martin agar indicates that

they are resistant to vancomycin and colistin (Hollis et al.

1972). The K. indologenes endocarditis isolate reported

by Jenny et al. (1987) was susceptible to ampicillin, cefa-

zolin, and tobramycin. In 1993, Sordillo and colleagues

recovered a K. kingae strain from the blood of a 29-

year-old AIDS patient that produced BJactamase and

was highly resistant to ampicillin, cefazolin, and ticar-

cillin, but was susceptible to BJactamase-resistant agents

and combination drugs containing BJactamase inhibitors

(clavulanate and sulbactam) (Sordillo et al. 1993).

Among five cases of K. kingae infection reported from

Iceland in 1997, three of the five isolates produced p-

lactamase enzymes and were resistant to pencillin and

ampicillin (Birgisson et al. I99l).

CARDIOBACTERI U M H O M I N IS

TAXONOMY

C. hominis is the only species in the genus Cardio-

bacterium. This organism, originally called CDC group

IID, was described and named Cardiobacterium hominis

by Slotnick and Dougherry in 1964 (Slotnick and

Dougherty 1964). These workers demonstrated its

unique biochemical features and antigenic unrelatedness

to other fastidious gram-negative and gram-positive

bacteria. The organism possesses a typical gram-negative

cell wall with an unusually dense outer layer and term-

inal, tufted polar caps that are adherent to the cell

membrane (Reyn et al. 1'971). These properties may

explain the atypical appearance of the organism on gram

stains (see below). In 1990, Dewhirst and coworkers

examined Cardiobacterium strains by 165 ribosomal

RNA sequence analysis and found that this organism

and Kingella indologenes were closely related to one

another and differed signiflcantly from reference strains

of other fastidious organisms (Dewhirst et al. 1990b).

The family Cardiobacteriaceae was proposed to include

C. hominis, Kingella indologenes, and the related soil

organism Dichelobacter nodosus. Phenotypic similarities

also supported the genetic relatedness of C. hominis and

K. indologenes (Bruun et al. 1984). K. indologenes was

removed from the family Neisseriaceae, renamed Sutto-

nella indologenes, and placed in the family Cardiobacter-

iaceae along wilh Cardiobacterium arrd Dichelobacter

species (Dewhirst et al. 1990b). The family Cardio-

bacteriaceae belongs to the proposed order Cardio-

bacteriales in the y subdivision of the Proteobacteria

(Garrity and Holt 2000).

CLINICAL SIGNIFICANCE

C. hominis is an organism of very low virulence and has

the unique characteristic of causing endocarditis almost

exclusively; about 50 cases of endocarditis have been

reported in the literature (Currie et al. 2000). The



1672 Pasteurella, Mannheimia, Actinobacillus, Eikenella, Kingella, Capnocytophaga, other gram-negative rods

organism is a part of the normal respiratory tract flora,
but because of its slow growth it is rarely noted in
respiratory tract specimens. C. hominis enters the blood-
stream and usually infects previously diseased or
damaged heart valves (e.g. rheumatic heart disease,
ventricular septal defects). However, C. hominis endo-
carditis may also develop in individuals with no evidence
of previous heart disease. About 20 percent of reported
C. hominis infections have involved various types of
prosthetic cardiac valves, including aortic homograft
tissue valves, porcine xenograft aortic and mitral valves,
mechanical aortic and mitral valves, and pacemaker
leads (Apisarnthanarak et al. 2002; Nurnberger et al.
1998; Taveras et al. 1993). Patients are usually middle-
aged to elderly and have poor dentition and/or a history
of recent dental procedures. The infection follows a very
subacute course, with an insidious onset, low-grade
fevers, and vague symptoms that may linger for several
months before a diagnosis is made. C. hominis tends to
form large, friable vegetations on the heart valves, so the
most serious complications include septic embolization,
mycotic aneurysms, and congestive heart failure (Currie

et al. 2000; Lin and Vieco 1995). C hominis bacteremia
and sepsis without endocarditis may also occur in immu-
nocompromised patients (Ronnevik and Neess 1981).
Isolation of C. hominis from specimens other than blood
cultures is rare. Francioli and colleagues diagnosed
cardiobacterial meningitis in a patient as a complication
of endocarditis, and Rechtman and Nadler reported the
recovery of C. hominis along with Clostridium bifermen-
tans from an abdominal abscess and the blood of a
diabetic male patient with adenocarcinoma of the kidney
and caecum (Francioli et al. 1983; Rechtman and Nadler
1991). In 1998, Nurnberger et al. reported a C. hominis
infection of a pacemaker atrial lead without valvular
involvement that was complicated by hematogenous
vertebral osteomyelitis.

CULTURAL CHARACTERISTICS AND
IDENTIFICATION

The cells may appear in rosette-like clusters or lined up

in picket-fence arrangements in their orientation with

one another. The morphology of the individual cells

is dependent on the type of culture medium used; in

media containing yeast extract, cells appear as uniform,
gram-negative bacilli with rounded ends.

C. hominis grows as very small, glistening, opaque

colonies on enriched blood or chocolate agar generally

after 48-72 h at 35'C in 5-7 percent CO2. Some strains

may also pit the agar on further incubation. No growth

is observed on MacConkey agar or other enteric selec-

tive and/or differential agars. C. hominis is oxidase-posi-

tive, catalase-negative, nitrate-negative, and urease-

negative (Table 64.6). The positive oxidase and negative

nitrate reduction reactions help to differentiate this

organism from 1L aphrophilus/paraphrophilus and A.

actinomycetemcomitans, but are similar to reactions seen

for Eikenella, Kingella, and Suttonella. Indole production

can be detected in heart infusion or typtone broth.

These media are heavily inoculated (with a swab) and

incubated for 48 h. Extraction with xylene or chloroform

and use of Ehrlich's reagent rather than Kovac's reagent

allows detection of the small amounts of indole
produced by this organism. Hydrogen sulfide production

can be detected using lead acetate strips. C. hominis
produces acid fermentatively from glucose, fructose,

sucrose, mannose, and sorbitol; acid production from

maltose and mannitol is variable. with most strains
producing positive reactions. Lactose, xylose, galactose,

trehalose, and raffinose are not fermented. Phenotypi-

cally, C. hominis is very similar to S. indologenes (Brutn

et al. 1984). C. hominis can also be differentiated from

S. indologenes, E. corroden.r, and Kingella species by

cellular fatty acid analysis (Wallace et al. 1988). As with

other agents of bacterial endocarditis, molecular

methods have been used successfully for detection of

C. hominis directly in clinical specimens (Mueller et al.

1999; Nikkari et al.20O2).

ANTI MICROBIAL SUSCEPTIBILITY

C. hominis is principally isolated from blood cultures.
The organism grows slowly, producing no visible change
in the blood culture medium, such as turbidity or hemo-
lysis. In a recent case report, the organism was recov-
ered only after blind subculture of blood culture bottles
on the tenth day of incubation (Lu et al. 2000). Gram
stains of positive blood bottles may not reveal the
organism; low-speed centrifugation of an aliquot of the
medium to remove red blood cells with subsequent high-
speed centrifugation to pellet small numbers of organ-
isms may aid in their visualization. On Gram stains, the
organisms may appear gram-variable, with a tendency
for the cells to retain the crystal violet dye at the poles.
Individual cells may appear swollen at one or both ends,
resulting in tear-drop, dumbbell, and lollypop-shaped
organisms. Individual cells are 1.5-3.0 microns in length.

Antimicrobial susceptibility testing of C. hominis is diffi-
cult because of its fastidious requirements and slow
growth rate. In addition, breakpoints for susceptibility

testing, optimal media, and incubation requirements have

not been established for testing C. hominis or other fasti-

dious organisms. Strains of C. hominls are generally

susceptible to most antimicrobial agents, including
penicillin, ampicillin, cephalothin, third-generation cepha-

losporins (i.e. ceflxime, cefuroxime, cefotaxime,

ceftriaxone, ceftazidime, and cefepime), imipenem, mero-
penem, the fluoroquinolones, aminoglycosides, chlor-
amphenicol, rifampin, and tetracycline (Kugler et al.
1999). Patients with C. hominis endocarditis have usually
been treated with penicillin alone or penicillin combined

with an aminoglycoside. Cures have also been achieved

with cefazolin and ciprofloxacin monotherapy (Christen
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1990; Vogt et al. 1994). At the present time, the
recommended treatment includes the third-generation

cephalosporins (Wilson et al. 1995). B-Lactamase-produ-
cing, penicillin-resistant strains of C. hominis are rare. In

1994, a B-lactamase-producing strain of C. hominis was
isolated from a case of endocarditis in a 76-year-old man
(Le Quellec et al. 1994). This strain was susceptible to
tetracycline, rifampin, vancomycin, and imipenem and was
resistant to erythromycin, trimethoprim-sulfamethox-

azole, gentamicin, amoxicillin, ticarcillin, cefotaxime, and
piperacillin. The patient responded to vancomycin/
rifampin followed by amoxicillin-clavulanate. The second

B-lactamase-producing isolate was recovered from a 66-
year-old woman (Lu et al. 2000). This isolate was resis-

tant to penicillin and ampicillin, and was susceptible to

amoxicillin-clavulanate, cefotaxime, ceftriaxone, genta-

micin, ciprofl oxacin, and trimethoprim-sulfamethoxazole.
Most patients with native valve endocarditis due to C.
hominis are successfully treated with antibiotics alone,
although some may require partial valve resection or
valve replacement due to hemodynamic compromise,
embolic phenomena, or progressive cardiac failure
(Christen 1990; Taveras et al. 1993).

CAP N O CYTO PH AGA SPECI ES

TAXONOMY

Capnocytophaga species were first described in 1956 by
Prevot at the Pasteur Institute in Paris. At first, these
organisms were thought to be indole-negative, fermenta-

tive variants of Fusobacterium nucleatum and. conse-
quently, they were christened F. nucleatw var. ochraceus.
Examination of the G + C content of these strains
revealed a closer relationship to bacteria called Ristella
species than to the fusobacteria, so then these strains
were renamed Ristella ochracea. At the same time,
Loesche was examining isolates of Bacteroides oralis from

the human oral cavity and noted that some of these

strains were long and thin with pointed ends, again
suggestive of fusobacteria. Loesche suggested the name
Bacteroides oralis var. elongatw for these strains. While
the original isolates of Prevot have been lost, further
examination of Ristella ochracea and Bacteroides oralis
var. elongatus confirmed that these names described the
same organism. The organism's name was then changed
lo Bacteroides ochraceus. Elizabeth O. King at the
Centers for Disease Control and Prevention (CDC) was
also studying several thin, fusiform gram-negative isolates

recovered from human clinical specimens during the early
1960s (King 1964). These strains were designated CDC
group DF-1. DF means dysgonic fermenter, referring to

the organism's poor fermentative capabilities in media

lacking serum supplementation. These strains were facul-

tative in their metabolism and showed a distinct require-
ment for COz for growth on agar media. During the late
1970s, workers at the Forsyth Dental Center in Boston

published several studies on a group of fusiform, gram-

negative bacilli that required CO2 for growth and demon-

strated gliding motility (Holt et al. 1979; Leadbetter et al.

1979; Socransky et al. 1979; Williams and Hammond

1979). These organisms appeared to have a role in the

pathogenesis of human periodontal diseases and were

named Capnocytophagd species, reflecting the organism's

CO2 requirement for growth. Laboratory groups at

University of California, Los Angeles (UCLA) and the

Wadsworth VA Hospital compared strains and concluded

that the Capnocytophaga species of the Boston investiga-

tors, CDC group DF-1, and Bacteroides ochraceus

described the same organisms (Newman et al. 1979;

Williams er al. 1979). The type species was named

Capnocytophaga ochracea and related isolates studied at

the same time were named Capnocytophaga sputigena

and Capnocytophaga gingivalis. Subsequent research

supported the species status of Capnocytophaga, the

synonomy of the various species described by US and

European scientists, and the inclusion of three separate

species within the genus (Dees et al. 1982). In 1994, two

new human Capnocytophaga species - C. granulosa and

C. haemolytica - were identified in human dental plaque

specimens (Ciantar et al. 200L; Yamamoto et al. 1994).

Based on 165 rRNA analysis, these five Capnocytphaga

species are classified in the family Flavobacteriaceae

along with Flavobacterium, Chryseobacterium, and Week-

sel/a species, in the proposed order Flavobacteriales in

the phylum Bacteroidetes (Gartity and Holt 2000;

Vandamme et al. 1986).

CDC group DF-2 was originally isolated in 1976 from

blood and spinal fluid cultures of a patient following a

dog bite (Bobo and Newton 1976). Subsequently,

several reports describing similar organisms were

published, and from 1976 to 1987, over 150 isolates of

this organism, designated CDC group DF-2 (for

dysgonic fermenter) were sent to the Special Bacter-

iology Branch of the CDC (Hicklin et al. 1987). In

1989, DF-2 and several DF-2like organisms were clas-

sified as Capnocytophaga species based on phenotypic

characteristics and DNA relatedness studies (Brenner

et al. 1989). CDC group DF-2 is now called Capnocyto-

phaga canimorsus (Latin for dog bite) and the DF-2-

like strains are called Capnocytophaga cynodegmi

(Greek for dog bite). Of these two species, C. cani-

morsus is isolated far more frequently and appears to

be more virulent. Studies in cultured mouse macro-

phages have shown that C. canimorsus is phagocytized,

multiplies intracellularly, and causes cell death within

48 h, whereas C. cynodegnl demonstrated no cytotoxic

effects (Fischer et al. 1995). While these organisms

differ from human Capnocytophaga species in several

phenotypic characteristics, they are similar to them

with respect to Gram stain morphology, cellular fatty

acids, gliding-type motility, and cultural conditions for

growth. C. canimorsus and C. cynodegmi are classified

with the human Capnocytophaga species in the family
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Flavobacteriaceae in the phylum Bacteroidetes (Garrity
and Holt 2000).

CLINICAL SIGNIFICANCE

Capnocytophaga species found in humans are gliding,
gram-negative bacteria that are part of the normal
oropharyngeal flora. These organisms likely play a role
in the pathogenesis of localized juvenile periodontitis

and other periodontal diseases. Capnoctyophaga species
may also be agents of sepsis in patients with malig-
nancies, granulocytopenia, and other severe underlying
illnesses, including myeloblastic leukemia, acute lympho-
cytic leukemia, adenocarcinoma, multiple myeloma,
Hodgkin's disease, and endometrial carcinoma (Bilgrami

et al. 1992: Geisler et al. 20Ol'. Gomez-Garces et al.
1994; Kristensen et al. 1995; Mantadakis et al. 2003).
Bacteremic episodes with these bacteria often coincide
with periods of profound granulocytopenia due to the
hematological malignancies and to administration of
cytotoxic chemotherapy. Mucositis and oral ulcerations
characteristically found in profoundly immunosup-
pressed patients receiving radiation or cytotoxic chemo-
therapy establish an efficient entry route for the
organism into the blood stream (Baquero et al. 1990;
Kristensen et al. 1995). Capnocytophaga species are
mostly isolated from respiratory sources (i.e. gingival
crevices, periodontal pockets) and are occasionally
isolated from blood and cerebrospinal fluid (Geisler et al.
2001; Kim et al. 1996; Mantadakis et al. 2003). Rarely,
isolates may be recovered from the lower respiratory
tract, Iung abscesses, wound infections, pleural/perito-
neal fluids, joint fluid, bone, conjunctival, corneal, and
vitreal specimens (Elster et al. 1983; Heidemann et al.
1988; Parenti and Snydman 1985; Rubsamen et al.1993;
Testillano Tarrero et al. 1989; Wasserman et al. 1995;
Winn et al. 1983). Capnocytophaga species have been
isolated from female genital tract infections as causes of
serious intrauterine, intra-amniotic, and perinatal infec-
tions (e.g. endometritis, amnionitis, chorioamnionitis),
preterm abortion, congenital bacteremia, and neonatal
sepsis (Alanen and Laurikanien 1999; Douvier et al.
1999; Feldman et al. 1985; Mayatepek et al. 1,99I;
Mercer 1985). Endocarditis, cervical lymphadenitis,
empyema, Iung abscess, sinusitis, vertebral osteomyelitis,
subphrenic abscess, pyonephrosis, liver abscess, osteo-
myelitis, and clenched-fist injuries involving Capnocyto-
phaga species have been reported in both immunocom-
promised and nonimmunocompromised patients (Buu-

hoi et al. 1988; Duong et al. 1996; Elster et al. 1983;
Parenti and Snydman 1985; Seger et al. 1,982; Tay et al.
1985; Weber et al. 1997). In 1995. the first case of
Capnocytophaga species (C. sputigena) as a cause of
continuous ambulatory peritoneal dialysis-related perito-
nitis was documented in a 73-year-old man with end-
stage renal disease (Esteban et al. 1995). In 2000, the
newly described species C. granulosa was isolated from

an abscess in an immunocompetent patient (Ebinger

et al. 2000).

Studies of virulence factors produced by Capnocyto-
phaga have focused on their recognized role in period-

ontal disease. Isolates from oral lesions produce various

aminopeptidases, proteases, elastases, and chymotrypsin-

like enzymes (Gazi et al. t997: Spratt et al. 1995). These

enzymes may function as virulence factors directly by

causing degradation of periodontal tissue and indirectly

by their action on proteins in dental plaque that

generate small molecules having known inflammatory

potential in periodontal disease (e.g. bradykinin). These

molecules cause increases in vascular permeability, poly-

morphonuclear cell accumulation, and pain. C. ochracea

and C. sputigena produce neuraminidase, an enzyme

produced by many other microorganisms and considered

to contribute to virulence (Moncla et al. 1990). Capno-

cytophaga species also produce a dialyzable substance

that alters the microscopic appearance of neutrophils

and markedly inhibits chemotaxis in vitro (Shurin et al.

1979; Yan Dyke et al. 1982). This substance may act

locally in the oropharyngeal tissue to abrogate neutro-

phil cell function in those patients who are already

immunocompromised. Extracts prepared from sonicated

cells of Capnocytophaga species contain a 14-kDa

protein substance that causes dose-dependent inhibition

of lymphocyte proliferation in response to mitogens
(Ochiai et al. 1998). Capnocytophaga species also secrete

IgA-proteases, allowing the disabling of the mucosal

immune response (Frandsen et al. 1995). Extracellular
polysaccharide production may also contribute to viru-

lence by inhibiting the TJymphocyte response to mito-

gens and antigens (Bolton et al. 1985). Finally, the LPS

of Capnocytophaga specres may render some strains

resistant to the bactericidal effects of normal human

serum (Wilson et al. 1987).

C. canimorsus infections are associated with dog bites

or close contact with dogs (Hovenga et al. 1997; Lion

et al.1996a; Pers et al. L996; Saab et al. 1998). The most

serious clinical manifestations occur in individuals with

underlying diseases or conditions that predispose them

to severe infection with the organism, including hepatic

disease secondary to alcoholism, previous splenectomy

related to other medical circumstances, Hodgkin's

disease, hairy cell leukemia, pulmonary fibrosis, malab-

sorption syndrome, renal disease, chronic obstructive

pulmonary disease, peptic ulcer disease, Waldenstrom's

macroglobulinemia, and the use of systemic or topical

corticosteroids (Hartley et al.1994; Kullberg et al. l99I;

Martone et al. 1980; Ruddock et al. 1997; Yu et al.

2000). The frequent association of systemic C. cani-

morsus infection with asplenia suggests that the reticulo-

endothelial system plays an important role in containing

the spread of the organism. Major clinical features of C.

canimorsus infection include wound infection with cellu-

litis, meningitis, bacteremia with septic shock, renal

failure. hemorrhasic skin lesions reminiscent of menin-
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gococcal disease, pneumonia with empyema, and both
native and prosthetic valve endocarditis (Andersen and
Pedersen 1992; Blanche et al. 1994; Chambers and West-

blom 1992; Kooter et al. 1999; Le Moal et al. 2003;

Ngaage et al. 1999; Rosenman et al. 2003). Fulminant C.

canimorsus sepsis may clinically resemble overwhelming
meningococcal disease, with the development of dissemi-

nated intravascular coagulation, purpura fulminans,

rapidly evolving hemorrhagic skin lesions, symmetrical
peripheral gangrene, and the Waterhouse-Friderikson

syndrome (Bryson et al. 2003; Hartley et al. 1994; Kull-

berg et al. l99l Mirza et al. 2000). Unusual presenta-

tions and complications of C. canimorsas sepsis have

included precipitous hypotension complicated by adult
respiratory distress syndrome, myocardial infarction,

acute abdominal symptoms, the hemolytic-uremic

syndrome, musculocutaneous mononeuropathy, throm-

botic thrombocytopenic purpura without disseminated

intravascular coagulation, and dialysis-related peritonitis
(Bannerjee et al. 1993; Chadha and Warady 1999;

Depres-Brummer et al. 2001.; Ehrbar et al. 1996; Finn

et al. 1.996; Howell and Woodward 1990; Kok et al. 1999;

Mulder et al. 2001; Sawmiller et al. 1998; Tobe et al.

1999). C. canimorsus has been isolated from the

oropharynx and saliva of dogs and, in at least one case

of sepsis, the strain recovered from the patient's blood
was also recovered from gingival swab specimens from

the patient's dog (Martone et al. 1980). Eye infections,

including angular blepharitis, chronic corneal ulcers,

corneal ulcer with perforation, and endophthalmitis

caused by C canimorszs, have also been reported (De

Smet et al. 1990; Glasser 1986; Kiel et al. L987; Phipps

et al. 2002; Zimmer-Galler and Pach L996). Interestingly,

a few cases of C. canimorszs infection, including kera-

titis and systemic infection, have occurred in individuals

who sustained bites and/or scratches from domestic cats
(Carpenter et al. 1987; Chodosh 200L; Mahrer and Raik

1992: Yaltonen et al. 1995). In 2001. the first case of
cellulitis, pneumonia, and bacteremia due to C. cyno-

degmi was reported in a diabetic man following a dog

bite (Sarma and Mohanty 2001).

CULTURAL CHARACTERISTICS AND
IDENTIFICATION

Capnocytophaga species found in humans are slow-
growing, with colonies becoming visible generally after

48 h incubation and developing a characteristic

morphology after this time. All species require a COz-

enriched environment for growth; this may be provided

in a CO2 incubator or a candle jar. The colonies of the

organism are yellow, tan, or slightly pinkish and have

marginal finger-like projections (gliding motility)

appearing as a film surrounding the central area of the

colony. The central parts of the colonies also have a
moist, mottled appearance. Capnocytohaga species grow

on blood and chocolate asar. but not on MacConkev

agar. Good growth may also be observed on modified

Thayer-Martin agar because of the organism's resistance

to vancomycin, colistin, and trimethoprim. The organ-

isms are gram-negative, fusiform in shape, and appear

straight or slightly curved. Pleomorphism, with swollen

or large coccal cells, is characteristic in older cultures.

All human species are catalase-negative, are oxidase-

negative, and produce acid from glucose, maltose,

sucrose, and mannose, but not from ribose, xylose,

mannitol, or sorbitol (Socransky et al. t979). Indole and

urease are not produced, and both lysine and ornithine

decarboxylase and arginine dihydrolase reactions are

negative. Capnocytophaga species produce characteristic

uniform profiles on cellular fatty acid analysis that allow

genus-level but not speciesJevel identification (Dees

et al. 1982). Species are identified by an expanded

battery of tests (e.g. nitrate and nitrite reduction, starch

and dextran hydrolysis, etc.). The newly described

species C. haemolytica is B-hemolytic on sheep blood

and is the only human hemolytic species (Yamamoto

et al. 1994). C. granulosa strains form intracellular gran-

ular inclusions that stain with carbol fuchsin when the

organisms are grown anaerobically in peptone-yeast

glucose broth under anaerobic conditions (Yamamoto

et al. 7994). These two newly described species can also

be differentiated from the three previously described

human Capnocytophdga species by determination of

various aminopeptidase activities. Biochemical char-

acteristics of the five species of Capnocytophaga arc

shown in 
'fable 64.7.

C. canimorsus is usually recovered from blood

cultures, although other specimens (wound cultures,

aspirates from cellulitis, cerebrospinal fluid (CSF)) may

also yield the organism. C. cynodegmi has been recov-

ered from dogs' mouths and from localized dog-bite

wounds. In cases of high grade bacteremia, the bacteria

may actually be observed on smears of perpheral blood

(Mirza et al. 2000). The organism has been recovered in

several types of blood culture media, and growth is

generally slow. The lysis-centrifugation method

(Isolator) has also been used successfully for recovery of

C. canimorsu.l (Tison and Latimer 1986). In most

reports, blood cultures usually become positive 3-7 days

after collection. The organism grows on both blood and

chocolate agar that is incubated at 35"C in a CO2 incu-

bator or a candle jar with increased humidity (Heltberg

et al. 1984). Poor growth on routine sheep blood agar

has been attributed to the use of a trypicase-soy base;

better growth is seen when a heart infusion base is

employed. Heltberg and coworkers found that media

supplemented with cysteine supported the best growth

(Heltberg et al. 1984). Commercial supplemented choco-

late agars containing IsoVitalex (which contains

cysteine) or other similar enrichments are satisfactory.

Pinpoint colonies appear after 3 or 4 days' incubation.

After a few more days, the colonies appear circular,

smooth, and convex. On Gram stain, the bacteria appear
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as thin fusiform bacilli that are 2-4 microns in length.

Some cells may appear slightly curved. Like the other

fastidious bacteria discussed thus far, no growth is

observed on MacConkey agar. C. canimorsus and C.

cynodegmi are catalase-positive and oxidase-positive.

These two reactions differentiate them from Capno-

cytophaga species found in humans, which are both

oxidase- and catalase-negative. The canine species are

also arginine dihydrolase-positive and ONPG-positive.

Lysine and ornithine decarboxylase tests are negative. C.

canimorsus and C. cynodegmi are differentiated by

carbohydrate utilization tests, with the latter organism
producing acid from a wider variety of sugars. 'fable 

64.7

shows the biochemical reactions of C. canimorszs and

C. cynodegmi along with the biochemical characteristics

of the humar Capnocytophaga specres discussed pre-

viously. The term 'dysgonic' means that biochemical test

media for identification, including the basal medium for

carbohydrate fermentation, should be supplemented

with serum (3-5 dropsi5 ml broth) to obtain reliable and

consistent reactions.

ANTI MICROBIAL SUSCEPTI BILITY

Capnocytophaga species found in humans are generally

susceptible to erythromycin, clindamycin, tetracycline,

and the fluoroquinolones and are variably susceptible to
penicillin, aztreonam, colistin, and metronidazole (Arlet

et al. 1987; Roscoe et al. 1992; Rummens et al. 1986).

Capnocytophaga strains that are resistant to penicillin

produce novel B-lactamase enzymes that confer resis-

tance to expanded-spectrum cephalosporins and peni-

cillins (Foweraker et al. 1990; Rosenau et al. 2000).

These B-lactamase-producing strains are highly resistant

to penicillin, amoxicillin, and cefazolin; addition of

clavulanate results in a 64-fold decrease in the amox-

icillin MIC for over 90 percent of the B-lactamase-
producing strains (Roscoe et al. 1992). These strains are

also less susceptible to cefuroxime, cefotaxime, and

ceftazidime than BJactamase-negative strains. Imipenem

appears to be active against both B-lactamase-positive
and B-lactamase-negative Capnocytophaga isolates
(Roscoe et aI.1.992). Capnocytophaga species are usually

resistant to aminoglycosides (i.e. gentamicin, tobra-

mycin, amikacin, netilmicin), trimethoprim, colistin, and
vancomycin, although some strains may be susceptible
(Roscoe et aI. 1992 Rummens et al. 1986). Isolates have

been reported that are resistant to the fluoroquinolones

(Geisler et al. 2001). Gomez-Garces et al. reported a

case of fatal bacteremia caused by a ciprofloxacin-resis-

tant BJactamase-producing strain of C. sputigena that

was resistant to all p-lactams (except cefoxitin) and

aminoglycosides, but was susceptible to tetracycline,
erythromycin, clindamycin, aztreonam, and imipenem
(Gomez-Garces et al. 1994). Often, immunocompro-

mised and granulocytopenic patients may be treated

emoiricallv with a combination of a B-lactam antibiotic

and an aminoglycoside, and cidal levels of antimicrobials

are usually required for an optimal therapeutic response.

Therefore, rapid recognition of the salient features of

this organism by the microbiologist is important. The

intrinsic resistance of Capnocytophaga species to amino-

glycosides and the production of B-lactamase enzymes

by some clinical isolates (detected by the nitrocefln test)

should be reported to the physician as soon as possible.

SIow growth of C. canimors&s on agar medium and

failure of some strains to grow in certain types of broth

media have generally precluded adequate studies of the

antimicrobial susceptibility of this organism. Unstandar-

dized studies using disk-diffusion procedures designed

for more rapidly growing bacteria had previously

reported that C. canimorsus strains were susceptible to

most antimicrobials but were resistant to aminoglyco-

sides. In 1988, Verghese and associates reported on a

broth-dilution technique using Schaedler broth as the

growth medium (Verghese et al. 1988). All eight C. cani-

morsus strains tested were susceptible to all antibiotics,

including penicillin, erythromycin, ticarcillin, piper-

acillin, cef azolin, cefap er azone, cefotaxime, ceftazidime,

chloramphenicol, trimethoprim-sulfamethoxazole, and

fluoroquinolones. Susceptibility of C. canimorsus to

sulfonamides and aminoglycosides is unclear at present,

since in vitro results with these agents appear to be

method-dependent. Antibiotics that are generally more

active against gram-positive organisms, such as vanco-

mycin, clindamycin, erythromycin, and rifampin, were

also active against C. canimorsu,s. These data support

the clinical efficacy observed with penicillin (mean peni-

cillin MIC = 0.04 pg/ml t 0.01 pg/ml for all strains

tested).

DYSGONOMONAS SPECIES

Dysgonomonas is a new genus of fastidious gram-nega-

tive bacilli that includes the former CDC group DF-3 as

Dysgonomonas capnocytophagoides (Hofstad et al. 2000).

Biochemically, this organism resembles Capnocytophaga

species, but 165 rRNA sequencing indicates genetic relat-

edness to the anaerobic gram-negative species Bacter-

oides distasonis, Bacteroides uni.formis, and Prevotella

melaninogenica (Vandamme et al. 1986). The first two

reports of this organism in association with human

disease were published in 1988. In one case, D. capnocy-

tophagoides was isolated in pure culture from multiple

stool specimens of an elderly woman with common varr-

able hypogammaglobulinemia (Wagner et al. 1988). In

the second case, D. capnocytophagoides was recovered

from the blood of a granulocytopenic male with acute

lymphocytic leukemia following intensive radiation and

chemotherapy (Aronson and Zbick 1988). Gill and

coworkers (1991), at the National Cancer Institute,

screened stool specimens from 690 patients and found 11

patients with diarrhea and with moderate to heavy

growth of D. capnocytophagoides. Four of these 1L
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patients responded to treatment, while the organisms
were cleared spontaneously in the remaining seven
patients. Blum and colleagues isolated D. capnocytopha-
goides from stool specimens of eight patients over a 1-
year period (Blum et al.1992). These eight patients were
immunocompromised or had severe underlying disease.
While some patients who harbor this organism in the gut
are symptomatic, with chronic diarrheal illness, others are
asymptomatic (Blum et al. 1992). The association of
enteric infection with D. capnocytophagoides and immu-
nosuppression and common variable hyogammaglobuli-
nemia has been noted by other investigators (Heiner et al.
1992; Melhus 1997). D. capnocytophagoides is also a rare
isolate from soft-tissue infections, decubitus ulcers, and
the urinary tract of compromised patients (Bangsborg
et al. 1990; Melhus 1997; Schonheyder et al. l99I)

D. capnocytophagoides can be isolated from stool
specimens using media for isolation of Campylobacter
species, including cefoperazone-vancomycin-amphoter-
icin (CVA) blood agar. Inoculated media are incubated
at 35"C in 5-7 percent CO2. Nonselective blood agar
should also be inoculated, since some strains fail to
grow on CVA blood agar (Gill et al. 1991). The
organism has also been recovered on blood agar
containing kanamycin and vancomycin following anae-
robic incubation (Melhus 1997). D. capnocytophagoides
grows slowly, with pinpoint colonies being visible on
agar medium after 24 h incubation. Colonies are gray-
white, smooth, and nonhemolytic after 48-72 h of incu-
bation, and some strains produce a sweet odor during
growth on agar media (Aronson and Zbick 1988; Blum
et al.  1992; Gil l  et al.  1991; Wagner et al.  1988). On
Gram-stained smears, the organisms appear as small
gram-negative coccobacilli. Both oxidase and catalase
reactions are negative, nitrate is not reduced, and urea
is not hydrolyzed. Indole is produced in tryptone broth
and esculin is hydrolyzed. Lysine and ornithine decar-
boxylases and arginine dihydrolase are not produced.
The organism ferments glucose, xylose, and maltose;
most strains also produce acid from sucrose and lactose
but do not produce acid from mannitol. DF-3-like
strains have also been described that are consistently
sucrose-negative and slightly hemolytic on blood agar
(Daneshvar et al. 1991). Chromatography can also be
used for identifying this organism, since all strains
consistently demonstrate 72- and 13-methylte-
tradecanoate in their cell walls. with minor amounts of
tetradecanoate and hexadecanoate being present as
well (Bernard et al. 1991; Daneshvar et al. 1.991.;
Wallace et al. 1989). In addition to D. capnocytopha-
goides, two other Dysgonomonas species have been
described. A single isolate of an organism designated
Dysgonomonas gadei was isolated from a human gall
bladder, and Dysgonomonas mossii was recovered from
human clinical specimens (Hofstad et al. 2000; Lawson
et at.2002). The biochemical characteristics of Dysgo-
nomonas species are summarized in Table 64.8.

Antimicrobial susceptibility of D. capnocytopha-
goides isolates has been determined by disk diffusion,

broth dilution, and E-test methods (Aronson and
Zbick 1988; Blum et al. 1992; Gill et al. 799I; Heiner

et al. 1992; Melhus 1997; Wagner et al. 1988). By in

vitro testing, D. capnocytophagoides strains are resis-

tant to several antimicrobial agents, including peni-

cillin, ampicillin, ampicillin-sulbactam, aztreonam,

aminoglycosides, first-, second-, and third-generation

cephalosporins, erythromycin, ciprofloxacin, and
vancomycin. Most isolates are susceptible to trimetho-
prim-sulfamethoxazole and chloramphenicol and vari-
ably susceptible to piperacillin, clindamycin, tetra-
cycline, and imipenem. Patients usually respond to

therapy with trimethoprim-sulfamethoxazole, clin-
damycin, or tetracycline (Blum et al. 1,992; Gill et al.
reer).

CDC GROUPS EF.4A AND EF.4B

Formerly a group of uncertain taxonomic affiliation,

these bacteria have recently been classified as unnamed

members of the familv Neisseriaceae (Rossau et al.
1989). CDC group EF-4 (eugonic fermenter 4) is part of
the normal oral flora of cats and dogs and may cause
purulent cutaneous and pulmonary infections in these

animals (Corboz et al. 1993; Weyant et al. 1994). EF-4
has been isolated from human wounds resulting from

scratches and bites from cats and dogs (Talan et al.
1999). More severe infections have included bacteremia
in a 65-year-old woman with metastatic small-cell carci-
noid of the liver, endophthalmitis following a corneal

laceration from a cat scratch. and chronic external otitis

media resulting from a dog licking the ears of its owner
(Dul et al. 1983; Roebuck and Morris 1999; Vartian and
Septimus 1989).

CDC group EF-4 is a gram-negative coccobacillus that
grows on both blood and chocolate agars; some strains

may also grow on MacConkey agar. After 24 h of incuba-

tion, the colonies are about 1 mm in diameter, opaque,

smooth, and yellowish, have an entire edge, and are
weakly B-hemolytic or nonhemolytic. Some strains have a
distinct popcorn-like odor. In the single bacteremic case,
EF-4 was detected radiometrically by the BACTEC

system after 2 days' incubation. The organism is nonmo-

tile, oxidase-positive and catalase-positive and reduces

nitrate to nitrite. Some strains may also reduce nitrite to
nitrogen gas (Bruun et al. 1984). The organism does not
produce urease or indole. EF-4 strains are divided into
subgroups EF-4a and EF-4b based on carbohydrate utili-
zation (see Table 64.8). EF-4a strains ferment glucose, do
not produce acids from other carbohydrates, and are argi-

nine dihydrolase-positive (Hanner et al. l99t; Weyant
et al. 1994). EF-4b strains similarly produce acid oxida-
tively rather than fermentatively from glucose only. EF-
4b strains also do not reduce nitrate all the way to gas

and are arginine dihydrolase-negative (Hanner et al.
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Tabf e 54.8 Biochemical characteristics for the identification of Dysgonomonas species and CDC groups EF-4A and EF-48

D. capnocytophagoides D. gadei D. rossit Group EF-4A

-/ctw-la

NA NA

+

+

NA

f

f

NA
NA

NA
NA

NA

NA

NA

NA

NA
+

NA

NA
+

+

NA

NA

f

NA

+

T

+

J

+

+
+

NA

NA
NA

NA

NA
NA

NA

NA
NA

Characteristic

Hemolysis, 5BA
Oxidase

Catalase

Moti l i ty

Growth, MacConkey agar
NO3 to NO2

NO2 to N2 gas

Indo le

Acetoin

Urease

Gelatin hydrolysis
Alkal ine phosphatase

Arginine dihydrolase

Orn i thine decarboxylase
Esculin hydrolysis
Gas from glucose

Acid produced from:
Glucose
Adonitol

l-Arabinose

Cel lob iose
Dulc i to l

Erythri tol
Fructose

Glycogen
lnositol

Lactose
Maltose

Mann i to l
Mannose

Melezitose
Mel ib iose

Raffi nose

Rhamnose
Ribose

Sal ic in

Sorbitol

Starch
Sucrose

Trehalose

Xylose
p-Glucuronidase

N-acetyl-B-glucosami nidase
or-Fucosidase

+

+

i

+
+

NA

+

NA

f

T

NA

NA

NA

T

+

NA

+

NA
+

NA
NA

NA

NA

f

Group EF-48
-law

?

+

+

NA

NA

NA

NA

NA
NA

NA
NA

NA

NA
NA

NA
NA

NA

NA
NA

NA

NA
NA

NA

NA

NA

NA
NA

NA

NA

NA
NA

NA

NA
NA

NA

NA

NA

NA
NA

NA

NA
NA

+, positive reaction; -. negative reaction; +w, weak positive reaction; NA, data not available; SBA, sheep blood agar

1991). EF-4b strains may be subdivided into two
subgroups based on acid production from gluconate
(Ganiere et al. 1995). Most EF-4 isolates are susceptible
to penicillin, ampicillin, cefazolin, chloramphenicol,
tetracycline, erythromycin, clarithromycin, trimethoprim-
sulfamethoxazole, the quinolones, and the amino-
glycosides (Goldstein and Citron 1993).

CH RO M OBACTERI U M VIO LACEU M

Chromobacterium violaceum is an infrequently encoun-
tered gram-negative bacillus that is normally found in the
soil of tropical and subtropical regions, including South-
east Asia, South Africa, South America (Argentina,
Brazil), Guyana, India, Malaysia, Trinidad, and Australia
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(Kaufman et al. 1986; Martinez et al. 2000). The organism
is geographically restricted between latitudes 35'N and
35"S (Dromigny et al. 2002). The organism is also found
in soil in the southeastern regions of the USA, and
human infections have been reported from Florida,
Louisiana, and South Carolina (Midani and Rathore
1998). Most strains of C. violaceum synthesize a nondiffu-
sible violet pigment called violacein. This pigment is

ethanol- and acetone-soluble and insoluble in water.
chloroform, ether, and benzene. Genes encoding the
enzymes responsible for violacein synthesis reside on a
14.5-kb fragment of the C. violaceum genome
(Pemberton et al. 1991). Nonpigmented strains do occur,
and both pigmented and nonpigmented colonies may be
observed together on blood agar plates. C violaceum s
the only member of the genus and is related to members
of the emended family Neisseriaceae (Rossau et al. 1989).

C. violaceum is a rare human pathogen that is asso-
ciated with sepsis and bloodstream dissemination. Infec-
tions are often fatal unless they are treated promptly,

and relapses of disease occur frequently. The organism
is usually acquired by contact with soil or stagnant water
and can cause localized cellulitis and abscesses (Chatto-

padhyay et al.2O02; Lee et al.  1999; Petr i l lo et al.  1984).
Entry of the organism into the bloodstream is associated
with the development of septic shock, pneumonia, and
abscesses in the lungs, brain, liver, and spleen (Moore

et al. 2001). Clinically, its presentation is reminiscent of
the septicemic form of melioidosis caused by Burkhol-
deria pseudomallei (Chong and Lam 1997; Ti et aI.
1993) Complications of bacteremia with C. violaceum
include meningitis, osteomyelitis, vertebral abscess,
urinary tract infection, otitis media, purulent conjuncti-
vitis, and orbital cellulitis (Feldman et al. 1984; Shao
et aI.2002; Shenoy et a|.2002; Shetty et al. 1987; Simo
et al. 1984; Tucker et al. 1.979). The organism may also
cause severe gastrointestinal disease, particularly in chil-
dren (Ballal et al. 2000; Dromigny et al. 2002). More
severe clinical presentations occur in individuals with
chronic granulomatous disease and conditions that affect
neutrophil function (Macher et al. 1982; Sorenson et al.
1985). Other predisposing factors for severe illness with

C violaceum include malnutrition and alcoholism
(Martin and Brimacombe 1992). The mortality rate for

C. violaceum may exceed 60 percent. Infections also

occur in animals, including gibbons, pigs, and buffaloes.

C. violaceum is a facultatively anaerobic, nonfasti-

dious, motile rod that is catalase-positive and oxidase-

variable. Individual cells are 1.5-3 microns long, 0.5-

1 micron wide, and sometimes slightly curved. Since the

oxidase test may be difficult to interpret because of

pigmentation, anaerobic incubation of cultures will allow

this characteristic to be determined, since violacein is

not produced in the absence of oxygen. The organism

posesses a single short polar flagellum and one or

more longer subpolar or lateral flagella (Sneath 1956).

C. violaceum grows optimally at 25'C, although most

strains do grow at 35-37"C. Colonies on blood agar are

smooth and circular, with an entire edge. Pigmentation

can vary from pale violet to almost black and becomes

more pronounced on prolonged incubation. If violacein

is produced, further biochemical testing confirms the

identification. However, nonpigmented, oxidase-positive

strains may be confused with Aeromonas or Vibrio

species because they are often also indole-positive (Lee

et al. 1999). Unlike most Aeromonas species, C. viola-

ceum is lysine decarboxylase-negative. The lysine-decar-

boxylase-negative aeromonads (the A. caviae group) are

mannitol-positive, while C violaceum is mannitol-nega-

tive. C. violaceum reduces nitrate to nitrite, does not

hydrolyze esculin or ONPG, and is arginine dihydrolase-

positive (see Table 64.9). Lysine and ornithine decarbox-

ylase reactions are negative. Casein and gelatin are

hydrolyzed, but starch is not hydrolyzed. The organism

is a carbohydrate fermenter. Acid is produced from

glucose, fructose, mannose, and trehalose; some strains

also acidify maltose and sucrose. Lactose, mannitol, and

xylose are not fermented. Pigmented and nonpigmented

strains give the same biochemical reactions for identifi-

cation. Growth occurs on MacConkey agar and other

selective media for coliforms and some C. violaceum

isolates may be B-hemolytic on blood agar.

C. violaceum is susceptible to a variety of anti-

microbial agents, including aminoglycosides, tetra-

Tabfe 64.9 Biochemical characteristics of Chromobacterium violaceum

Characteristic Reaction

Catalase
Oxidase V
Orn i thine decarboxylase
Arg in ine  d ihydro lase  +
Lysine decarboxylase
Arg in ine  d ihydro lase  +
Esculin hydrolysis
Nitrate reduction +
Indo le  V
ONPG hydrolysis

Characteristic

Acid from:
Glucose

Sucrose

Lactose
Xylose

Mann i to l
Mannose
Trehalose
Maltose

Growth on MacConkey agar

Reaction

f
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cyclines, chloramphenicol, trimethoprim-sulfamethox-
azole, the fluoroquinolones (especially ciprofloxacin),
piperacillin, imipenem, and aztreonam (Aldridge et al.
1988). Most strains are resistant to cephalosporins,
susceptible to the cephamycins (i.e. cefotetan), and resis-
tant to rifampin and vancomycin. Treatment of infec-
tions consists of surgical drainage of abscesses and puru-
lent collections, debridement, and appropriate
antimicrobial therapy (Midani and Rathore 1998).
Although the optimal therapeutic approach to this
organism is not known given the rarity of infections, the
drug of choice is intravenous gentamicin administered
for at least 14 days. Patients treated with shorter courses
of therapy frequently relapse.
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DEFINITION

Members of this genus are small- to medium-sized

coccobacilli or rods, often markedly pleomorphic, some-

t imes f i lamentous .  The organ isms are  gram-negat ive .

nonmotile, nonsporeforming and nonacid-fast. They are

aerobic and facultatively anaerobic, and require one or
both of two accessory growth factors - factor X (hemin

or other porphyrins) and factor V (coenzyme I; nicotina-

mide adenine dinucleotide (NAD) or nicotinamide
adenine dinucleotide phosphate (NADP+)). They are

chemo-organotrophic with both a respiratory and a
fermentative type of metabolism. Sugars are attacked

f'ermentatively. Oxidase and catalase reactions vary

between species and strains; many are positive. Nitrate is
reduced to nitrite. The species are obligate parasites of
humans and animals, inhabiting particularly mucous

membranes. The guanine and cytosine (G+C) content of
DNA is 37-44 molo/". The type species is H. influenzae.

INTRODUCTION AN D HISTORICAL
PERSPECTIVE

In 1892, Pfeiffer claimed
hemophilic coccobacillus

that the small gram-negative

that he had isolated in larse
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numbers from the sputum of patients suffering from

epidemic influenza was the causative agent of that

disease. The specific name Haemophilus influenTae

(Winslow et al. 1917), given to the organism, is a

permanent reminder of this erroneous association. In

fact, although H. influenzae was named as the type

species, it was not the flrst member of the genus to have

been described. In 1883, Koch described a bacillus

causing conjunctivitis in Egypt, now named H aegyptius.

Several other small gram-negative bacteria that share

many of the characteristics of H. influenzae have since

been described. All of these organisms require one or

both of two accessory growth factors - factor X and

factor V. The use of growth-factor requirement as the

major criterion for defining the genus Haemophilus has

been questioned in the light of DNA-DNA hybridiza-

tion and 165 rRNA sequence comparison (Mutters et al

1984; Dewhirst et al. 1992). Occasional strains in other

genera within the family Pasteurellaceae and other unre-

lated genera exhibit growth-factor requirements similar

to those of Haemophilrls spp. However, many workers

still accept that a requirement for X-factor or V-factor,

or both, is a prerequisite for inclusion of a small gram-

negative bacterium in the genus Haemophilus (Kilian

and Biberstein 1984; Kilian personal communication).
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SPECIES IN THE GENUS

The organisms we have included in the genus are listed
in Table 65.1. Opinions differ on the validity of some of
the species and it may be difficult to make clear-cut
distinctions between others. DNA-DNA hybridization
studies suggest the genus should be limited to H. influ-
enzae, H. aegyptius, H haemolyticus, H. parainfluenzae,
and'H. intermedius' (Mutters et al.  1984). Comparison
of partial lnlB sequences supports these findings (Hede-
gaard et al. 2001). Phylogenetic analysis by 165 rRNA
sequence comparlson suggests that the genus comprises
H. influenzae, H. aegyptius, H. haemolyticus, H. segnis,
H. aphrophilus, H. paraphrophilus, and perhaps Actino-
bacillus actinomycetemcomitans (Dewhirst et al. 1992).
DNA-rRNA hybridization indicates that H. aphrophilus
and A. actinomycetemcomitans are located on a separate
branch of the family Pasteurellaceae distinct from the
gents Haemophilus (De Ley et al. 1990). Clearly the
exact delineation of the senus Haemonhilus awaits
further clarification.

The term H. influenzae biogroup aegyptius (Brenner
et al. 1988) has been adopted for strains associated with
Brazilian purpuric fever (BPF) - a severe pediatric
infection characterized by conjunctivitis - proceeding to
a frequently fulminant bacteremic infection. This term is
often used synonymously with H aegyptius but there is
as yet no clear genetic evidence that they are identical
(Kilian et aL.2002). Genomic analysis using polymerase
chain reaction (PCR)-based subtractive hybridization
suggests that strains of H. influenzae biogroup aegyptius
causing invasive disease, harbor unique chromosomal

regions that may have been acquired from unrelated

microbial sources (Smoot et al. 2002). H. aegyptius, H.

influenzae biogroup aegyptius and 1L influenzae share

over 90 percent genomic nucleotide sequence homology
(Brenner et al. 1988) and are indistinguishable in routine

laboratory tests.

H. aphrophih.rs is considered to belong to the genus

because of its apparent requirement for X-factor on

primary isolation and is so named because it needs

carbon dioxide for growth (aphrophilus = foam loving).

The X-factor requirement is readily lost on subculture.

DNA-DNA hybridization studies indicate that H.

aphrophilus and H. paraphrophilas are closely related

organisms (Potts et al. 1986) and, possibly, do not consti-

tute separate species. Potts and Berry (1983) have

suggested it may be more appropriate to designate one

of these two organisms as a subspecies, a view endorsed

by Sedlacek et al. (1993). Since 11. aphrophilus rs X-

factor-dependent and H. paraphrophilus rs V-factor-

dependent, we have regarded them as two species.

DNA-DNA hybridization analyses of Actinobacillus

actinomycetemcomitans, H. segnis, H. aphrophihls, and

H. paraphrophilus have shown these four species are at

least 28 percent related (Potts et al. 1985, 1986), consis-

tent with their placement in a single genus. Accordingly,

it has been proposed that A. actinomycetemcomitans

should be reassigned to the genus Haemophilus as H.

octinomycetemcomitans despite being X- and V-factor-

independent. However, this chapter is restricted only to

X- andior V-factor requiring organisms. Casin et al.

(1985) found the level of DNA hybridization between

H. ducreyi and other Haemophilus spp. was very low

Tabfe 55.1 Species of Haemophilus growth requirements, haemolytic activity and host origin

Requirement for

Species

H. influenzae
H. aegyptius
H. haemolyticus
H. haemoglobinophilus

H. ducreyi
H. aphrophilus

H. parainfluenzae

H. parahaemolyticus

H. pa ra ph roh a e mo lyticus
H. paraphrophilus

H. segnis

H. parasuis

H. paragallinarum

H. paracuniculus

H. fel is

Hemolysis on
horse blood agarX

+

+-

CozV

+

+

+
+

+
+

+

+

+b

+b
. D

+t

+

+
+

+'

Host

H u m a n

Human
Human
Dog

H u m a n

H u m a n

Human,  monkey
H u m a n

H u m a n
H u m a n

H u m a n

Pig
Poultry

Rabb i t

Cat

+, posi t ive;  - ,  negat ive;  v,  var iable
a) Requires hemin-contain ing media on pr  mary solat ion
b) May lose hemolyt ic  act iv  ty  on subcul ture
c) C02 requirement lost  on subcui ture
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(0.6 percent relatedness) and they suggested that H.

ducreyi, which is also phenotypically distinct from all

other Haemophilus spp., is misplaced in this genus.

Hemophili isolated from swine and fowl have posed

considerable problems of nomenclature and taxonomy

(see Biberstein and White (1969); Blackall (1989)).

Biberstein and White (1969) proposed the name FL
parasuis for those V-factor-dependent strains, which are

frequently isolated from the respiratory tract of pigs. An

X- and V-factor dependent analog, H. suis, described by

Lewis and Shope (1931) is of uncertain validity. The

organism formerly classified as H. pleuropneumoniae has

been transferred to the genvs Actinobacillus (Pohl et al.

1983) on the basis of its phenotypic and DNA related-

ness to A. lignieresii. The emended species A pleuro-

pneumoniae is composed of V-factor requiring and

V-factor-independent biovars. A V-factor requiring

Haemophilus sp., H. paragallinaru,?1, causes infectious

coryza in poultry. The existence of an X- and V-factor-

requiring organism, 'H. gallinarum' (Schalm and Beach

1936) has been questioned (Page 1962; Roberts et al.

1964) and it appears likely that these strains were erro-

neously described as being dependent on X and V

factors owing to technical limitations. Unfortunately

these strains are no longer available. H. paragallinarum

appears to be more closely related to the genus Actino-

bacillus than to Haemophilus on the basis of DNA

hybridization studies (Mutters et al. 1984; Piechulla et al.

1985) and its complement of respiratory quinones

(Hollander and Mannheim 1975). H. paracuniculus has

been isolated from the small intestine of rabbits with

mucoid enteritis (Targowski and Targowski 1979). An

organism isolated from the respiratory tract of cats has

been named H. felis (lnzana et al. 1.992) Other species of

Haemophilus have been described, but have not been

validated. These include'Haemophilus somnus' (Baillie

et al. 1973) and 'Haemophilus agni' (Kennedy et al.

1es8).

HABITAT

Haemophilus spp. are obligate parasites of the mucous

membranes of humans and a wide variety of animal

species (Table 65.1). They demonstrate a marked degree

of host specificity; each species being associated exclu-

sively with one host species. Haemophilus spp.

commonly inhabit the human upper respiratory tract
(Kilian et al. 1972) and mouth (Kilian and Schi@tt

1975) and may also be isolated from the intestinal

tract (Palmer 1981) and vagina (Kilian 1976). A similar

habitat is seen in pigs (Harris et al. 1.969), monkeys
(Rayan et al. l98l), poultry (Hinz and Kunjara

1977), and other birds (Grebe and Hinz 1975). Some

species are regular members of the normal flora of

their host while others seem only to be associated

with disease (see review by Kilian and Frederiksen
(1e81)).

CELL MORPHOLOGY

H. influenzae is a slender, short, poorly staining gram-

negative rod or coccobacillus, 0.3-0.5 pm x 0.5-1.0 pm

with rounded ends. The organisms are relatively difficult

to stain by Gram's method. Prolonged counterstaining

for 5-15 min with very dilute carbol fuchsin often gives

satisfactory results. Some cultures are uniformly cocco-

bacillary. At other times they are markedly pleo-

morphic, with many long filamentous forms. Either form

may be observed in Gram-stained smears of the cere-

brospinal fluid in cases of hemophilus meningitis

(Figure 65.1).

Capsules are found in some species, notably H. influ-

enzae, H. parasuis, and H. paragallinarurz. Occasional

capsulate strains of H. parainfluenzae have been

described (Sims 1970). The capsules of H. influenzae ar,d

H. paragallinarum are important in pathogenicity.

CU LTU RAL CHARACTERISTICS

Growth factor lequilgTentt
Specific growth factor requirements are major criteria by

which the gews Haemophilus is deflned. These species

will not grow in the absence of certain factors that are

present in blood, hence the generic name Haemophilus

or 'blood-loving'. H. influenzae requires two accessory

growth factors, a heat-stable growth promoting

substance present in red blood cells (X factor), and a

heat-labile vitamin-like substance (V factor). Neither of

these factors is a single substance.

X FACTOR

Fildes (1924) named hemin as X factor and suggested it

plays a role as an enzyme in respiration. Various iron-

containing compounds, such as hemes or protoporphyrin

IX, can satisfy a requirement for X factor. It was

thought that H influenzae had an absolute requirement

Figure 65.1 Gram-stained smear of cerebrospinal fluid from a
case of H influenzae type b meningitis (Bar = 5 pm)

*
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for heme to supply both the iron requirement of the
bacterium and essential porphyrin (White and Granick
1963; Coulton and Pang 1983). It now appears that, in
most instances, only protoporphyrin IX is required
(Pidcock et al. 1988) provided iron can be obtained from
another source, because H. influenzae has a ferrochela-
tase that catalyses the insertion of iron into the proto-
porphyrin ring (White and Granick 1963). H. influenzae
does not produce a hemolysin (Kilian 1976) and there-
fore cannot acquire its iron from the hemolysis of red
blood cells. Herrington and Sparling (1985) have shown
that H. influenzae, but not H. parainfluenzae, can rse
human transferrin as a sole source of iron. 1L influenzae
can acquire hemin from various sources, including
hemoglobin-haptoglobin complexes, heme-hemopexin,
and heme-albumin (Pidcock et al. 1988). The require-
ment for X-factor is substantially reduced, but not elimi-
nated, during anaerobic growth (Gilder and Granick
1947) and strains might thus be erroneously regarded as
X-factor independent. When grown in complex media,
H. influenzae requires NAD 0.2-1.0 mg/l and hemin up
to 10 mg/l (Evans et al. 1974).

Hemin-dependent strains of Haemophilus spp. are
unable to convert D-aminolaevulinic acid (ALA) to
protoporphyrin (White and Granick 1963; Biberstein
et al. 1963), a process involving five enzyme-mediated
steps (Figure 65.2). X-dependent strains lack some or all
of these enzymes. The ability to synthesize porphobili-
nogen and porphyrins from ALA is the basis of the
porphyrin test, which was first described by Biberstein
et al. (1963) and subsequently developed by Kilian
(1974). This test is convenient and, if properly
performed, is a reliable method for demonstrating a
hemin requirement. However, it does not exclude the

Porphob i l inogen
synthetase

6-Aminolaevu|inic ,  --+ PorphobiI inogen
acid (ALA) (PBG)

Uroporphyrinogen
I synthetase

U roporphyrinogen
decarboxylase

Coproporphyrinogen + Uroporphyrinogen

Coproporphyrinogen oxidase

Protoporphyrin lX

Ferrochelatase
or heme synthetase

a'

Fe2*/Fe3*

Figure 65.2 Main steps in porphyrin and hemin biosynthesis

Hemin Physical requirements for growth

possibility of a requirement for hemin because of a lack

of enzymes later in the biosynthetic pathway. Some

Haemophilus strains apparently require hemin itself

since they lack the ferrochelatase responsible for incor-

porating iron into the hemin molecule (White and

Granick 1963). H. aphrophilus may lose its requirement

for X-factor following subculture and thus appear to be

X- and V-factor independent.

V FACTOR

This second factor is present in the tissues of plants
and animals and is synthesized by most bacterial

species other than H. influenzae. It was originally

thought that this thermolabile substance was a vitamin,

hence the name V-factor (Thj@tta and Avery 1921).

Pittman (1935) showed that V-factor is involved in

oxidation-reduction processes in the growing bacterial

cell. V-factor requirement can be satisfled by NAD* or

by precursors of this coenzyme. (See reviews of aspects

of V-factor dependency by Cyanomon et al. (1988) and

Niven and O'Reilly (1990).) Although V-factor is

present in blood it is not available to hemophili

because it is largely intracellular. Additionally the

blood of many animal species contains NADase

activity (Krumwiede and Kuttner 1938). Heating blood

agar to about 75'C, until it acquires a chocolate color,

releases V-factor from red cells and also inactivates

NADase activity.

Staphylococcus aureus, and some other organisms,

release V-factor during growth. This diffuses into the

surrounding medium, enhancing the growth of any

organisms requiring V-factor. Any V-factor-requiring

species of Haemophilus will show satellitism, as will

occasional strains of other bacterial species of unrelated

genera, for example, some strains of streptococci, neis-

seria, and diphtheroids. V-factor-independent isolates of

H. parainfluenzae have been described (Windsor et al.

1991). This flnding is associated with the acquisition of a

5.25-kb plasmid from 1L duueyi (Martin et al. 2001).

Plasmid-encoded V-factor-independent strains of 1L

paragallinarum (Bragg et al. 1993) have been reported

from South Africa.

Haemophilus spp. are fastidious not only in their

requirements for X- and V-factor but also in their need

for other nutritional factors, which vary among the

species. H. influenzae requires pantothenic acid, thia-

mine, and uracil and some strains also need purine and

cysteine (Holt 1962). H. parasuis and H. ducreyi require

serum. ,F1. paragallinarurz requires serum and sodium

chloride (Rimler er al. 1977), though it is not halophilic

in the usual sense.

The optimum temperature for growth is 35-37'C. The
minimum temperature for growth is 20-25'C. Most
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Haemophilus spp. are killed by heating at 55"C for

30 min. H. influenzae grows better in aerobic than in

anaerobic conditions. Raised carbon dioxide tension

improves the growth and may be required for a number

of species, including H. aphrophilus, H. paraphrophilus,

H. parap hrohaemolyticus, and H. paragallinarum. Under
the usual conditions found in a bench incubator or

incubator room, some recently isolated strains of Haemo-
philus spp. may grow only feebly or not at all. Therefore,

carbon dioxide should be added to the atmosphere for the
primary isolation and may be beneficial for subsequent
cultures ol Haemophilus spp. Many strains that have an

apparent carbon dioxide requirement on primary

isolation rapidly become adapted to growing in air.

Type of growth

COLONIAL MORPHOLOGY

The colonies produced by Haemophllus spp. on solid
media vary considerably with the individual strains and

with the medium used. On blood agar, H. influenzae

forms translucent low, convex, or flat pinpoint colonies.

On a more favorable medium, such as chocolate agar,

Levinthal's agar, or Fildes' agar, colonies of noncapsu-

late strains are typically grayish, transparent, smooth,

and low convex or flat with a slightly splayed-out entire

edge (Figure 65.3). They attain a size of 0.5-0.8 mm

after incubation for 24 h at 37'C, enlarging to 1-1.5 mm

by 48 h. Morphologically atypical strains produce more
granular colonies. Capsulate strains of H. influenzae
form larger, more opaque, smooth, mucoid colonies 3-
4 mm in diameter, which may appear to coalesce. Colo-

nies of capsulate strains grown on clear media, such as

Levinthal's agar, are iridescent when examined by obli-
quely transmitted light. The iridescence is due to disper-

sion of light by the arrangement of organisms in a grid-

like pattern like a diffraction grating (Engbaek 1950).

This phenomenon is best observed in 18-h cultures,
gradually fading after prolonged incubation.

Colonies of H. influenzae grow to a larger size in the
vicinity of certain other bacterial colonies, e.g. staphylo-

cocci, which secrete V factor (satellitism) (Figure 65.4).

Strains from cases of meningitis and epiglottitis usually

produce indole, which gives the cultures a characteristic

pungent smell.

The various colonial forms of the other Haemophilus

spp. tend to resemble noncapsulate H. influenzae with a

few exceptions. H. haemoglobinophilus colonies at flrst

resemble H. influenzae but become more opaque and

Iarger, reaching t-2 mm diameter at 24 h. They grow

well on blood agar and growth is not enhanced around

staphylococci. H. aphrophilus and H. paraphrophilus

form small, highly convex, granular colonies. Colonies of

H. paraphrophilus and H. aphrophilus may pit the agar,

particularly on primary isolation on blood agar (Chad-

wick et al. 1995) leading to possible misidentification as

Eikenella corrodens. Colonies of H. parainfluenzae can

be flat and smooth or rough and wrinkled, reaching a

size of 12 mm at 24 h. H. segnis is slow growing, the

colonies being smooth or granular, odor-free and about

0.5 mm after incubation for 48 h. H. parasuis is also slow

growing, the colonies reaching a diameter of 0.5 mm

after 48-:72h. H. paragallinarum is usually capsulate,

producing iridescent colonies on transparent media.

In liquid media, such as Levinthal's broth or Filde's

broth, most strains of H. influenzae produce a uniform

turbidity. Occasional strains that produce a flocculent

deposit with a slight turbidity of the supernatant suspen-

sion are found to be fllamentous on microscopic

examination.

HEMOLYSIS

Pritchett and Stillman (1919) observed that gram-
negative rods requiring X and V factors could be hemo-
lytic. Pittman (1953) distinguished 1L haemolyticus and

Figure 65.4 Culture of H influenzae on whole horse blood agar
showing satellitism of colonies adjacent to growth of
Staohvlococcus aureusFigure 65.3 Culture of H influenzae on chocolate agar
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H. parahaemolyticus from the nonhemolytic species 1L

influenzae and 11. parainfluenzae. Zinnemann et al.
(1971) described the hemolytic species H. para-

phrohaemolyllcas, which requires V factor and carbon

dioxide. Kilian (1976) noted that, in a proportion of

strains of H. parahaemolyticus and H. para-

phrohaemolyrlcus, hemolysis is an unstable property.

METABOLISM

All of the strains possess functional enzymes of the
Embden-Meyerhof-Parnas and Entner-Doudoroff path-

ways, the hexose monophosphate shunt, tricarboxylic
acid cycle, and gluconeogenesis, with a high activity of
malate dehydrogenase (see Tatusov et al. (1996) for a
review of H aemophilas metabolism).

GENETIC MECHANISMS

Transformation and transduction

The genome of H. influenzae has been shown to be a
1.9 Mb circle with a G+C content of c. 37 percent and
genetic maps for H. influenzae strains Rd (capsule type
d) and Eagan (capsule type b) and H. parainfluenzae

have been constructed by use of pulsed field gel electro-
phoresis (Barcak et al. 1991; Butler and Moxon 1990;
Kauc and Goodgal 1989). H. influenzae strain Rd was

the first bacterium for which the entire DNA sequence
was determined (Fleischmann et al. 1995). Several
restriction-modification systems have been identified and
characterized from hemophlli. H. influenzae is naturally
transformable; under growth-limiting conditions it will
become competent to bind and take up double-stranded
DNA and recombine these fragments into any homo-
logous sites on the chromosome. Natural transformation
from 11. influenzae into Neisseria meningitidis appears to
have occurred at some time in the past (Kroll et al.
1998). Temperate bacteriophages, but no virulent or
transducing phage, have been identified in 1L influenzae
(Barcak et al.  1991).

Plasmids and transposons

Plasmids have been identifled in H. influenzae and other
species of Haemophilus. Large (c. 60 kb) conjugative
plasmids are associated with multiple antibiotic resis-

tance and are generally integrated into the chromosome
(Stuy 1980; Levy et al. 1993). They encode a wide range
of resistances, including ampicillin, chloramphenicol,
tetracycline, erythromycin, and aminoglycoside resis-

tance. These plasmids share sequence homology and can

be detected in fully susceptible strains. It has been
suggested that there is a core 'cryptic' plasmid, which
can acquire antibiotic resistance genes (Leaves et al.

2000). TnA or Tn10-like transposons, carrying ampicillin

or tetracycline resistance genes respectively, are often

carried on these plasmids and are thought to have been

acquired from Enterobacteriaceae by a cryptic plasmid

in H. parainfluenzae (Brunton et al. 1986). Chlor-

amphenicol resistance genes have been detected as an

insertion into one of the inverted repeat sequences

flanking the tetracycline resistance transposon (Brunton

et al. 1986). Indistinguishable plasmids have been identi-

fied from epidemiologically unrelated H. influenzae,

suggesting conjugative spread in nature (Dimopoulou

et aI.1992). Small (<10 kb) cytoplasmic, nonconjugative,

plasmids encoding Tem-1 B-lactamase mediated ampi-

cillin resistance have been identified in various Haemo-

philus species; these share homology with similar plas-

mids from Neisseria spp. (Brunton et al. 1986). A 4.4-kb

cytoplasmic plasmid has been associated with the

production of ROB-1 BJactamase in 1L influenzae

(Daum et al. 1988). These plasmids are similar to those

found in H. pleuropneumoniae (now classified as Actino-

bacillus) (Daum et al. 1988) and an animal source for

this resistance has been postulated (Medeiros et al.

1986). A 24-kb plasmid p3031 has been associated with

the majority of H. influenzae biogroup aegyptius strains

from BPF although not all strains possess the plasmid

(Tondella et al. 1995).

Insertion sequences are associated with 1L influenzae

type b (Hib) and have been detected in some noncapsu-

late H. influenzae (NCHI) (St. Geme et al. 1994). Many

virulence-associated genes have been investigated; in

particular, the genetics of encapsulation has been inves-

tigated in detail. A cluster of genes, termed the cap

locus (18-kb), controls capsule production. The cap locus

can be divided into three regions. Region L contains the

four conserved bex genes (bex A-D), which control

export of capsular polysaccharide to the cell surface of

the organism. Region 2 contains four genes involved in

polysaccharide biosynthesis. These genes are capsular-

type specific. Region 3 contains two open reading

frames involved in polysaccharide export (Kroll et al.

1991b). Most strains of types a, c-f strains possess a

single copy of the cap locus, but the majority of clinical

isolates of type b strains possess two copies in tandem,

one copy having a deletion of bex A. This duplication

renders this region unstable, with a marked propensity

for recombination. In some cases recombination results

in mutants possessing only a single copy of the cap locus,

and lacking bex A. These strains do not express capsule

and are termed b-strains. A similar deletion has been

reported in clinical isolates of H. influenzae type a
(Kroll et al. 1994\ Sometimes recombination results in a

mutant with up to five copies of the cap locus. The

amount of capsule produced increases in proportion to

the number of copies of cap genes, and these strains

show increased virulence in animal models (Roche and

Moxon 1995).
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Population genetics

Pennington (1993) reviewed the population genetics
structure of H. influenzae. A multilocus enzyme electro-
phoresis (MLEE) study of 2 209 caps;ttlate strains from
30 countries showed the population structure to be
clonal with nine clones responsible for most invasive Hib
disease (Musser et al. 1990). In contrast, studies of
noncapsulate H. influenzae showed a panmictic structure
with innumerable clones (Porras et al. 1986; Musser et al.
1986). Noncapsulate strains are thought to have arisen
by convergent evolutionary loss of the ability to synthe-
size or express a polysaccharide capsule from a capsulate
ancestor (Musser et al. 1986). Preliminary studies using
multilocus sequence typing (MLST) show a similar clus-
tering of isolates to that obtained by MLEE (Meats et al.
2003).

CELL ENVELOPE COMPOSITION:
ANTIGENIC STRUCTURE

Capsule

There are six antigenic types of capsule in H. influenzae,
designated a-f (Pittman 1931), each one composed of a
Iinear polymer of disaccharide units. The capsules are
negatively charged, acidic, and hydrophobic. The
capsules of types a, b, c, and f contain phosphodiester
linkages and are, therefore, teichoic acids, whereas types
d and e contain glycosidic linkages with no phosphate,
and unusual sugars, and are true polysaccharides
(Moxon and Kroll 1990). Types a and b differ from the
others in containing the 5-carbon component ribitol, and
type b is unique as both sugars are pentoses. The type b
capsule has been the most extensively characterized and
consists of a phosphodiester-linked polymer of poly-
ribosyl ribitol phosphate (PRP). The type b capsule
antigen (PRP) cross-reacts with a wide variety of
bacteria including Streptococcus pneumoniae, Strepto-
coccus pyogenes, Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecium, and Escherichia coli
K100 (reviewed by Slack 1990).

Hib disease is associated with a lack of antibodies to
polyribosyl ribitol phosphate. Infants less than about 2
years old have little or no anticapsular antibodies once
maternal antibodies decline and are especially suscep-
tible to infection with Hib. Immunization of infants with
PRP fails to elicit protective levels of antibody in this
age group (Peltola et al. 1,977). This is due to the T-cell-
independent nature of the immune response to poly-
saccharide antigens. The conjugation of PRP to a
protein carrier stimulates anti-PRP antibodies in young
infants and is the basis of current Hib vaccines (Jones
1993). The PRP capsule also stimulates complement-
mediated bacteriolysis (Moxon and Kroll 1990; Tunkel
and Scheld 1993).

Pi l i

Pili have been demonstrated on H. influenzae (reviewed

by Gilsdorf et al. t997). Hib from the nasopharynx

usually express pili, whereas isolates from blood and

cerebrospinal fluid do not; this has been shown to be

due to reversible phase variation, which occurs at a

frequency of about 10 a to 10 3 per generation.

Following serial subculture, the majority of isolates do

not express pili. Strains of H. aegyptius and H. influ-

enzae biogrottp aegyptius are more stably piliated (Gils-

dorf et al. 1997). Piliated H. influenzae bind to erythro-

cytes, which contain the Anton (AnWj) antigen (van

Alphen et al. 1986). A cluster of flve genes (hifA, B, C,

D, E) governs pilus expression. Most strains possess a

single copy of this cluster, but two copies are found in

H. aegyptius and H. influenlae biogroup aegyptius (Read

et al. 1998), which may explain the greater stability of

piliation in these species. Nonhemagglutinating pili that

adhere to HeLa cells are found in strains of H. influ-

enzae biotype IV (Rosenau er al.1993).

Lipo-oligosaccharide

The major constituent of the outer membrane is lipo-

oligosaccharide (LOS). ln H. influenzae, this comprises

lipid A linked to outer core oligosaccharides, via a single
phosphorylated 2-keto-3-deoxyoctulosonic acid moiety

and three heptoses. The lipid A backbone is a glucosa-

mine disaccharide substituted by two phosphate groups,

as in enterobacterial lipid A, but with a simpler fatty

acid composition of only tetradecanoic and its 3-hydro-

xylated derivative (reviewed by Moxon and Maskell

1992). At least two species-specific antigenically distinct

components of lipid A have been detected among capsu-

late and noncapsulate strains. The outer core oligo-

saccharides contain mainly glucose and galactose, with

the molar ratios and linkages varying between capsular
types a-f, and a sialylated terminal lactosamine

(reviewed by Roche and Moxon 1995). LOS biosynthesis

is encoded by the lic genes located in three multigene

chromosomal loci (Hood et al. 1996). Several LOS

epitopes are similar to those in pathogenic Neisseria

species and are cross-reactive with human glyco-

sphingolipid epitopes. Extensive antigenic variation in

LOS, between strains and within strains, has been docu-

mented for capsulate strains and NCHI. Variation in

colonial morphology is also associated with variation in

LOS (Roche and Moxon 1995). Antibodies to LOS have

been demonstrated after infection but are not protective.

Outer-membrane protei ns

The outer membrane of 1L

different proteins with a

accounting for 80 percent of

influenlae contains 10-20
few major polypeptides
the total outer-membrane
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protein (OMP) (Loeb and Smith 1982). A numerical and
alphabetical classification system for OMPs, which are
sarkosyl insoluble, are in use (reviewed by van Alphen
1993). The major OMPs are P1 (or protein a, MW 46-
50-kDa), P2 (or protein b/c, a doublet, MW 36-42 kDa
with porin activity), P4 (or protein e, a lipoprotein, MW
30-kDa, involved in heme uptake), P5 (or protein dif;
two conformers of the same protein) and P6 (or protein
g, a lipoprotein, MW16 kDa). The OMP originally
designated P3 consists of both the non-heat-modified

form of P1 and the heat-modified form of P5. OMPs P1.
P2, and P5 are heterogeneous in molecular weight and
form the basis for typing systems. Monoclonal antibody
studies have shown OMP P1 epitopes are not conserved
between Hib or NCHI strains (Panezutti et al. 1993). P2
is the most abundant OMP and appears to contribute to
virulence (Cope et al. 1990). P2 is conserved in type b
strains but extremely diverse and shows antigenic drift in
NCHI; antibodies are strain-specific (Duim et al. 1994;
Murphy 1994). OMP P6 has been shown to be conserved
in Hib and NCHI and bactericidal antibodies have been
detected in human sera (Nelson et al. 1988; Barenkamp
reez).

Conserved epitopes, which elicit protective antibody
responses against all H. influenzae have been sought as
candidates for inclusion in component vaccines. Anti-
bodies to OMP P1 were shown to be partially protective

against Hib in an infant rat bacteremic model (Granoff

and Munson 1986; Gonzales et al.  1987; Loeb 1987) and
antibodies to P2 and P6 were shown to be protective in
this model (Granoff and Munson 1986; Green et al.
1987). OMP P4 is reported to be a conserved nonlmmu-
nogenic protein and anti-P4 serum was not protective
against Hib meningitis in infant rats (Granoff and

Tabf e 65.2 Biochemical characteristics o/ Haemophilus spp

Production of

Munson 1986; van Alphen 1993). In contrast, antibodies

raised against P4 were shown to be bactericidal for Hib

strain Eagan and six NCHI strains (Green et al. 1991).

Rabbit antibodies to OMP P5 did not protect infant rats

from infection with Hib in the infant rat bacteremic

model (Granoff and Munson 1986). Human cellular

immunity to the P6 OMP of NCHI has been detected

(Kodama and Faden 1995).

There are a number of other minor outer membrane

proteins, including PCP, OMP 26, Dl5, protein D, and

several heme- and transferrin-binding proteins. Anti-

serum raised against a purified outer-membrane lipopro-

tein PCP (MW 16-kDa, which co-migrates with OMP

P6) was bactericidal for nine of 11 NCHI strains but not

for Hib strain Eagan (Deich et al. 1990). Synergistic

killing of NCHI by anti-e and anti-PCP (Green et al.

1991) and anti-PCP and anti-P6 sera (Deich et al. 1990)

has been reported. D15 is a high molecular weight

protein (MW 103-kDa) which is highly conserved. Anti-

bodies against D15 have been detected in convalescent

serum from the majority of infants with invasive Hib

disease and shown to reduce the level of bacteremia in

infant rats (Kimura et al. 1985; Thomas et al. 1990).

CLASSIFICATION

Tables 65.1 and 65.2 show that members of this genus

can be classifled on the basis of their requirement for X-

and V-factors, hemolytic activity, and biochemical activ-

ities; requirement for an increased partial pressure of

carbon dioxide in the atmosphere for primary isolation

is also of some help. Tests of carbohydrate utilization

and acid production can be of considerable value in the

classification of Haemophilus spp. The results of these

Acid from
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( '1984);  Ki l ian and Biberste in (1984)



1700 Haemophilus

tests are, to some extent, affected by the media used, the
period of observation, and other conditions of the test,
and thus they should be interpreted with caution. The
degree of acidity may be slight and hemophili can
produce acid in media devoid of sugar (Tunevall 1951).
All hemophili, with the exception of 1L ducreyi,
'ferment' glucose anaerobically (Sneath and Johnson
1973). The exact mode of carbohydrate breakdown in
these tests is not known and the term 'fermentation' is
being applied in a somewhat loose sense to refer to
metabolism with acid production. Most strains of 1L
parainfluenzae, H. haemolyticus, H. aphrophilus, and H.
paraphrophilus produce small amounts of hydrogen and
carbon dioxide from glucose (Kilian 1976). The
remaining species do not produce any gas, indicating
differences in the pathways of carbohydrate metabolism
within the genus.

Almost all strains of Haemophilus reduce nitrate to
nitrite (Kilian 1976). Catalase and oxidase reactions can
be used to differentiate species of Haemophilzs. Biber-
stein and Gills (1961) noted the catalase activity of
hemophili can vary with the conditions of the test;
some catalase-negative strains become catalase-positive
when provided with sufficient hemin. H. influenzae is
invariably oxidase positive, H. aphrophilus and H.
ducreyi are oxidase negative, the oxidase reaction of
other species is variable. Urease activity is found in
many strains of H. influenzae, H. parainfluenzae, H.
parahaemolyticus, and H. paraphrohaemolyticus (Kilian

r976).

LABORATORY ISOLATION AND
IDENTIFICATION

lsolation

The isolation of Haemophilas spp. from clinical material
requires the use of media that fulfil the fastidious growth
requirements of these microorganisms. Ordinary blood
agar is not suitable because growth of strains requiring
V factor is limited by the V-factor deflciency of this
medium. Most species grow well on chocolate agar.
Rennie et al. (1992) found that GC agar base supple-
mented with 1 percent yeast autolysate and 5 percent
sheep blood (chocolated) was superior to other medium
bases and growth supplements for the primary isolation
of Haemophllas spp. (except H. ducreyi). Levinthal
(1918) devised a transparent and nearly colorless
medium, which is capable of supporting the growth of
H. influenzae. The use of such a medium is essential for
observing the iridescence of capsulate strains of H. influ-
enzae. A transparent medium may also be prepared
from Fildes' peptic digest of blood (Fildes 1920). A
number of completely synthetic media have been
devised, but Tebbutt (1984) found none of these defined
media was adequate for growth of a wide range of

strains of H. influenzae. The addition of 1 percent lsoVi-
talex (BBL) to chocolate agar may increase the recovery
of H. aegyptius.

For primary isolation of hemophili from specimens
from the respiratory tract, a medium that supports good
growth of hemophili can be made somewhat selective by
the addition of substances that inhibit other members of
the normal respiratory tract flora, e.g. media containing
bacitracin (Barber 1969) and vancomycin, bacitracin,
and clindamycin (Chapin and Doern 1983) have been
described. Moller et al. (1993) described NAG medium,
(blood agar base supplemented with N-acetyl glucosa-
mine, hemin and NAD) which improves the isolation of
H. influenzae from the sputum of cystic fibrosis patients.
Overgrowth of Pseudomonas aeruginosa can lead to
difficulties in recovering H. influenzae in sputum
samples from patients with cystic fibrosis. To some
extent this can be resolved by incubating cultures anae-
robically. Vastine et al. (1974) found IsoVitalex supple-
mented chocolate agar was the most useful medium for
the isolation oI Haemophilas spp. from the conjunctiva.
Sturm (1986) described a selective culture medium
containing vancomycin, bacitracin, clindamycin, and
amphotericin B to facilitate the isolation of H. influ-
enzae and H. parainfluenzae from genital tract speci-
mens. Michaels et al. (1975) described a Levinthal agar
supplemented with high titer H. influenzae type b (Hib)
antiserum. Barbour et al. (1993a) devised an improved
antiserum agar consisting of Columbra agar supple-
mented with yeast extract, hemin, NAD, bacitracin, and
type b antiserum. On this medium, colonies of H. influ-
enzae type b can be readily discerned in mixed cultures
from respiratory material since they have an obvious
halo of antigen-antibody precipitate (Figure 65.5).

Cultures should be incubated at 37'C in an
aerobic atmosphere enhanced with 5-10 percent carbon
dioxide.

Figure 65.5 Culture of a throat swab on antiserum agar showing
halos around colonies of Hib (by courtesy of Dr M Barbou)
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ldentif ication

A presumptive Haemophilrrr spp. isolate should flrst be
tested for its X- and V-factor requirements. These
requirements are usually demonstrated by the absence
of growth on media deflcient in X and V factor but
otherwise nutritionally adequate, except near paper

disks or strips impregnated with X, V, or X plus V
factors (Figure 65.6). Consistent results in these tests for
growth factor requirements will be obtained only if a
small inoculum is used, to avoid carry over of the
factors. V-factor requirement of strains can be inferred

by demonstrating satellitism near a streak of S. aureus.
As V factor is heat-labile. media in which all the consti-
tuents have been autoclaved will reliably be free of it.
Most of the basic fluid and solid media contain traces of
X factor, as do some brands and batches of peptone.

Doern and Chapin (1984) found trypticase soy agar to
be more reliable than either brain heart infusion agar or
Mueller-Hinton agar for testing the X-factor require-
ment of Haemophilus spp. Columbia agar is also gener-

ally satisfactory for this purpose. Inzana et al. (1987)

devised a broth system for the rapid determination of
the X- and V-factor requirements of Haemophilus spp.,
which gives results in 4-5 h. Kilian (1974) suggested that
probably no complex medium which otherwise satisfies
the growth requirements of Haemophilas spp. is comple-
tely free of X factor. He found that 18 percent of
H. inJluenzae strains were misidentified as H. parain-

fluenzae, and claimed more reliable results by testing the
ability of strains of Haemophilus spp. to synthesize
porphyrins from ALA.

The porphyrin test (Kilian 1974) provides an accurate
and reliable method for determining X-factor require-

Figure 65.6 Growth factor requirement of H. influenzae. Putative
Haemophilus strain sown on Columbia agar plate Disks
containing X factor, V factor, and X + V factors placed on
surface of inoculated plate Colonies of H influenzae grow in
vicinity of disk containing X + V factor, but not near the disks
containing either factor alone

ment (Figure 65.2). A substrate of 2-mm ALA and
0.08 mm MgSOa in 0.1 M phosphate buffer pH 6.9 is
used. A loopful of growth from a 24h chocolate agat
culture is added to 0.5 ml of substrate and the mixture is
incubated for 4 h at 37"C. Porphyrin production is
demonstrated by the development of a red fluorescence
when the mixture is exposed to a Wood's lamp
(maximum emission 360 nm). Alternatively, the
presence of porphobilinogen can be demonstrated after
incubation for 24 h by adding 0.5 ml of Kovac's reagent.
A red color in the aqueous phase indicates the presence
of porphobilinogen. H. parainfluenzae can be used as a
positive control. A disk method for the porphyrin test,
(Lund and Blazevic 1977) and a porphyrin test agar
(Gadberry and Amos 1986) have also been described.

BIOCHEMICAL TESTS

Hemolysis of horse blood agar is of value in differ-
entiating H. influenzae from 1L haemolyticus, and H.
p ar ainfluen zae from H. p arahaemo lyticus. Carbohydrate
utilization can be studied in phenol red broth base
supplemented with 1 percent of the carbohydrate and
10 mg/l each of NAD* and hemin (Kilian 1976). The
results can be read after incubation for 24 h. Some
species, notably H. segnis, show weak reactions and 1L
ducreyi does not ferment any carbohydrate in conven-
tional tests (see Table 65.2).

Three biochemical tests - for indole, urease, and orni-
thine decarboxylase - can be used to biotype H. influ-
enzae and H. parainfluenzae (Kilian 1976). Biotyping
can be conveniently performed in media that do not
support growth since the tests detect the presence of
preformed enzymes or enzyme systems (Kilian 1976).
Several commercial micromethod kits have been used
successfully to identify Haemophilus spp. and biotype fL
influenzae and H. parainfluenzae. These include API
10E, API 2OE, and HNID (Quentin et al. 1992), API
NH (Barb6 et al. 1994), Rapid NH and RIM-Haemo-
philus (Murphy et al. 1990). Porphyrin-based testing
methods are the most reliable way of identifying
Haemophilus spp (Munson et al.2002)

It is impossible to reliably distinguish H. influenzae,
H. influenzae biogroup aegyptius and H. aegyptius usitg
standard means of identification. A number of tests have
been suggested to differentiate Haemophilus aegyptius
from 1L influenzae, including lack of xylose fermenta-
tion, troleandomycin susceptibility, and the agglutination
of human red cells, but none of these tests give an
unequivocal identiflcation.

Molecular techniques are now being applied to the
detection and identification of Haemophilus spp. in clin-
ical specimens and for conflrmatory tests on isolates.
Species-speciflc DNA probes and PCR-based techniques
can be used to detect H. influenzae in clinical material
(Daly et al. l99I; R6dstrom et al. 7994; Ueyama et al.
1995; Corless et al. 2001) and to determine the capsular
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genotype of isolates of H. influenzae (Falla et al. 7994). Table 55.3 Susceptibility

A PCR technique has also been employed to identify H. microbial agents

parainfluenTae (Hamed et al. 1,994). Agent
Partial 165 rRNA sequencing can be used to identify

many species of Haemophilus, although it will not differ-
entiate H. influenzae from H. aegyptius or H. aphro-
philus from H. paraphrophilus (Dewhirst et al. 1992).
The sequences obtained by this technique can be
compared with those in the BLAST database
(www.ncbi.nlm.nih.gov/BlAST/). Quentin et al. (1996)

described a PCR-based method, using 165 rRNA
sequences, to identify strains of the genital Haemophius
genospecies, which can differentiate such strains from
strains of H. influenzae biotype IV sensu stricto. The
commercial MicroSeq 500 165 rDNA identification
system has been shown to be of use in identifying
bacterial isolates that have ambiguous biochemical
profiles (Woo et aI.2003).

PRESERVATION AND STORAGE

Cultures of Haemophilas spp. can be stored for a short
time on chocolate agar slopes in screw-capped bottles or
tubes. The slopes should be heavily inoculated with 1L
influenzae, incubated overnight at 37"C, and subse-
quently stored at room temperature. Provided the cap is
air-tight and is not unscrewed, the culture will remain
viable for up to 4-6 weeks. For long-term storage,
cultures can be maintained at -70C in tryptic soy broth
supplemented with 15-20 percent glycerol. Aulet de
Saab et al. (2001) found that good results were obtained
if a heavy inoculum was suspended in one of the
following; skim milk supplemented with L percent
glucose, 0.5 percent yeast extract, and 10 percent
glycerol, trypticase soy broth plus 25 percent glycerol or
brain heart infusion broth plus 25 percent glycerol. 100
percent of the stored strains were recovered from any of
these cryopreservative broths after 2 months' storage at

20"C. Votava and Stiiteck6 (2001) concluded that tryp-
ticase soy broth with 10 percent glycerol and 40 percent
horse serum was a suitable medium for storing strains of
Haemophilus spp. at -70'C. Lyophilized cultures can be
stored for many years.

SUSCEPTIBILITY TO ANTIM ICROBIAL
AGENTS

MIC determined by an agar-di lut ion technique;  inoculum c 104 colony
forming uni ts (cfu)  Data compi led f rom Slack (unpubl ished)
a) 90 percent of strains inhibited by concentration less than value stated
b) p-lactamase negative strains

antibiotics has prompted changes in the way these

infections are treated.

The first reports of clinical resistance to ampicillin in

cases of H. influenzae meningitis appeared in 1974

(Gunn et al. 1974). The ampicillin resistance in these

strains was mediated by a TEM-I B-lactamase (Williams

et al. 1974). Ampicillin-resistant strains of H. influenzae

are now distributed throughout the world. Markedly

differing rates of resistance to ampicillin have been

reported in various parts of the world (Table 65.4). Jones

et al. (2002) noted that, in nationwide surveys in the

United States, the rate of pJactamase production in

H. influenzae remained virtually unchanged from 1997 to

1999. However, in the same studies, the rate of resistance

to trimethoprim-sulfamethoxazole increased from 2

percent in 1997-1998, to 15.5 percent in 1999. A second

B-lactamase, designated ROB-I, has been described in

H. influenzae (Rubin et al. 1981) and has been associated

with failure of ampicillin therapy. A third, designated

VAT-1, has been described rn H. influenzae (Yali et al.

1994; Shanahan et al. L996). Production of a B-lactamase
is the most common mechanism of ampicillin resistance

in H. influenzae, bttt a small number of strains exhibit

reduced susceptibility to a range of pJactam agents

without B-lactamase activity being detectable (Bell and

Plowman L980; Markowitz 1980). The mechanism of

ampicillin resistance in these BJactamase-negative,
ampicillin resistant (BLNAR) strains is thought to be

decreased binding to penicillin binding proteins (PBP)

of Haemophilus inf luenzae to anti-

Ampici |  |  in/amoxyci l  I  i  n"

Amoxyc i l l i n :  c lavu lan ic  ac id  (2 :1 )

Cefuroxime

Cefotaxime
Ceftr iaxone

Cefaclor
lm ipenem

Meropenem

Aztreonam

Chloramphen ico l
Tetracycl i ne

Ri fampic in

Erythromycin

Clari thromycin
Azithromycin

Ciprofloxacin

Levofloxacin
Trimethoprim

Co-tr imoxazole

Gentamic in

MIC'(mg/l)

0.5
o.510.25
1 . 0
0.06
0.03
4

24
0.03-0.s
0 .12
0.5
0 .5
1

2-32
I
0.25-2
0.06
0.03
0.5

z4

n q

H. influenzae is commonly susceptible in vitro to ther-
apeutically achievable concentrations of ampicillin,
cephalosporins, chloramphenicol, tetracycline, aminogly-
cosides, rifampicin, meropenem, ciprofloxacin, and oral
sulphonamides. Representative minimum inhibitory
concentrations (MIC) of a range of antimicrobial agents
for H. influenzae are shown in Table 65.3.

For many years, ampicillin was the treatment of
choice for H. influenzae infections, but the increasing
prevalence of resistance to ampicillin and several other
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Tabf e 65.4 Prevalence of antimicrobial resrstance among clinicalrsolates of Haemophilus influenzae from different parts of the woild

Percentage (%) of strains resistant in

Agent

Ampic i l l i n

Co-amoxiclav
Cefuroxime
Azithromycin

Clari thromycin
Ciprof loxacin

Co-tr imoxazole

Australia

23.4
< l

t . )

0
4.O

0
17.2

Brazil

1 1

< 1

0

0
8

< l

53

24
< l

1 . 7
2.7
" t .7

<1
13.7

5 .8

< 1

< l

0
2.6
< l

5 1  . 3

Pakistan

1 6 . 6

< 1
4

0

0

0

53

Spain

32
0.5
< l

0.3

8 .7

52.1

UK

t t - 5

< l

< 1
0

4_6

20.9

USA

33
0.3
0.6
0.5
2 . 1
< l

14.6

Canada China

Data compt led f rom Cr i tchley et  a l  (2000),  Hoban et  a l  (2001),  Sahm et  a l  (2000),  Thornsberry et  a l  (1999),  Turnak et  a l  (2001),  and Zhanel  et  a l  (2000)

3,A' and 38 (Mendelman et al. 1984, 1990; Clairoux et al.
1992). Garcia-de-Lomas et al. (2002) found 9 percent of
H. influenzae isolated from cases of community-acquired
respiratory tract infection in Spain were BLNAR. It has
been suggested that strains with altered PBPs may be
less virulent (Clairoux et al.1992). Tolerance to B-lactam
antibiotics (MBC/MIC ratio >32) has also been described
in H. influenzae (Bergeron and Lavoie 1985), but its
clinical significance is unclear.

Chloramphenicol resistance in H. influenlae was first
noted in 1976 (Manten et al. 1976). The resistance is
usually of a high level and is almost always due to the
production of a plasmid-mediated chloramphenicol
acetyl transferase (CAT) type II (Roberts et al. 1980).
Non-CAT-mediated resistance has been observed. This
form of resistance is chromosomally encoded, and is due
to a permeability barrier to the uptake of chlor-
amphenicol by the cell, associated with the loss of an
outer-membrane protein (Burns et al. 1985). Almost all
CAT-mediated chloramphenicol-resistant strains are also
resistant to tetracycline (Roberts et al. 1980). Resistance
to both ampicillin and chloramphenicol tn H. influenzae
type b was first reported in 1980 from Bangkok (Simas-
thien et al. 1980) and has since been recognized in many
parts of the world, including the USA and the UK.
Strains resistant to chloramphenicol or chloramphenicol
and ampicillin are still relatively uncommon, accounting
for l-2 percent of all isolates in most parts of the world.

Resistance to co-trimoxazole varies from region to
region, but in some countries now exceeds 50 percent
(Table 65.4). Resistance to B-lactams, macrolides, and
co-trimoxazole is more frequently observed in respira-
tory isolates than in blood culture isolates. Resistance
rates also tend to be higher in NCHI than in H. influ-
enzae type b. The emergence of rifampicin-resistant H.
influenzae following chemoprophylaxis with oral rifam-
picin has been reported (Murphy et al. 1981; Nicolle
et al. 1982). The combination of rifampicin and trime-
thoprim (1:1) is synergic and bactericidal and may
prevent the selection of rifampicin-resistant mutants
(Yogev et al.1982) (see Jones and Pfaller (1998), Hoban
et al. (2001), Turnak et al. (2001) for reviews of
antimicrobial resistance in H. influenzae).

Antimicrobial resistance has been reported in a

number of other Haemophilus spp. B-lactamase-medi-
ated ampicillin resistance has been found more

frequently in H. parainfluenzae than in H. influenzae
(Green et al. 1979 Scheifele and Fussell 1981). B-Lacta-
mase activity has also been seen in H. parahaemolyticus,

H. paraphrophilus (Green et al.1979; Jones et al. 1976),

and H. ducreyi (Brunton et al. 1,979). Non-B-lactamase-

mediated ampicillin resistance has been noted in 1L

parainfluenzae (Walker and Smith 1980). Plasmid-medi-

ated chloramphenicol resistance (Cavanagh et al.1975)

and aminoglycoside resistance (Le Goffic et al. 1977)

have also been described in this species.

Antimicrobial susceptibil i ty testing

Antimicrobial susceptibility testing of H. influenzae by

disk-diffusion procedures is significantly influenced by

technical variations in inoculum size. culture medium. and

antimicrobial content of the disks. Jorgensen et al. (1987)

have described a simple transparent susceptibility testing

medium for H. influenzae: Mueller-Hinton medium

supplemented with hematin 15 mg/l, NAD 15 mg, and

yeast extract 5 g, known as haemophilus test medium

(HTM). The National Committee for Clinical Laboratory

Standards (NCCLS) specifies the use of HTM for suscept-

ibility testing of H. influenzae.'fhe British Society for

Antimicrobial Chemotherapy (BSAC) working party on

susceptibility testing stipulates the use of Iso-Sensitest

agar supplemented with 5 percent defibrinated horse

blood and 20 mgfl NAD (Andrews 2001; King 2001). B-
Lactamase-producing strains of Haemophilus spp. may

appear susceptible to ampicillin in conventional disk

susceptibility tests. Disk tests can also fail to detect non-B-

lactamase-mediated ampicillin resistance if the content of

the ampicillin disk is too high (Philpott-Howard et al.

1983; Mendelman et al. 1986). More accurate results can

be obtained if a low content (2 pg) ampicillin disk is used

and a test for B-lactamase is employed routinely, e.g. chro-

mogenic cephalosporin test (O'Callaghan et al. 1972), or

acidimetric paper strip test (Slack et al.1977a). Tests for

B-lactamase are especially important since there have

been cases of invasive H. influenzae type-b infection from
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which mixed populations of B-lactamase-positive and B-
lactamase-negative strains have been isolated (Jubelrier

and Yeager 1979; Stewardson-Krieger and Naidu 1981).

The chromogenic cephalosporin, Nitrocefin, is only

weakly labile to the ROB-1 erzyme (Rubin et al. 1981)

which therefore may not be detected by this method. The
presence of ROB-1 p-lactamase activity in isolates of H.

influenzae can be inferred from resistance to cefaclor
(Karlowsky et al. 2000).

For chloramphenicol susceptibility tests a low content

disk (2.5, 5, or 10 pg) should be used. A test for chlor-

amphenicol inactivation (e.g. Slack et al. t977b; Azemun

et al. 1981; Satish et al. 2001) can also be applied. Doern

et al. (1987) found that a 1-h tube assay for CAT activity
(Azemun et al. 1981) was significantly more accurate than a

30 min commercially available impregnated disc test. Tests

for trimethoprim and erythromycin susceptibility are prone

to considerable laboratory errors and the results should be
interpreted with caution. The E-test is an antimicrobial

agent gradient-coated plastic test strip which allows MIC

determinations on solid media, which can be conveniently

used for antimicrobial susceptibility tests of Haemophilus

spp. (Jorgensen et al. 1991) (see review on in vitro suscept-

ibility testing of H. influenzae by Doern (1992)).

The detection of antimicrobial resistance genes by the

use of DNA probes or PCR is now possible for several

antimicrobial agents (see reviews by Courvalin (1991),

Tenover et al.  (1993)).

TYPING METHODS

The Iimited diversity of Hib from disease has been

demonstrated by many techniques, including OMP

subtyping, ribotyping, pulsed field gel electrophoresis
(PFGE), MLEE (Musser et al. 1990), and MLST (Meats

et al. 2003), and has been explained by clonal theory
(Pennington 1993). Subtyping techniques therefore only
prove useful in epidemiological studies if a strain with

an infrequent subtype is involved. Defined subtyping
schemes enable global comparisons. In contrast, NCHI

exhibit a much wider variety of phenotypes and geno-

types and can be readily characterized in local epidemio-
logical studies by many techniques, but the consequen-
tial difficulty in defining subtypes makes interlaboratory

comparisons of large numbers of strains impossible. For
phylogenetic studies, MLST is now the favored tech-

nique since the results are more precise and less ambig-
uous than MLEE. The 1L influenlae MLST scheme is

available at www.mlst.net.

Capsule typing

H. influenzae strains are differentiated on the basis of
capsule expression into capsulate and noncapsulate

strains. Six antigenically distinct types of capsule were

detected by agglutination (Pittman 1931) and designated
a-f. Type e strains have been shown to possess two

0 .5
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Figure 65.7 PCR amplification products from H influenzae
capsule types a-f. M is a size marker

capsular antigenic components, eI and e2; a minority have

only the e2 component (Williamson and Zinneman 1951).

Capsule type has long been determined by agglutination-

based methods (serotyping), but autoagglutination by

some strains and cross-reactions between antisera have

been noted (Falla et al. 1993). DNA-based methods of

determining capsular type are now available. DNA hybri-

dization patterns obtained with a probe (pUO38)

containing cap gefies have been shown to be capsule-type

specific and give a characteristic pattern for capsule-defi-

cient mutants of type b (Hib ) strains (Kroll et al. 1991a).

Fourteen capsular genotypes were detected among 222

isolates of capsulate H. influenzae from all over the world

(Musser et al. 1990) with four types (b tsl, btcl, b[V], and

b[O]) detected among 85 type b strains. A study of 425

Hib from England and Wales identified three rare

variants (Leaves et al. 1995). Fragments of capsule-asso-

ciated DNA, specifically 151016 sequences, have been

detected in noncapsulate strains (St. Geme et al. 1994).

Primers designed to amplify products of different sizes

from each of the six capsular types in PCR enable the

unequivocal determination of capsular genotype (Falla

er al. 1994) (Figure 65.7). The detection of Hib and other

unusual genetic arrangements of capsule-associated genes

is also possible with PCR (Leaves et al. 1995).

Biotyping

H. influenzae and H. parainfluenzae can each be

subtyped on the basis of three biochemical tests (for

indole, urease, and ornithine decarboxylase) into eight

biotypes (Table 65.5) (Kilian 1976; Oberhofer and Back

1979; Gratten 1983; Sottnek and Albritton 1984).

Most clinical isolates of H. influenzae are distributed

between four biotypes (I, II, III, and IV); Hib isolates

from invasive disease are mainly biotype I, and the

majority of NCHI are biotype II or III. H. influenzae

biogroup aegyptius is contained within biotype III and a

Kb
2.0
1 6
1 . 0
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subset of NCHI biotype IV strains have been implicated
as an obstetric pathogen, causing maternal, neonatal,
and urogenital infections (reviewed by van Alphen
1993). These strains are now regarded as a cryptic
genospecies of Haemophilus.

OMP subtyping

Sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE) of OMPs has formed the basis for
subtyping Hib. Two OMP subtyping schemes, with
different nomenclatures. have been advocated. With a
normal SDS-PAGE system, nine OMP subtypes have
been defined in Hib (van Alphen 1994). Gradient SDS-
PAGE gels classified 587 Hib isolates from all over the
world into 33 subtypes (Musser et al. 1990). Five of the
OMP subtypes are common to both schemes (van
Alphen 1994). A few subtypes account for the majority
of infections worldwide but the predominant subtypes
vary geographically, in different host populations and at
different times. Three OMP subtypes accounted for c. 75
percent of Hib in the USA (Granoff et al. 1982) whereas
OMP subtype 1 (3L in the scheme of Granoff et al.
1982) accounted for 93 percent of Hib in the
Netherlands and western Europe (van Alphen et al.
1987). OMP-enriched preparations have been used to
distinguish between strains of NCHI. The enormous
heterogeneity of NCHI precludes the definition of useful
subtypes but OMP profiles have been used successfully
to characterize strains in local outbreaks (Jordens et al.

Tabfe 65.5 Biotypes o/ H inf luenzae and H parainf luenzae

1993). OMP subtyping has been shown to distinguish
H. influenzae biogroup aegyptius from other biotype III
H. influenzae (Carlone et al. 1985). Traditional methods
for subtyping H. influenzae have been reviewed by van
Alphen (1993). OMP electrophoretic patterns of
H. parainfluenzae have been shown to be extremely
heterogeneous (Quentin et al. 1989).

DNA-based typing and characterization

DNA-based methods for subtyping or characterizing

strains of H. influenzae include restriction endonuclease

analysis (REA) of chromosomal DNA, hybridization

with probes for ribosomal RNA encoding genes (rDNA)

and PCR-based methods. A subtyping scheme for Hib

based on the pattern of EcoRI fragments of chromo-

somal DNA hybridizing with a probe for 165 and 23S

rDNA (ribotyping) defined 22 ribotypes (Leaves and

Jordens 1994). REA with BamHl and ribotyping have

been shown to concur with OMP analysis for character-

izing NCHI (Bruce and Jordens 1991). Ribotyping has

been used to discriminate NCHI strains (Stull et al.

1988; Bruce and Jordens 1991; Jordens et al. 1993;

Smith-Vaughan et al. 1995) and H. influenzae biogroup

aegyptius strains (Irino et al. 1988). REA with BamHI

has been used to characlerize H. parainfluenzae (Kerr

et al. 1993) and ribotyping to characterrze H. aphro-

philus and H. paraphroplzllas (Sedl6cek et al. 1993).

PCR-based amplification of randomly amplified

polymorphic DNA (RAPD) (Figure 65.8), inter-

Production of

Ornithine
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a) H influenzae b otype lll and H influenzae biogroup a tius are indistingurshable biochemically but may be differentiated on the
basis of  OMP prof i les
b) V-factor dependent strains negat ve in all three tests have been des gnated 'H parainfluenzae biotype V' Similar negative reactions
are given by H paraphrophilus (but this rs lactose positive) and H segnis (poor growth and ferments slowly) (Kilian, personal
communicat ion)
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Figure 65.8 Randomly amplified polymorphic DNA (RAPD)
generated fingerprints of NCHI B, reagent blank; M, size marker
Note: epidemiologically unrelated strains are distinct whereas
isolates 1-4 are indistinguishable and probably represent spread
of a single strain

enterobacterial repetitive intergenic consensus (ERIC)

sequences, ompP2 and rDNA have been used to char-
acterize NCHI. In outbreak investigations, the results
from RAPD, inter-ERIC amplification and OMP
profiling were shown to correlate well (Jordens et al.
1993; van Belkum et al. 1994). Restriction analysis of the
ompP2 ampliflcation product was used to monitor the
spread of H. influenzae (probably NCHI) between indi-
viduals in a closed community in Antarctica (Hobson

et al. 1995). Amplification of c. 6 kb of rDNA, followed

by restriction analysis with HaelII, was shown to

correlate well with probe-based ribotyping (of XbaI
digests) for NCHI from Aboriginal children in Australia
(Smith-Vaughan et al. 1995).

Typing methods for animal strains

A serotyping scheme (not based on capsules) has been
reported for H. paragallinarum and a biotyping scheme
based on the combination of serotyping, carbohydrate
fermentation patterns, and antimicrobial drug resistance
patterns, together with REA, has been applied success-
fully to epidemiological studies of this species (Blackall

et al. 1990). REA and ribotyping have shown that NAD-
independent H. paragallinarum from chickens suffering
from infectious coryza are indistinguishable and hence
clonal (Miflin et al. 1995). These strains are now
widespread in South Africa (Horner et al. 1995). HPG-2
PCR, based on a randomly cloned fragment of H. para-
gallinarum (Chen et al. 1996) can be used to identify
cultures of both NAD-dependent and NAD-indepen-
dent 1L paragallinarum directly from the colonies and to

distinguish these organisms from other avian respiratory

tract pathogens, such as Pasteurelh? spp. and Orni-

thobacterium rhinotracheale (Miflin et al. 1999). A

serotyping system has been described for H. parasuis
(Kielstein et al. 1991).

BACTERIOCINS

Most 1L influenzae type b produce a bacteriocin
'hemocin' (LiPuma er al. 1992), which is active against
capsulate H. influenzae strains of other types, NCHI,
other Haemophilus spp. and certain enterobacteria, but
not against gram-positive bacteria. Haemophilus spp.
vary in their susceptibility; nontypable H. influenzae, H.
haemolyticus, and H. parainfluenzae have been shown to
be the most susceptible and H. parahaemolyticus the
least susceptible (Venezia et al. 7977). A large propor-
tion of strains of E. coli and related genera were suscep-
tible to hemocin. Less closely related genera, including
Klebsiella, Proteus, and Enterobacter were uniformly
resistant. This bacteriocin appears to act by inhibiting
DNA synthesis (Streker et al. 1978).

ROLE IN NORMAL HUMAN FLORA

Humans are the hosts of H. influenzae, H. haemolyticus,

H. aphrophilus, H. parainfluenzae, H. parahaemolyticus,

and H. segnis. Hemophili can be found almost univer-

sally in the human pharynx by use of selective culture

media. In the mouth, hemophili are found on the

tongue, palate, cheeks, and teeth, in dental plaque and

in saliva (Sims 1970). H. influenzae constitutes only

about 10 percent of the hemophili found in the pharynx

and is virtually absent from the extensive hemophilus

flora of the oral cavity (Kilian and Frederiksen 1981).

The upper respiratory tract of the neonate is sterile,

but rapidly becomes colonized by a wide variety of

organisms, including NCHI. Faden et al. (1995) demon-

strated that the rate of nasopharyngeal colonization

increases during infancy, reaching 34 percent at I year

and 44 percent at 2 years. By the age of 5-6 years, over

50 percent of children are colonized, often with multiple

strains. Carriage rates remain high thereafter, but adults

usually only carry a single strain (Kuklinska and Kilian

198a). The age of primary acquisition varies between

different populations. For example, almost all Australian

Aboriginal children are colonized with 11. influenzae by

1 month of age in contrast to 1.5 percent of non-

Aboriginal children (Leach et aI. 1994) The carriage of

H. influenzae including Hib is a dynamic process with

intermittent colonization with one or more strains
(Trottier et al. 1989) (see Garcia-Rodriguez and

Martinez (2002) for a review of the dynamics of

nasopharyngeal colonization). Several studies have

measured the nasopharyngeal and oropharyngeal

carriage rates of Hib prior to the introduction of routine
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Hib immunization of infants. Oropharyngeal carriage of
Hib is uncommon during the first 6 months of life, rises
to an average 3-5 percent among children aged 3-5
years, and then gradually declines with increasing age.
Many factors influence reported colonization rates,
including age (Sell er al. 1973), ethnic origin (Turk

1963), day-care attendance (Ginsburg et al. 1977), close
family contact with a case of invasive Hib disease (Turk

1975; Michaels and Norden 1,977), season of the year
(Henderson et al. 1982), recent antibiotic therapy
(Howard et al. 1988), sampling (Michaels et al. 1976),
and cultural techniques (Chapin and Doern 1983). The
use of standardized swabbing techniques and Hib anti-
serum agar (Barbour et al.1993a, b) is recommended for
these studies. H. influenzae types e and f are also carried
in the pharynx at similar rates to Hib (Barbour et al.
1995) (see review of Hib carriage by Moxon (1986)).

Day care attendance is one of the major risk factors for
increased carriage of H. influenzae and other respiratory
pathogens (Peerbooms et al.2002). Hib immunization of
infants results in reduced pharyngeal carriage of Hib
(Takala et al. 1991; Takala et al. 1993; Mohle-Boetani
et al. 1993). This appears to be the result of reduced or
delayed acquisition of Hib in the first year of life
(Barbour et al. 1995). Giving Hib vaccine to a child does
not rapidly terminate carriage (Barbour et al. 1995). To
date, carriage rates of H. influenzae type e and f appear
to be unaffected by Hib immunization.

The hemolytic species H. parahaemolyticus and H.
paraphrohaemolyticus have been isolated from the
pharynx (Kilian et al. 1972; Kawakami et al. 1982) and
oral cavity (Sims 1970). H. haemolyticus is found in the
nasopharyngeal flora of c. 1 percent of the population
(Kilian et al. 1972). H. parainfluenzae is a ubiquitous
member of the flora of the nasopharynx and mouth,
accounting for c. 75 percent of the hemophili isolated
from these sites (Kilian and Schi@tt 1975). h may also be
found in the normal vaginal flora (Kilian 1976) and has
been reported in 26 percent of fecal specimens (Palmer

1981). H. segnrs forms a significant proportion of the
flora of dental plaque (Liljemark et al. 1984) and is also
found to a lesser extent in the oropharynx. H. para-
phrophilus and 1L aphrophilus show a predilection for
teeth (Kilian and Schiptt 1975; Kraut et al. 1972). H.
aphrophilus has been found in dental plaque in about
one quarter of the adult population (Kraut et al.1972).

PATHOGENICITY AND VIRULENCE
FACTORS

Pathogenicity

CAPSULATE H. INFLUENZAE

Within the genus Haemophilus, H. influenzae is the most
important species causing human disease. H. influenzae

is strictly a parasite of humans and is associated with the

normal commensal flora of the respiratory tract. Infec-

tions caused by H. influenzae generally result from inva-

sion of the bloodstream or contiguous spread from the

respiratory tract. Hib causes serious invasive disease in

children less than 5 years of age. This is predominantly

meningitis, but also includes epiglottitis, pneumonia,

cellulitis, osteomyelitis, and septic arthritis (reviewed by

Jordens and Slack 1995). Up to 20 percent of survivors

of Hib meningitis have long-term neurological sequelae.

Risk factors for Hib disease are mainly socioeconomic

and include overcrowding, attendance at day-care

centers, chronic illness, and lack of access to good health

care facilities. Other capsular types may also cause inva-

sive disease, notably type a, especially in nonindus-

trialized countries. The introduction of vaccines effective

against Hib in infants has dramatically reduced the inci-

dence of Hib disease in children (Morbid Mortal

Weekly Rep 1995) and consequently the epidemiology

of Hib disease is changing (Heath and Mcvernon2002).

An eight-fold increase in H. influenzae type a meningitis

has been reported in Brazil, following the introduction

of routine infant immunization with conjugate Hib

vaccine (Ribeiro et al. 2003). Adderson et al. (2001)

described a cluster of invasive infections dlue to H. influ-

enzae type a in previously healthy children and Perdue

et al. (2000) reported the incidence of non-type-b capsu-

late H. influenzae infections in Alaskan residents

increased by l2O percent between 1980 and 1990 and

between 1991 and 1996. Restriction digest pattern

analysis of 48 recent invasive isolates of type a, e, and f

H. influenzae showed them to be of very limited genetic

diversity, possibly reflecting the emergence of hyperviru-

lent clones of these serotypes (Omikunle et al.2002).

NCHI

NCHI are often associated with infection of previously
damaged tissues, causing respiratory infections in
patients with chronic bronchitis, bronchiectasis or cystic
fibrosis. They account for approximately one-third of
cases of acute otitis media and acute and chronic
sinusitis (Foxwell et al. 1998). They can also cause
community-acquired pneumonia and conjunctivitis.
Recent reports show that NCHI are also an important
cause of invasive disease in both adults and children
(reviewed by Jordens and Slack 1995). In most cases of
NCHI meningitis, there are predisposing factors such as
head injury, with or without a cerebrospinal fluid leak,
otitis media or sinusitis, and the infection is presumed to
result from direct extension (Bol et al. 1987). In some
cases of NCHI bacteremia, the patient has an underlying
humoral immune deficit (Farley et al. 1992). Several
candidate NCHI vaccines, based on major (Pl, P2, P4,
P5) and minor (P6, D15, TbA/B) OMPs, LOS, and
adhesins (HMW, Hia, pili, P5) are currently under inves-
tigation (Poolman et al. 2001). Strains of NCHI biotype
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IV are a signiflcant cause of urogenital and neonatal
infections (Wallace et al. 1983). A subset of these strains
is genetically distinct and has been described as a cryptic
genospecies related to H. influenzae and H. haemolyticus
(Quentin et al. 1993). H. influenzae biogroup aegyptius rs
associated with an acute form of seasonal conjunctivitis
seen mainly in hot climates and in children. It has been
implicated as the cause of BPF (Morbid Mortal Weekly
Rep 1986).

OTHER HAEMOPHILUS SPECIES

H. parainfluenzae, H. parahaemolyticus, H. paraphrohae-

molyticus, H. aphrophilus, H. paraphrophilus, and H.
segnis are of relatively low pathogenicity but occasion-
ally cause disease including endocarditis, meningitis.
epiglottitis, septic arthritis, osteomyelitis, brain abscess,
acute pharyngitis, acute cholecystitis, empyema of the
gallbladder, jaw infections, appendicitis, and pancreatic
abscess (see Albritton (1982) for a review of infections
caused in humans by Haemophllas spp. other than 1L
influenzae). Fastidious gram-negative bacilli causing
endocarditis are collectively known as the HACEK
group, which includes H. influenzae, H. parainfluenzae,

H. aphrophilus, H. paraphrophilus, Actinobacillus acti-
nomycetemcomitans, Cardiobacterium hominis, Eikenella
corrodens, and Kingella spp. (see Brouqui and Raoult
(2001) for a review of HACEK endocarditis). H. haemo-
lyticus is not thought to be pathogenic. Riggio and Lennon
(1997) described the use of restriction enzyme analysis
of PCR-amplified 165 rRNA genes to distinguish A. acti-
nomycetemcomitans, H. aphrophilas, and H. paraphro-
philus. Dopan et al. (1999) used an arbitrarily primed
PCR method to differentiate these three species.

H. parasuis is an important opportunist pathogen of
swine, particularly animals under stress, causing respira-
tory-tract infections and Glasser's syndrome (poly-

serositis) (see Nicolet (1992) for description). H. haemo-
globinophilus has occasionally been implicated in
urogenital inflammation in dogs (Osbaldiston 1971) but
is probably of low pathogenicity. H. paragallinarum

causes infectious coryza in chickens (Hinz and Kunjara
1977), and H. paracuniculus is associated with mucoid
enteritis in rabbits (Targowski and Targowski 1979). For
pathogenicity of H. ducreyi, see below.

Virulence factors

Primates are the only species that naturally suffer from
invasive Hib disease and infant primates provide a good

model (Tunkel and Scheld 1993). Most animals do not
develop meningitis after bacteremia unless the perme-

ability of the blood-brain barrier is increased. However,
infant rats develop bacteremia and meningitis after
intranasal challenge with Hib (Moxon et al. 1974). This
has been a valuable model for studying the early patho-
genic events of meningitis. Tunkel and Scheld (1993)

reviewed the pathogenesis and pathophysiology of

bacterial meningitis. NCHI have been studied in a

chinchilla model of otitis media (Leake et al. 1994).

CAPSULATE H. INFLUENZAE

The possession of the type b capsule has been shown to

be a major virulence factor. Animal studies of isogenic

strains transformed with capsule-associated DNA

confirmed earlier observations that type b strains were

more virulent than type a strains, which were more viru-

lent than the other capsular types (Zwahlen et al. 1989).

The bacterial capsule aids colonization and is probably

the most important virulence factor for invasive disease

as it protects against phagocytosis and complement-

mediated lysis (Moxon and Kroll 1990; Tunkel and

Scheld 1993). Other virulence factors which may be

involved in adherence and colonization of Hib include

Iipopolysaccharide (Moxon and Maskell 1992), which is

expressed differently in the nasopharynx and the blood-

stream, and fimbriae, which have been shown to be

important for nasopharyngeal colonization but not for

invasion. The role of pili and other structures in adher-

ence and invasion have been reviewed by van Alphen

and van Ham (1994). OMP P2 has been shown to affect

the virulence of Hib (Sanders et al. 1993) and purifled

peptidoglycan was shown to cause brain edema and

inflammation in rabbit and rat models (Burroughs et al.

1993; Roord et al. 1994). Hemocin, a bacteriocin, is

strongly associated with type b strains (LiPuma et al.

1992). IgA proteases are produced by all Hib and have

been shown to be inhibited by human milk (Plaut et al.

1992). H. influenzae requires iron for growth in vivo and

can acquire this from host iron-binding proteins, such as

transferrin, by a siderophore-independent mechanism

involving two transferrin-binding proteins, Tbpl and

Tbp2 (Williams and Griffiths 1992; Gray-Owen et al.

1995). Transferrin-binding ability is strongly associated

with Hib from invasive infection (Hardie et al. 1,993)

and may be important for pathogenicity. The rron-

binding protein Tbpl is a member of the TonB family

and has been shown to be essential for invasion of Hib

in an animal model (Jarosik et al. 1,994).

NCHI

Studies suggest that pili (Sirakova et al. 1.994) and OMP
P2 (Sanders et al. 1993) may be important virulent
factors for NCHL The secretory products IgAl protease
and ciliotoxin may contribute to the pathogenesis of
pneumonia. Peptidoglycan from NCHI caused inflamma-
tion of the middle ear in the chinchilla otitis media
model (Leake et al. 1994). The lipooligosaccharide
biosynthesis gene lic2B has been identified as a putative
virulence factor in strains of NCHI causing otitis media
(Pettigrew et aL.2002) (see St Geme (2002) for a review
of NCHI pathogenesis). Isolates of the cryptic geno-
species of Haemophllzs, associated with urogenital,
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maternal, and neonatal infections, contain the enzyme,
copper- and zinc-superoxide dismutase, which is not

found in H. influenzae sensu stricto (Langford et al.
2002). This periplasmic enzyme may contribute to the

virulence of these strains by protecting the organisms
from phagocytic superoxide (Wilks et al. 1998). Invasive
isolates of H. influenzae biogroup aegyptius recovered
from cases of BPF harbor a 24 Mda cryptic plasmid and
a chromosomally integrated bacteriophage HP1 not

found in non-BPF strains (Li et al. 2003). The plasmid

does not encode any recognizable virulence factors
(Kroll et at.2002). In addition at least 16 unique chro-
mosomal loci have been identified in BPF-causing

strains (Li et al. 2003). It has been suggested that at least
some of these may have been acquired by horizontal
gene transfer from unrelated microbial sources (Smoot

et aI.2002). The gene Bpf001 encodes a protein homo-
logous to the Legionella pneumophlla epithelial cell
entry-enhancing protein EnhC and to the product of the
meningococcal gene NM80419, which have been impli-
cated in invasion of respiratory epithelial cells (see

Marrs et al. (2001), for a review of virulence factors of

H. influenzae).

HAEMOPHILUS DUCREYI

Introduction and historical perspective

Ducrey (1889) first reported the presence of character-
istic bacilli in stained smears prepared from the exudates

of soft genital sores (chancroid). Bezangon et al. (1900)

succeeded in isolating the organisms on nutrient agar
plus 30 percent whole fresh rabbit blood. Tomasczewski
(1903) successfully reproduced soft chancre in humans

with pure cultures of H. ducreyl (see Albritton (1989)

for historical review). H. ducreyi differs in many respects
from other members of the genus and there has been
doubt over its taxonomic position for many years. 11.
ducreyi was originally assigned to the genus Haemo-
philus because of its requirement for X factor.

The techniques of genetic transformation (Albritton

et al. 1986), DNA hybridizatron, and SI nuclease treat-
ment (Casin et al. 1985), DNA-RNA hybridization (De

Ley et al. 1990) and 165 RNA sequencing (Rousseau

et al. 199L; Dewhirst et al.1992) have all been used to

clarify the taxonomic position of H. duueyi. The results

suggest that H. ducreyi is a member of the Pasteur-
ellaceae but clusters differently to the true hemophili.
However, no formal renaming has been proposed.

Morphology

In the purulent discharge from the ulcerated surface of

chancroid lesions, several morphological forms may be
seen. The organisms may lie intracellularly or more
commonly extracellularly, and appear as pleomorphic

coccobacilli or short rods. The characteristic arrange-

ment of organisms as 'shoals of fish' or 'railroad tracks'

arc rarely evident in clinical material, and the ulcers

generally harbor a polymicrobial flora. Sturm et al.

(1987) found direct Gram staining of ulcer exudate iden-

tified only L0 percent of culture-positive cases. Addition-

ally, they found only 5 percent of patients with a clinical

diagnosis of chancroid had a positive Gram-stained

smear. These studies underline the difficulties in making

the diagnosis of chancroid. Accurate diagnosis of chan-

croid depends on the ability to identify H. ducreyi as the

causatrve agent.

In smears prepared from growth on solid media, the

organisms appear as isolated individuals, in groups or as

short chains; growth in liquid media is difficult to

achieve, but in such cultures long tangled chains may be

seen.

Cultural characteristics and growth
requirements

H. ducreyi is a fastidious organism which grows only

slowly on chocolate agar and culturing H. ducreyi is

difficult. Isolation of H. duueyi has a sensitivity of about

70 percent compared to PCR in an unselected popula-

tion of men with genital ulcers (Johnson et al. 1995).

Several media have been devised to improve the isola-

tion of H. duueyi. It is generally accepted that the use

of two media is optimal for the recovery of H. ducreyi, a

gonococcal agar-based and a Mueller-Hinton-based

medium to each of which is added 1 percent IsoVitalex

together with either 5 percent chocolatized horse blood

or L percent hemoglobin and 5 percent fetal calf serum.

Activated charcoal (0.2 percent) can be used instead of

fetal calf serum (Lockett et al. 1991), which has the

advantage of being a much cheaper medium. To isolate

H. ducreyi from clinical specimens, media can be made

selective by the addition of vancomycin 3 mg/I.

However, Jones et al. (1990) described strains of 1L

ducreyi that are inhibited by 3 mg/l vancomycin. Fresh

plates with a moist surface should be used and they

should be incubated for 34 days at 33-36C with added

moisture and carbon dioxide. For many laboratories that

isolate 1L ducreyi infrequently, the availability of fresh

selective media will be a problem. Dangor et al.

(1993) described a thioglycollate-hemin-based transport

medium from which viable 1L duuevi can be isolated

after 4 days at 4"C.

The colonial appearance of H. ducreyi varies with the

medium used. Typically, after incubation for 24 h, the

colonies are small, yellow-gray, translucent or semi-

opaque. Cultures often appear 'mixed' with a variety of

colonial sizes and appearance. The colonies are very

cohesive and can be pushed intact across the agar

surface. It is extremely difficult to emulsify the colonies.

H. ducreyi does not grow well in liquid media. Strains
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may be preserved on moist slopes of a medium such as
Sheffield medium for about 4 weeks at 4'C or in liquid
nitrogen for up to 2 years (Hafiz et al. 1984) (see Trees
and Morse (1995) and Lewis (2000a) for discussion of
media and diagnostic techniques).

ldentif ication

H. ducreyi requires X factor but not V factor for growth.
Hammond et al. (1978) found the optimal hemin
requirement for H. ducreyi was 200-500 mg/I.

The biochemical activities of H. ducreyi are shown in
Table 65.2. Kilian and Biberstein (1984) considered H.
ducreyi to be apparently asaccharolytic, but commented
that some strains show a late positive reaction with
glucose. H. ducreyi has a characteristic enzyme profile
(Casin et al. 1982) and a number of rapid kit systems
have been used to identify it by its enzymic activity.
These include API-ZYM (Casin et al. 1982), Minitek
System (Oberhofer and Back 1982), and RapDNH
(Hannah and Greenwood 1982).

A number of noncultural diagnostic tests have been
developed for H. ducreyl, including indirect immuno-
florescence microscopy of clinical material with poly-
clonal or monoclonal antisera (Hansen and Loftus 1984;
Schalla et al. 1986; Finn et al. 1990), a blot-radio-immu-
noassay (Hansen and Loftus 1984) and enzyme-linked
immunosorbent assay (ELISA)-based antigen detection
(Roggen et al. 1993). Hansen and Loftus (1984) have
produced two monoclonal antibodies which recognize all
strains of H. ducreyi and which are capable of detecting
H. ducreyi in skin lesions in experimental animals.
Parsons et al. (1989) described t'P-labeled DNA probes
for H. duueyl. The probes will derect 104 CFU of 1L
ducreyi. They could be used to confirm the identity of H
ducreyi isolates but lack the sensitivity required to
detect H. duueyi in clinical material.

PCR methods have been developed for the diagnosis
of chancroid (Chui et al.1993; Johnson et al. 1994; Orle
et al. 1994; West et al. 1995). A multiplex PCR assay has
been described for the simultaneous amplification of
DNA from H. ducreyi, Treponema pallidum, and herpes
simplex virus types L and 2 (Orle et al. 1996) which
appears to be more sensitive than culture for the detec-
tion of these agents in genital ulcers. Although such
techniques are valuable for the confirmation of 1L
ducreyi isolates, their value in the clinical diagnosis of
chancroid is not yet established. Johnson et al. (1994)

demonstrated that PCR assays performed on genital
ulcer specimens are less sensitive than assays based on
H. ducreyi cultures because of the presence of Taq poly-
merase inhibitors in DNA preparations from ulcer mate-
rial. Tekle-Michael et al. (2001) described a heminested
PCR assay for the detection of an H. ducreyi-specific
protein p27, which appears to be sufficiently sensitive
and speciflc to be applied to clinical specimens.

Susceptibil i ty to antimicrobial agents

The susceptibility of H. ducreyi to antimicrobial agents
varies between geographical areas (see review by

Dangor et al. (1990)). Resistance is more prevalent in

areas where chancroid is common. In countries where 1L

duueyi infection is endemic, most isolates are placta-

mase producers and are also resistant to tetracycline.

Resistance to trimethoprim-sulfamethoxazole is being

seen increasingly, especially in the Far East. Ison et al.

(1998) discussed the epidemiology of global antibiotic

resistance in H. ducreyi. Most isolates of 1L ducreyi are

susceptible to erythromycin and the newer macrolides

clarithromycin, azithromycin, and roxithromycin. Other

agents that show excellent activity against H. ducreyi in

vitro include the quinolones such as ciprofloxacin,
perfloxacin, and fleroxacin, rifampicin, spectinomycin.

ceftriaxone, and co-amoxiclav. Azithromycin and

ceftriaxone offer the advantage of single-dose therapy.

Ceftriaxone therapy has been associated with treatment

failures in Kenya (Tyndall et al. 1993) (see www.bashh.

org/guidelines/ceguidelines.htm, and Schmid (1999) for
guidelines on the management of chancroid).

Antimicrobial susceptibility testing of H. ducreyi is

technically difficult, requiring specially supplemented

media. In addition the slow and variable growth of

isolates and the difficulties of emulsifying the cohesive

colonies mean that it is hard to standardize inocula.

Typing methods

Sturm (1981) differentiated H. ducreyi into two types:

electron microscopic preparations reveal an outer

membrane in type 1, which is lacking in type 2. Both

types can produce chancroid-like lesions in monkeys.

Odumeru et al. (1983) have identifled seven subtypes of

H. ducreyi by OMP subtyping. Slootmans et al. (1985)

described an indirect immunoflorescent technique for

typing 1L duueyi. The techniques of ribotyping (Sara-

fian et al. 1.991.) and plasmid analysis (Saraflan and

Knapp 1992) have been applied to H. ducreyi. Lectin

typing of H. ducreyi (Korting et al. 1988) appears to be

of dubious value (see review by Trees and Morse (1995)

for discussion of typing methods).

Pathogenicity

H. ducreyi causes the sexually transmitted disease chan-

croid, or soft chancre (soft sore). Asymptomatic carriage

of the organism has been reported in men (Kinghorn

et al. 1983) and women (Khoo et al. 1977) but it is

unclear whether this is persistent or transient carriage or

recovery of the organism during the incubation period.

H. ducreyi has not been isolated from nonhuman

sources. Avirulent strains, as defined in an animal
model, can be produced by repeated passage in vitro,
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but have not been reported on primary isolation. These

avirulent strains produce no cutaneous lesion when

inoculated intradermally into a rabbit; virulent strains

produce necrotic lesions. Several in vitro models have

been used to study the pathogenesis of H. ducreyi.

Animal models have also been developed (reviewed by

Trees and Morse (1995)). Spinola et al. (1994) studied

experimental infections in humans.

The potential virulence factors of H. ducreyi include a

novel pilus (Brentjens et al. 
'1,996), 

LOS (Campagnari

et al. 1991), a cytolethal distending toxin (Purven and

Lagergird 1992), a hemoglobin-binding OMP (Stevens

et al. 1996), a hemolysin (Palmer et al. 1996), a fila-

mentous hemagglutininJike protein (Ward et al. 1998),

and copper-zinc superoxide dismutase (San Mateo et al.

1998) (see Spinola et al. (2002) for a review of H.

ducreyi pathogenesis). Several candidate vaccines are

under investigation, based on an outer membrane

protein or a toxoid prepared from H. ducreyi hemolysin.

Trees and Morse (1995), Lewis (2000b), Al-Tawfiq and

Spinola (2002), and Bong et al. (2002) provide excellent

comprehensive reviews of H. ducreyi and chancroid.
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INTRODUCTION AND HISTORY

A type of fever characterized by fairly regular remis-

sions or intermissions has been recognized along the
Mediterranean littoral since the time of Hippocrates.

Many names have been applied to it, often relating to

localities in which it was particularly prevalent; Malta
fever, Mediterranean fever, Gibraltar or Rock fever, and
undulant fever are probably the best known. The cause

of this disease was obscure until 1887 when Bruce

reported numerous small coccal organisms in stained

sections of spleen from a fatally infected soldier and
isolated an identical organism in culture from spleen

tissue of four other soldiers. This bacterium. which he

named Micrococcus melitensis, produced a remittent
fever in inoculated monkeys; one animal died from the
infection and the organism was recovered in pure

culture from the liver and spleen. Later, Wright and

Smith (1897) described an agglutination test for

detecting antibodies to M. melitersis in the serum of
humans and animals. With this test, Zammit (1905)

detected infection in Maltese goats and, with others,

showed the goat to be the natural host of M. melitensis.

Humans became infected by the consumption of raw

milk or cheese (Report 1.905-7; Horrocks and Kennedy
1e06)

Alice C. Evans (1918a) drew attention to the simi-
larity between M. melitensis and the organism described
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by Bang (1897) as the cause of contagious abortion of

cattle. Her observations were confirmed by others, and

Meyer and Shaw (1920) proposed the generic name

Brucella for the two organisms, in honor of Sir David

Bruce. The possible pathogenicity of the second

organism, Brucella abortus, for humans was suggested by

Evans (1918b) and conflrmed by others, including Bevan

(192r-22).
Sheep and goats are the preferred natural hosts of B.

melitensis, but other animals may also be infected. As

with the other members of the genus, B. melitensis tends

to localize in the reticuloendothelial system and the

genital tract; genital infection of the pregnant female

typically results in abortion. Humans are susceptible to

infection, often manifest initially as an acute fever.

Chronic complications may succeed the acute phase and

the term 'brucellosis' is used as a convenient description

for all phases of the disease. B. melitensis is fairly widely

distributed throughout the world but is particularly

common in countries around the Mediterranean littoral,

the Arabian peninsula, central Asia, and parts of Latin

America. It probably accounts for the majority of cases

of brucellosis in humans. This species is not found in

northern Europe, Australia, or New Zealand.

Cattle are the preferred natural hosts of B. abortus,

but it can also infect other animals. Although usually

less virulent than B. melitensis, it can also cause brucel-

losis in humans. B. abortus is even more widespread
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than B. melitensis and has, at one time or another, been
isolated in virtually all cattle-raising countries of the
world. Over the past few decades, control campaigns
have dramatically reduced the prevalence of B. abortus
infection in most developed countries and eliminated it
altogether from some. Countries which have reported
the eradication of bovine brucellosis include Australia,
Canada, the Czech Republic, Germany, Holland, Japan,
the Scandinavian countries. and New Zealand. It is now
uncommon in the USA and most countries of western
Europe. There are indications of a resurgence 1n some
parts of eastern Europe which formerly reported a low
incidence, including Russia and Ukraine.

The third member, B. suis, was first recorded in 1,914
by Traum, who reported its isolation from the fetus of a
sow. In 1943, Huddleson implicated B. suis as an agent
of brucellosis (Huddleson 1943). It is a natural parasite

of pigs, frequently producing a generalized infection but
with a tendency to localize in the genital tract. Infection
can also be transmitted to other animals, although the
host range tends to be narrower than that of B. abortus
and B. melitensis, possibly for geographical rather than
biological reasons. Infection is now rare in the USA, but
is prevalent in parts of Latin America, southern China,
and South East Asia. In Australia. it occurs in feral
swine. In contrast with the B. suis strains typified by
those described by Traum, other types have been found
which show a different host range and pathogenicity.
Thus, Thomsen (1934) isolated strains from pigs in
Denmark which differed in certain cultural properties
from those found in the USA and were less pathogenic
for humans. These Danish or E,uropean porcine strains
have hares and swine as their natural hosts, and have
been classified as B. suls biogroup ('biovar') 2; the
American strains have been assigned to B. suis
biogroups L and 3. Two additional B. suis biogroups
have also been defined. neither of which causes natural
infections in swine. B suis biogroup 4 was originally
described as a separate species, B. rangiferi tarandi
(Davydov 1961), and infects reindeer in Alaska, Canada,
and northern Russia, causing reproductive failure. It is
transmissible to humans and causes an undulant-fever
syndrome. B. suis biogroup 5 has only been found in
mouse-like rodents in the Caucasus (Vershilova et al.
1983). However, it is known to be pathogenic for
humans and causes a disease similar to that produced by
the other B. suls biogroups. Generally, B. suis strains are
less widely distributed geographically than B. abortus or
B. melitensis.

The fourth member of the genus, B. can6, was
reported by Carmichael and Bruner (1968) as the cause
of abortion among beagle dogs in the USA. It has since
been found in dogs of various breeds in many countries
including Argentina, Brazil, China, the Czech Republic,
Germany, Japan, Madagascar, Mexico, Papua New
Guinea, Peru, and the Philippines. Occasional cases of
infection have also been reported in humans, usually

presenting as a mild pyrexial illness (Carmichael 1990;

Schoenemann et al. 1986; Weber 1982).

The fifth member of the Brucella grottp, B. ovrs, was

first observed at about the same time in Australia and

New Zealand (Buddle and Boyes 1953; Simmons and

Hall 1953) and identified as the cause of sexually trans-

mitted epididymitis in rams. It has since been found in

most other sheep-raising countries including Argentina,

Chile, France, Germany, South Africa, USA, Spain, and

countries of the former Soviet Union. Although serolo-
gical evidence suggests that humans can be infected by

this organism (Gavrilov et al. 1972), it has not been

conf,rmed to be a cause of overt disease.

Unlike B. abortus, B. melitensis, and B. sals, in which
virulence is associated with the smooth colonial form, B.

canis and B. ovrs have been found only in the

nonsmooth phase. This has implications for the serolo-
gical diagnosis of infections caused by these organisms

because smooth and non-smooth Brucella strains are

antigenically distinct.

The last member, B neotomae, was isolated by

Stoenner and Lackman (1957) from desert wood rats in

a remote area of Utah. USA. It has not been associated

with disease in humans or other species and further

isolates have not been recorded.

Regardless of the infecting species, cases of brucellosis

in humans have many features in common, but the

severity of disease and the occurrence of complications

vary to some extent with the organism responsible. In
general, B. melitensis produces the most severe and

acute human infections. Biogroups L and 3 of B. suis
may produce severe acute infections but have a parti-

cular tendency to cause chronic suppurative lesions

affecting the skeletal system. B. abortus and B. canis

tend to produce a milder disease, with a higher propor-

tion of subacute and subclinical infections. Indeed,

human disease caused by B. canis has been diagnosed

only infrequently, but serological studies suggest that

exposure to infection is common in some populations

(Monroe et al. 1975).

DEFINITION

Brucellae are small nonmotile, nonsporing, gram-nega-

tive coccobacilli, or short rods. They grow rather slowly

on ordinary nutrient media; growth is improved by

serum or blood. Metabolism is aerobic: there is no
growth under strictly anaerobic conditions. Growth is

often improved by carbon dioxide, which is essential for

some strains. The organisms have little or no fermenta-
tive action on carbohydrates in conventional media.

They oxidize certain amino acids, urea cycle inter-

mediates, and carbohydrates; oxidative patterns are
useful for identification. They are catalase positive and
usually oxidase positive, reduce nitrates, and hydrolyze

urea to a variable extent. They are susceptible to genus-

specific phages, with the lytic pattern dependent on
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species and colonial phase. The smooth phase expresses

a distinctive outer-membrane lipopolysaccharide devoid

of heptose; the O chain is a homopolymer of 4-forma-

mido-4,6-dideoxymannose. The genus is a member of

the family Brucellaceae in the u2 subdivision of the

Proteobacteria. The species are intracellular parasites of

humans and animals producing characteristic infections,
particularly of the reticuloendothelial and reproductive
systems. They contain two chromosomes, and the G + C
content of the DNA is 58-59 mol%. The type species is
B. melitensis.

On the basis of DNA-DNA homology, the genus has

been defined as monospecific and a system of nomen-

clature proposed which identifies each type as a

biogroup of B. melitensis (Verger et al. 1985). Although

this is in accordance with taxonomic practice, this
nomenclature has not been widely accepted because of
the confusion that could be caused to nonspecialists;
therefore, the current terminology should be retained
for practical purposes. Subdivision into nomen species
depends on principal natural host, oxidative metabolic
pattern, and phage sensitivity. Restriction fragment
polymorphism with selected enzymes may also be useful.

The polymerase chain reaction (PCR) with appropriate
primers is effective for identification at genus and
possibly subgenus level (Fekete et al. 1992). Classifica-
tion into 'biovars' (biogroups) is based on carbon

dioxide requirement, hydrogen sulfide production, dye

sensitivity, and agglutination by monospecific sera to A,

M, and R antigens. In practice, presumptive identifica-
tion of isolates is made on the basis of cultural char-
acteristics, cellular morphology, and serological reac-

tivity. Association with particular disease patterns may
give an indication of identity (see Robertson et al. 1980;

Corbel 1993).

HABITAT

Epidemiology

In the past, B. abortus accounted for most cases in
northern Europe. However, because of the successful

eradication or control of bovine brucellosis. the human

cases now seen are increasingly due to B. melitensis
infections acquired in other countries. Most cases of
human brucellosis are caused by B. melitensis and their
geographical distribution very closely follows the distri-

bution of ovine and caprine brucellosis. In Europe, the

highest prevalence of human brucellosis occurs in the

countries of the Iberian peninsula and the Mediterra-
nean littoral. France, Greece, Italy, Portugal, Spain, and

Turkey account for most cases but the infection is also
present in Albania and is occasionally reported from
countries of the former Yugoslavia (Report 1986a).

Human brucellosis, mainly caused by B melitensis, is
also prevalent on the southern and eastern edges of the

Mediterranean basin, particularly in Tunisia, Libya,

Egypt, Israel, Lebanon, and Syria, and in the Arabian

Peninsula and Iran. In Kuwait and Saudi Arabia, the

prevalence in the human population has increased as a

result of attempts to develop intensive livestock produc-

tion units against a background of infection in the indi-

genous animal population (Report 1986a; Mousa et al.

1988). The introduction of measures for the control of

the disease in animals has been followed by a decline in

the number of human cases in recent years.

Brucellosis is also common in many parts of North,

Central, and South America, particularly in Mexico,

Argentina, Brazil, Colombia, Ecuador, and Peru. Most

reported cases are caused by B. melitensls, but B.

abortus accounts for some. Infections caused by B. suis,

mainly of biogroup 1, are common in Argentina, Brazll,

and Colombia (Lopez-Merino 1989). Brucellosis is seen

infrequently in Canada and the USA, but is common rn

Mexico in humans, livestock, and other animals.

B. abortus and B. meliterzsls infections in humans are

widespread in many African countries, but the true

prevalence is unknown. B. melitensis infection is

common in some areas of the Indian subcontinent and

was formerly prevalent in Mongolia and northern China,

but has declined as a result of the intensive vaccination

of sheep and goats. B. abortus and B. suis infections are

widespread in many Asian countries but the true preva-

lence of human brucellosis in this region is unknown.

SOURCES AND TRANSMISSION

Brucellosis is a zoonosis and, with few exceptions, infec-

tions in humans result from direct or indirect contact

with animal sources. Rare instances of person-to-person

transmission have been recorded, either in circumstances

implicating sexual contact (Goossens et al. 1983; Stantic-

Pavlinic et al. 1983; Mantur et al. 1996), or by the

transfer of tissue, including blood and bone marrow

(Naparstek et al. 1,982). Laboratory-acquired brucellosis,

a much greater problem, has been caused by B. meli-

tensis, B. abortus, B. suis, and B. canis as a result of acci-

dental ingestion, inhalation, injection, and mucosal and

skin contamination. Circumstantial evidence implicates

exposure to infectious aerosols generated during the

manipulation of cultures as one of the most common

sources of laboratory infection. Several studies have

suggested that in the past, brucellosis was acquired in

the laboratory more frequently than any other bacterial

disease (Pike 1978; Collins 1983). In Britain, the Advi-

sory Group on Dangerous Pathogens has classified

Brucella as a pathogen requiring containment at the

level of category 3 (Report 1994). Recommendations for

appropriate precautions to be taken when handling

Brucella cultures have been made (Corbel et al. 1979b;

Report 1986b).

Most cases of infection caused by B. abortus, B. meli-

tensis, B. suls, and B. canis arise from occupational or
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domestic contact with infected animals or with an envir-
onment contaminated by their discharges. Farmers and
their families, abattoir workers, butchers, and veterinar-
ians are particularly at risk. Infected animals that have
recently aborted or given birth present the greatest
hazard; infection may occur through ingestion or inhala-
tion, or by contamination of the conjunctiva or skin with
discharges. B. abortus 'strain 19' and B. melitensls 'Rev

1' - two live vaccine strains - retain virulence for
humans. and infections have resulted from accidental
exposure to them (Sadusk et aL. 1957; Olle Goig and
Canela-Soler 1987).

The main source of infection for the general popula-
tion is dairy produce prepared from infected milk. B.
melitensis presents the greatest hazard. The milk of
infected sheep and goats may contain large numbers of
viable organisms, which become concentrated in
products such as soft cheeses. Indeed, soft cheese has
been recognized as a major vehicle of infection in the
Mediterranean region, the Middle East, and Latin
America (Eckman 1975; Sabbaghian 1975; Al-Dubooni
et al. 1986; Report 1986a).

B. melitensis may be transmitted from infected sheep
and goats to cattle kept in contact with them. Camels,
which are susceptible to B. abortus and B. melitens$, can
be infected in the same way; their milk is an important
source of infection for humans in Middle Eastern coun-
tries and in Mongolia (Report 1971).

Cattle infected with B. abortus probably present the
greatest hazard to humans through direct contact after
calving or abortion, or at slaughter. This is reflected in
the occupational nature of the disease in Britain and
other developed countries (Buchanan et al. 1974b;
Report 1980). Of the 494 cases reported to the Public
Health Laboratory Service in England and Wales in the
period 1956-61,69 percent were in males and 71 percent

in the 10-50 year age group. Farm and dairy workers,
abattoir workers, butchers, and veterinary surgeons
accounted for a disproportionate number of male cases,
whereas housewives and schoolchildren predominated
among the female cases. Dalrymple-Champneys (1960)
attributed about 80 percent of nonoccupational cases to
the consumption of raw milk and cream. At that time, at
least 5 percent of herd samples of raw milk were
infected with B. abortus (Report 1961). Cases among the
nonoccupationally exposed population were confined to
those who drank tuberculin-tested or other types of raw
milk. They were virtually nonexistent in urban popula-
tions supplied with pasteurized milk. After the introduc-
tion of eradication measures for bovine brucellosis. the
disease in the general population declined rapidly. Of
419 cases reported in the period 1975-79, only 13 were
attributed to the consumption of raw milk, the
remainder being occupational in origin (Report 1980).
By 1984 the decline was greater still, and even occupa-
tionally acquired cases were rare. Serological surveys
have indicated that even in populations consuming raw

milk, the number of cases of clinical brucellosis is small

in proportion to the number of people with antibodies to

B. abortus. This indicates that .8. abortus has a high

infectivity for humans but is less virulent than some

other types.

Infection caused by B. szls biogroups 1 and 3 has a

much more limited distribution than that caused by B.

abortus and B. melitensis. It is essentially an occupa-

tional disease of slaughterers and meat packers, who

handle carcasses of infected pigs, and hence affects

mainly adult males (Hendricks 1955). It was formerly

common in the USA, especially in the middle-western

states, but has declined dramatically as a result of the

virtual eradication of the disease from the pig popula-

tion. Epidemiological studies made when the infection

was common showed that only a minority of those

exposed developed overt, as opposed to a subclinical,

infection (Hardy et al. 1931, 1932; Huddleson et al.

1933; Heathman 1934; Buchanan et al. 1974a). -fhe

organism gains entry via the conjunctiva, abraded skin,
respiratory tract, or by ingestion (Hendricks et al.

1962; Brchanan et al. 1974a). The disease is often
prolonged and debilitating, with a tendency to produce

severe complications. Occasionally, B. sais infects

cattle, causing milk-borne outbreaks in the general

population (Borts et al. 1943). This is not uncommon

in Argentina, Brazil, and Colombia, where B. suis

infection of humans is prevalent. The disease also

occurs in the South Paciflc region and in southern

China. Occasional cases contracted from feral pigs

occur in the southern USA and in Australia (Crichton

and Medveczky 1987).

Worldwide, B. abortus biogroup 1 is usually the most

common cause of brucellosis in cattle in developed

countries and in others in which intensive systems of

management are used. B. abortus biogroup 3 tends to
predominate in indigenous cattle populations in Africa

and Asia but is now the most common type in western
Europe. B. melitensis biogroup 1 is probably the most

common type worldwide but biogroup 2 predominates

in Italy and is at least as common as biogroup 1 in

countries surrounding the Arabian Gulf. B. suis

biogroup 2 is now uncommon but occurs sporadically in

hare populations throughout Europe from the Baltic to
the Adriatic Sea. B. suls biogroups 1 and 3 are now

uncommon in the USA but frequent in Mexico,

Colombia, Argentina, southern China, and Indonesia.

B. suis biogroup 4 is confined to reindeer populations

in the Arctic regions of Alaska, Canada, and Russia. B.

suls biogroup 5 is found only in rodents in the

Caucasus. B. canis has been implicated as a cause of

brucellosis in humans, the manifestations being similar
to those resulting from infection with B. abortus, B.
melitensis, and .8. suls, but the disease is usually mild
(Polt et al. 1982). Serological studies suggest that
subclinical infection is common in some populations
(Monroe et al.  1975).
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MORPHOLOGY

Typically, Brucella spp. occur as small gram-negative

coccobacilli, but coccal and bacillary forms also occur.

The cells are short and slender; the axis is straight; the

ends are rounded; the sides may be parallel or convex

outwards. In length, they vary from about 0.6 to 1.5 pm,

and in breadth from 0.5 to 0.7 pm. The short forms may

appear as oval cocci, or, if they are arranged singly, in
pairs end to end, or in small groups; sometimes short

chains of four to six members may be seen, especially in

liquid media. Because of their frequently coccoid

appearance, their bacillary nature may be in doubt, but

it may be noted that they are smaller than any of the
gram-negative cocci. Moreover, when arranged in pairs.

their long diameter is in the same axis as that in which

they are lying, as distinct from the gram-negative diplo-

cocci, whose long axis is generally at right angles to that

in which they are lying (Figure 66.1).

B. melitensis tends to be more coccal in form than B.

abortus, but this is not consistent enough to be of value

for identification. The bacillary forms of B. abortus and

B. suis are most readily apparent when grown on a rich

medium, when individual cells may reach 2-3 trrm in

length. B. melitensis usually remains coccoid and rarely

exceeds 1 pm in length. The organisms stain fairly well

with the ordinary dyes. They are gram-negative, non-

acid-fast, nonmotile, and nonsporing. Bipolar staining

can occur and irregularity in the depth of color may be

seen, especially in old cultures in which irregular forms

appear. L-forms have been isolated from natural sources
(Nelson and Pickett 1951; Corbel et al. 1980) and from

cultures treated with penicillin, glycine, or hormones

(Hines et al. 1964; Roux and Sassine l97l;Meyer 1976).

They have the morphology and structure typical of

bacteria that are cell wall defective. Although sometimes

isolated from infected individuals. it has not been shown

that these organisms retain their pathogenicity.

Brucella cells resist decolorization by dilute solutions

of acids and alkalis and advantage has been taken of this

in differential staining procedures for the examination of

infected tissues. Modifled Ziehl-Neelsen, Macchiavello,

or Hansen and K<ister's methods may be used (Chris-

tofferson and Ottosen 1941; Stamp et al. 1950). These

procedures are not absolutely specific for Brucella and

false-positive reactions may be given by chlamydiae,

Coxiella burnetii, and several species of gram-negative

bacilli. Immunospecific staining with labeled immu-

noglobulins will differentiate Brucella from most other

organisms but not from Yersinia enterocolitica 09. False-

positive staining reactions may also be given by gram-

positive cocci containing protein A or protein G (Corbel

1973a;Brewer and Corbel 1980).

Brucella strains have many structural features in

common with other gram-negative bacteria. Never-

theless, they show a number of important differences

from the gram-negative bacilli typified by Escherichia

coli. In electron micrographs from negatively stained

preparations, the cell surface appears rugose, probably

because of the presence of structures formed from the

lipopolysaccharide (LPS)-protein complex which

comprises the outer membrane. This layer, which is

about 9 nm thick, encloses a muramic acid-containing

peptidoglycan layer 3-5 nm thick which is much more

prominent in Brucella cells than it E. coli (Dubray and

Plommet 1976). Internal to this layer is a zone of low

electron density, the periplasmic region. Closely asso-

ciated with the inner cell membrane are polyribosome

complexes. The cytoplasm contains small vacuoles and

polysaccharide-containing granules (Dubray 1972). The

chromosomal material has been located as an osmio-

phobic mass interspersed with delicate osmiophilic fila-

ments (De Petris et al. 1964; Peschkov and Feodorov

1978) (Figure 66.2).

CELLULAR COMPOSITION

Figure 66.1 Scanning electron micrograph o/B abortus strain l9
(bar = 2 pm)

The gross cellular composition is similar to that of other

gram-negative bacteria. Thus, the dry weight of the cell

comprises an average 40-50 percent protein, 20-25

percent carbohydrate, c. 7 percent total lipid (2.5

percent bound lipid, 2 percent phospholipid, and 2.5

percent neutral lipids), 10-15 percent RNA, and 1.5-3

percent DNA. The precise proportions of these

constituents are very dependent on conditions of growth.

In relation to detailed chemical composition, brucellae

strains show some distinctive features. Brucella cells are

more resistant to the action of lysozyme, even in the

presence of chelating agents and nonionic detergents,

than are enterobacterial cells which suggests some

unusual features in peptidoglycan structure. The latter

comprises a glycan skeleton of o-glucosamine and

muramic acid linked by short chains of alanine,

slutamic acid, and u,e-diaminopimelic acid. However,
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Figure 66.2 Negatively stained thin section of bovine
macrophage infected with B abortus biogroup 1 The bacteria
are enclosed in vacuoles and thetr outer membranes and internal
structure are vtstble (bar = 0 25 um)

it also contains covalently linked proteins and lipids
(Cherwonogrodzky et al. 1990)

ln B. abortus. the outer-membrane proteins include
the 88-94 kDa high molecular weight group 1, the
43 kDa and 36-38 kDa porin proteins of group 2
(Douglas et al. 1984) and the 25-27 kDa proteins of
group 3, as well as minor proteins of 15-31 kDa. A lipo-
protein of 8 kDa is also covalently linked to the pepti-
doglycan skeleton. These components are also present in
the other nomen species but with quantitative differ-
ences (Santos et al.  1984; Verstreate and Winter 1984).
ln addition to the above. B. melitensis contains a 31 kDa
outer-membrane protein and another of 39-40 kDa.

In all Brucella strains, the group 2 proteins are by far
the most abundant The genes for the 36 kDa porins
(omp2a arrd omp2b) have been cloned and the peptide
sequences determined (Ficht et al. 1989). The group 3
proteins were assumed to be analogs of OMP A but
sequence data have not confirmed this.

The 8 kDa lipoprotein resembles the Braun lipopro-
tein of E. coli in molecular weight, isoelectric point, and
amino acid composition, but differs from it in being
surface exposed (Gomez Miguel et al. 1987). Brucella is
also distinguished by being particularly rich in myristic,
palmitic, and stearic acids, in containing moderate quan-
tities of cis-vaccenic and arachidonic acids, low quan-
tities of C17 and C19 cyclopropane fatty acids, and no
hydroxy fatty acids. It is believed that this unusual fatty
acid composition contributes to hydrophobic interactions
in the BrLtcella outer membrane and enhances its
stability (Cherwonogrodzky et al. 1990).

Another distinctive polysaccharide component is the
material identified as polysaccharide B, also known as
component 1 or second component. This was thought to
be an antigen related to the O polysaccharide (Diaz et al.
1979). However, it was subsequently shown to be a
cyclic polymer of 17-24 B-1,2 linked D-glucose residues

(Bundle et al. 1988). It is apparently nonantigenic and
similar to the cyclic B-l-glucans synthesized by many

other bacteria. It readily forms noncovalently linked

complexes wilh Brucella LPS and O chain.

The lipid composition of Brucella cells has a number

of distinctive features which reinforce the taxonomic

afliliation of the genus to the cr2 subdivision of the
Proteobacteria. The free lipid fraction comprises mainly
phospholipids and neutral lipids. Phosphatidylcholine is

the principal phospholipid. in contrast to most bacterial

species (Thiele and Schwinn 1973), although it is also
present in Agrobacterium tumefaciens. Its presence

confers distinctive properties on the outer membrane

and may account for its reduced susceptibility to phos-
pholipases and lysozyme. Phosphatidylglycerol and

diphosphatidylglycerol are also present as major lipids.
Phosphatidyl ethanolamine, phosphatidyl serine, and
candiolipin are represented as minor components. The

fatty acids associated with the phospholipid fraction are
unusual in that lactobacillic (C19: cyclic) acid, typical of
gram-positive but not gram-negative species, is usually

the major cyclopropane fatty acid, together with its
metabolic precursor cis-vaccenic (C18:1 cyclic) acid. It
should be noted that B. canis is an exception to this and
has cis-vaccenic acid as the major fatty acid with lacto-

bacillic acid in only trace amounts. This largely accounts

for the distinct position of B. canis vis-i-vis the other

nomen species when fatty acid composition is used for

taxonomic analysis (Tanaka et al.1977).
The neutral lipids include unusual wax-like esters

containing large quantities of palmitic (C16:0) acid and
moderate amounts of myristic (C1a:0), palmitoleic

(C16:1), stearic (C18:0), and cis-vaccenic (C18:1) acids.

Lactobacillic acid is absent from these compounds.

Other distinctive free lipid components of Brucella
include ubiquinone Q10 and ornithine-containing lipids
(Thiele and Schwinn 1973). The latter make up 32
percent of the total neutral lipid. They contain lactoba-

cillic, cis-vaccenic, and palmitoleic acids in ester linkage

and palmitic and stearic acids in amide linkage but no
hydroxy fatty acid. The function of the ornithine lipids is
unknown but they are structural components of the

outer membrane and it has been suggested that they are
implicated in the attachment of Brucella cells to the
surface of macrophages and lymphocytes (Cherwono-

grodzky et al. 1990). Minor free lipid components

include 1,3 and 1,2 diesters of glycerol and monoesters
of ethylene glycol.

The bound lipids are mainly associated with the LPS,
lipoprotein, and glycolipid fractions of the outer
membrane. The composition of the LPS is unusual in

that the lipid A backbone is formed of 2,3-diamino-2,3-

dideoxy-o-glucose as well as D-glucosamine. This feature
is present in some other members of the Proteobacteria
(Weckesser and Mayer 1988). Both amide- and ester-
linked fatty acids are attached to the aminoglycose

skeleton. The amide-linked acids include 3-O-(C16:0)

F
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l2:0 (25 percent), 3-O-(C16:0) 13:0 (4 percent), 3-O-
(C16:0) 14:(64 percent), and 3-O-(C18:0) 14:(7 percent)
as diesters with 3-OH(C16:0) as the unsubstituted fatty
acid. The ester-linked acids comprise C:16:0, 3-OH-
C16:0, 3- -C18:0, and C18:0 acids which account for 37,
12.5, 3.5, and 4.5 percent, respectively, of the total fatty
acids. Lactobacillic and unsaturated fatty acids are
absent from the lipid A of Brucella although represented
in many other lipid components (Cherwonogrodzky et al.
1990).

ANTIGENIC STRUCTURE

Surface antigens

LPS ANTIGENS

The antigenic composition of the Brucella cell surface
varies with the colonial phase of the organism. All

smooth Brucella strains crossreact extensively in aggluti-

nation tests with antisera prepared against smooth

cultures. Similarly, all rough strains show extensive

crossreactions in tests with antisera to nonsmooth

cultures. However, there is little or no crossreactivity

between the major surface antigens of smooth and

completely nonsmooth cultures, with varying degrees

between strains in transition from smooth to rough
phases. Failure to appreciate these differences led to

much confusion in earlier studies on the antigenic struc-

ture of Brucella (Wilson and Miles 1964). The studies of

Wilson and Miles (1932) represented a major advance rn

the understanding of the antigenic structure of the

Brucella cell surface. By careful crossadsorption of anti-

serum to typical B. abortus strains with cells of B. meli-

tensis and vice versa, they produced antisera that were

monospecific for the A determinant of B. abortus or the

M determinant of B. melitensis. They attributed the

crossreactivity of smooth strains to the presence of a

small proportion of the heterospecific antigen in the

homologous strain. Subsequently, Miles and Pirie

(1939a, b) identified the serological activity with a

formylated phospholipid-aminopoly-hydroxy compound

isolated from culture supernates. Later studies showed

that the A and M epitopes were associated with the LPS

complexes that partitioned into the phenol phase on

extraction by the Westphal method (Diaz et al. 1968).

Initial attempts at chemical characterization of the

structures responsible for the crossreactivity of smooth

strains and the A and M specificity were unsuccessful.

Subsequently Perry and colleagues concluded that the

O chain of smooth LPS was degraded by conventional

hydrolysis procedures. By carbon-L3 and proton nuclear

magnetic resonance spectroscopy in combination with

polarimetry and methylation analysis, they demonstrated

that the O chains from smooth B. abortus and smooth

B. melitensis were both homopolymers of 4,6 dideoxy-4-

formamido-o-mannose (N-formyl-n-perosamine) (Caroff

et al. 1984a, b; Bundle et al. 1987). In the case of B.

abortus LPS, the O chain consists of about 100 glycose

residues nearly all linked o-1,2 but with a very small

proportion linked u-1,3.

In the case of B. melitensls LPS. the O chains consist

of unbranched linear polymers of pentasaccharide units

comprising four residues linked u-1,2 and one residue

linked o-1,3. The difference in linkage produces penta-

or hexasaccharide units with different preferred confor-

mations (Figure 66.3). This hypothesis has been

confirmed by crystallographic studies with monoclonal

antibodies which differentiate the rodlike A epitope

from the kinked M structure (Rose et al. 1993). The

common presence of nonterminal tetrasaccharide units

of a-1,2 linked N-formyl-o-perosamine explains the

crossreactivity observed between the LPS of all smooth

Brucella strains. The A- and M-specific epitopes are

actually present as minority structures in both types of

LPS. In the case of strains typifled by B. abortus

biogroup 1, the O chains contain predominantly A

epitopes with a very small proportion of M epitope attri-

butable to the few o-1,3 linked residues. In strains typi-

fied by B. melitensis biogroup 1, the reverse situation

applies. This confirms the hypothesis of Wilson and

Miles (1932) that A and M epitopes resided on a single

molecule, the observed speciflcity being determined by

the relative proportions of each.

By means of slide agglutination, agglutinin absorption,

or enzyme immunoassays with polyclonal antisera or

monoclonal antibodies specific for the A and M

epitopes, the A or M antigen predominance of Brucella

strains can be determined (Wilson and Miles 1932; Olin

1935; Meikle et al. 1989; Bundle et al. 1989). This infor-

mation is useful in classifying the smooth Brucella

nomen species into biogroups. It should be noted that

strains of B. abortus, B. melitensis, or B. suis can be A,

M, or A and M antigen positive (Table 66.1) (Dubray

and Limet 1987). Strains that are both A and M antigen

positive synthesize LPS with O chains that contain

both A and M structural features in relatively high

proportions (Perry and Bundle 1990).

N-Acylated-o-perosamine also occurs in the O chains

of the LPS complexes of E. coli 0157, Salmonella Kau;ff-

mann-White group N (Bundle et al. 1987), Steno-

trophomonas maltophilia strain 555, Vibrio cholerae

(Redmond 1979; Kenne et al. 1982), and Yersinia enter-

ocolitica 09 (Caroff et al. 1984b), all of which crossreact

serologically with smooth Brucella (for references, see

Corbel 1985). Crossreactions also occur between

Brucella and Francisella tularensis (Francis and Evans

1926: Ohara et al. 1974\, but it is not known if the latter

organism contains D-perosamrne.

The structure of the LPS of rough Brucella strains is

basically similar to that of smooth strains. Both contain

the same lipid A in which both 2,3-diamino-2,3-dideoxy-

glucose and 2-amino-2-dioxyglucose occur in the glycose
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(a)

Figure 66.3 Structures of (a) A type LPS of B
1 989)

(b)

aboftus biogroup 1 and (b) M type LPS of B melitensis biogroup 1 (after Bundle et al

backbone. This is linked through 2-keto-3-deox-
yoctulosonic acid (KDO) to the core polysaccharide
composed of glucose, mannose, and 6-amino-6-deoxglu-
cose (quinovosamine). Heptose is notably absent from
Brucella LPS. A short homopolymer of N-formyl pero-
samine has been reported in the LPS of some rough B.
abortus strains and B. canis (Perry and Bundle 1990).
However, some rough LPS preparations do not contain
quinovosamine suggesting that this is the terminal
glycose of the core oligosaccharide and that the glucose,
mannose residues are the main determinants of R speci-
ficity (Moreno et al. 1984). If nonsmooth Brucella strarns
are to be examined in agglutination procedures, the
suspensions need to be stabilized by special buffers
(Corbel et al. 1979a). Serological crossreactions have
been reported between rough Brucella strains and Acti-
nobacillus equuli, Pasteurella multocida, and mucoid
strains of Pseudomonas aeruginosa (Weber 1976; Carmi-
chael et al.  1980).

The smooth LPS is the immunodominant antigen of
the Brucella cell surface and a major virulence factor. It
has endotoxic activity but shows some major differences
in activity from enteric endotoxins typified by E. coli

LPS. For example, it is much less toxic for rabbits, chick
embryos, and endotoxin-sensitive mouse strains. It is
much more toxic than E. coli endotoxin for endotoxin-
resistant mouse strains and is effective in stimulating

interleukin-1 and tumor necrosis factor (TNF)-o produc-

tion in these. It is also toxic for macrophages and is anti-
genic for spleen cells and B-, but not T-lymphocytes. Its
lipid A does not bind polymyxin B and this does not
inhibit its mitogenic or toxic activity. Brucella LPS has
an unusual adjuvant activity in that it stimulates high
levels of IgM and IgG3 antibodies in mice. It is a major
protective antigen in mice and other species, including
cattle.

OTH ER POLYSACCHARIDE ANTIGENS

Various polysaccharides structurally related to Brucella
LPS O chain have been described. These include 'native

antigen' or 'native hapten. 'This can be extracted from
LPS or whole cells by mild methods (Moreno et al. 1987,
1979). Its association with lipid and protein is contro-
versial. It is believed to be O chain which has not been
incorporated into LPS. The rough strain B. melitensis
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8115 has been shown to synthesize smooth O chain
which accumulates in the cytoplasm but is not assembled

into complete LPS nor exported to the cell surface
(Cloeckaert et al. 1992b).

The component identified as polysaccharide B, and
formerly advocated as a diagnostic reagent (Diaz et al.
1979), is now known to be a nonantigenic cyclic n-
glucose which forms complexes with smooth LPS or O
chain (Perry and Bundle 1990).

OUTER-M EMBRANE PROTEINS

The outer-membrane proteins include the outer-
membrane proteins of groups 1,2, and 3, the most quan-

titatively important of which are the grolp 2 porins.

These, and other proteins associated with the pepti-

doglycan fraction of the outer membrane, have been
investigated as candidate protective antigens. In general,

attempts to demonstrate protection with monoclonal or
polyclonal antibodies to these have indicated low
activity in the absence of antibody to smooth LPS
(Jacques et al. 1992). However, this does not disprove
their role in protective immunity as they could still be
implicated in relevant cell-mediated responses.

The role of outer-membrane proteins in the response

of cattle to Brucella infection has been investigated.

Proteins with molecular masses of 10, 16.5, 19,25-27,
and 36-38 kDa elicited antibody responses in cattle
infected with B. abortus, although the pattern of
response to each varied between individual animals.
Antibodies to the 89 kDa protein were not specific for
Brucella (Cloeckaert et al. \992a, b). The 8 kDa lipopro-
tein covalently linked to peptidoglycan is antigenically
related to the Braun lipoprotein of E. coli and is thus a
potential source of crossreaction (Gomez Miguel et al.
1e87).

lntracellular antigens

The internal antigens released on breakage of Brucella
cells are, for the most part, proteins, glycoproteins, and
peptides common to all strains irrespective of colonial
phase and biogroup. With polyclonal antisera raised
against homogenates of disrupted cells, 30-40 individual
precipitating components have been detected by
Western blotting or two-dimensional immunoelec-
trophoresis procedures. Most of these are still detected
by antisera adsorbed with washed whole cells indicating
that they are not exposed on the cell surface. Few have
been identified with structural components of the cell
but attempts have been made to characterize those most
relevant to serological responses in infected animals or
humans (Stemshorn and Nielsen 1977, l98l; Schurig
et al.  1978; Stemshorn et al.  1981).

Some internal antigens are associated with the ribo-
somal fraction. They may be involved in both antibody
and cell-mediated responses to infection (Corbel I976b).

The L7lLI2 ribosomal protein has been identif,ed as an

important component of brucellin INRA and shown to

elicit delayed hypersensitivity reactions in sensitized

animals (Bachrach et al. 1994).

The antigens designated Al,42, 1'3,44, 81, 82, and

C by Schurig et al. (1978) have been examined for their

role as indicators of infection status. The A2 antigen is

identical with the heat-stable glycoprotein described by

Stemshorn and Nielsen (1981) and Stemshorn et al.

(1981), and the 20 kDa protein described by Zygmunt

et aI. (1992). An 18 kDa cytoplasmic protein has been

described as an indicator of active infection in cattle and

humans (Goldbaum et al. 1993). Hitherto, experience of

protein antigens has indicated a high specificity but rela-

tively low sensitivity for detection of infected indivi-

duals. In brucellosis, the antibody response is dominated

by the LPS antigen.

In vivo antigens

Evidence that Brucella cells grown in vivo exhibited

differences from cells grown in culture media has been

presented (Smith and Fitzgeorge 1964; Fitzgeorge and

Smith 1966). They reported that virulent B. abortus

extracted from infected bovine placenta was more resis-

tant to intracellular killing by bovine buffy coat phago-

cytes than the same strain grown in vitro. Furthermore,

the effect was neutralized by antiserum from infected

animals. The protective factor was associated with the

cell envelope, preparations of which from organisms

grown in vivo promoted the intracellular survival of atte-

nuated strains. Similar effects were observed if the viru-

lent strain was grown in culture medium supplemented

with bovine allantoic fluid. These important observations

have not been followed up and the composition of the

protective factor produced in vivo has not been deter-

mined.

It is now well established for other bacteria that

growth under conditions analogous to those found in

vivo induces environmentally regulated antigens. The

most extensively studied have been the iron-regulated

proteins and it has been clearly demonstrated for a

number of bacteria, including the pathogenic Neisseria,

Pasteurella, and Yersinia species, that novel proteins

associated with iron acquisition are produced under such
'in vivo' conditions. These proteins are essential for

growth of the organisms and for the establishment of

infection (for further information, see Griffiths 1993).

Little information is available on the effect of iron

restriction on the growth of Brucella in vivo. It is known,

however, that Brucella responds to adverse environ-

mental conditions by synthesis of chaperonins or heat

shock proteins analogous to the GroEL and Htr proteins

of Escherichia coli (Tatum et al.1994).

Brucella also responds to an acidic environment by

synthesis of stress-related proteins. These are produced
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in at least two phases; between pH 6.5 and 4.5 the
proteins synthesized are probably involved in pre-acid

shock inducible pH homeostasis, whereas those induced
at pH 3.8 are probably involved in acid tolerance (Lin

and Ficht 1995). During intracellular growth in a macro-
phage cell line, production of novel proteins of 62,28,
24, and 17 kDa was observed. The 62 kDa protern was
identified as Hsp 62, a GroEL homolog. The 24 kDa
protein was probably equivalent to the Asp 24 acid-
induced protein, whereas the I7 and 28 kDa proteins

were apparently specific to macrophage-induced stress.
These observations are clearly relevant to understanding
the mechanisms of intracellular survival of Brucella.

GENETICS

In recent years, there have been considerable advances
in knowledge of the molecular genetics of Brucella.
These have provided an indication of the phylogenetic
relationships of the genus and its possible origins, and
have pointed the way towards a system of classification
based on genetic rather than phenotypic characteristics.

Genome composition

The average genome complexity for Brucella and the
closely related Ochrobactrum and Phyllobacterium
genera falls within the range 2.37-2.82 . 106 kDa (de

Ley et al.  1987; Al lardet-Servent et al.  1988). The DNA
of all members of the genus contains approximately 58-
59 mol% G + C This is quite different from the values
for Bordetella bronchiseptica and Francisella tularensis
which were formerly classified as Brucella species on the
basis of superficial phenotypic similarity. It is identical

with the value for Ochrobactrum anthropi (formerly

CDC group Vd, see Cieslak et al. (1992)) and very close

to those for Agrobacterium, Rhizobium, and Phyllo-

bacterium (Table 66.2).

A partial physical map of the Brucella genome was

produced by Allardet-Servent et al. (1991). Extension of

this study led to the conclusion that the genome

comprised two chromosomes of 2.1, and 1.5 mbp, respec-

tively. This has been confirmed by insertion of unique

restriction sites (Jumas-Bilak et al. 1995). Two rRNA

operons and the gene for the DnaK heat shock protein

are located on the larger replicon, and another rRNA

operon and the gene for the GroEL chaperonin are

located on the smaller one. This indicates that both

replicons encode functions essential for survival and

replication and hence are chromosomes and not plas-

mids (Michaux et al. 1993). The presence of multiple

replicons is also typical of the Agrobacterium and Rhizo-

bium genera, now known to have genetic aff,nity with

Brucella.

DNA-DNA hybridization studies have indicated a

high degree of homogeneity within the genus (Hoyer

and McCullough 1968a, b; Verger et al. 1985; de Ley

et al. 1987). The DNA relatedness of all the nomen

species is 96 t 4 percent in the most recent studies. The

apparent deletion of 6 percent of sequences in B. ovis

relative to the other species reported by Hoyer and

McCullough (1968b) has not been confirmed but is close

to the limits of error of the methodology used. It is

notable that B. ovis has been reported to show slight

differences from the others in restriction endonuclease

digestion pattern (O'Hara et al.  1985).

In general, restriction endonuclease analysis of whole

DNA with frequently cutting enzymes has been of

Tabf e 66.2 Comparison of DNA and rRNA composition of Brucella and other bacteria

165 rRNA/DNA

Species

B. meli tensis
B. abortus
B. suis
B. neotomae

B. ovis

B. canis

Ag robacte ri u m tu mefa ci ens
Ba rto nel I a baci I I iformis
Bartonella quintana

Bo rdetel I a b ro nch isepti ca
F ra ncisel I a tu I a re nsis
Mycoplana dimorpha
Ochrobactrum anthropi
Rhizobium meliloti

D N A G + C
(mol%)

57.9-59.2
s8.2-s8.9

57.9-58.2
51 .9

5 8 . 1
57.9

60.2-60.5

39

38.3-39
68.9

32.8

63.8
57.6-59
62.3

DNA
homology (%)

96+4
96+4
96+4
96+4
96+4
96L4
>6
<5
<5
<5
<5
-6
23+7
-6

Binding

0 . 1 9

0 . 1  8

0 . 1 8

0 1 8
0 . 1 8

0 . 1  8

0 . 1 0

0.06

0.08
0 . 1 4

0 . 1  5

0.07

I-(e) ('c)

80.2

80.0
80.1

80.3
80.5

80.3

72.6

57.4

56.7
74.2
77.7
72.0

55 rRNA
homology (%)

100
100
100
100
100
100
95 .1
95.4
9s.8

-98

,  no t  ava i lab le
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limited value in differentiating the members of the
group. The use of infrequently cutting enzymes
combined with pulsed field gel electrophoresis has
differentiated B. abortus, B. melitensis, B. suis, B. ovis,
and B. canis along conventional lines, although it has
not distinguished the biogroups (Allardet-Servent et al.
1e88).

Restriction endonuclease analysis combined with
probes for specific genes has demonstrated a number of
polymorphisms. Of most taxonomic significance are
polymorphisms in the omp2 porin gene encoding the
36 kDa outer-membrane protein responsible for deter-
mining sensitivity to dyes (Ficht et al. 1988). Poly-
morphism has also been demonstrated in the gene
encoding the BCSP 31 surface protein. This is associated
with a 0.9 kb insertion sequence which is present at
higher frequency in B. ovis than in the other nomen
species (Halling and Zehr 1990).

RNA analysis

Both the 55 and 165 rRNA have been sequenced and
have disclosed previously unexpected relationships to
other genera. The 165 rRNA sequence is typical of the
o-2 subdivision of the Proteobacteria. A high degree of
sequence homology (over 95 percent) has been reported
with the rRNA of Agrobacterium, Ochrobactrum, and
the Bartonelltt/Rochalimaea group (Dorsch et al. 1989;
Relman et al. 

'1,992). 
Comparison of 165 rRNA/DNA

binding patterns and sequence homology has confirmed
the relationship of Brucella to O. anthropl and, less
closely, to Agrobacterium, Mycoplana, Phyllobacterium,
and Rhizobiurz. It has also indicated an affiliation to
other intracellular pathogens including Bartonella bacil-
liformis, Bartonella henselae, and Bartonella quintana.

Observations on the 55 rRNA sequences have indicated
that Brucella is distinct from the Bartonella group, with
a sequence homology of 86.6 percent compared with 92
percent. DNA-DNA hybridization studies have
confirmed the close relationship between Brucella and
Ochrobactrum. The similarity to Agrobacterium and
Rhizobium is less evident and no relatedness to Barto-
nellahas been found by this method (Table 66.2).

Plasmids and genetic exchange

Conjugative transfer of the broad host-range plasmid
R751 from E. coli to Brucella and thence between
Brucella species has been demonstrated (Verger et al.
1993). This was associated with transfer of trimethoprim
resistance. Transfer of tetracycline resistance to Brucella
by an E. coll plasmid had been reported previously by
Rigby and Fraser (1989). These observations suggest
that Brucella strains could acquire multiple antibiotic
resistance bv plasmid transfer.

The transduction of antibiotic resistance

isolated from atypical Brucella strains has

described (Rigby 1990).

by phages
also been

Molecular c loning

Numerous Brucella genes have now been cloned and

expressed in heterologous systems. These have included

the genes for the 36 kDa porin protein (Ficht et al.

1988), the copper-zinc superoxide dismutase (Bricker

et al. 1990), the BCSP 31 protein (Mayfield et al. 1988),
various outer-envelope proteins (De Wergifosse et al.

1995), heat shock proteins (Cellier et al. t992), and

many others. The regulatory proteins for some of these

genes have also been identified and resemble those of ,E

coli (Mayfield et al. 1988).

Deletion mutants of Brucella have also been produced

by genetic modification, mainly with the objective of

determining the role of speciflc genes such as htrA, recA,

and the copper-zinc superoxide dismutase (sodC) gene

in pathogenesis (Tatum et al. 1993).

Phages

Although the occurrence of bacteriocins speciflc for

Brucella has not been confirmed, numerous phages lytic

for Brucella have been isolated. These phages are all

closely related DNA phages of the same morphological

group (Pedoviridae), with a base composition of 45-

47 molo/" G + C and a genome size of 25 x 10r kDa.

They are stable to anionic and nonionic detergents, and

to common organic solvents with the exception of

chloroform, but are inactivated by heat, cationic deter-

gents, and oxidizing agents. Their stability to proteolytic

enzymes varies between strains. Restriction endonu-

clease and serological studies have indicated that all are
very similar and can be regarded as host-range variants

of a single type of phage. For convenience, they have

been classified into six groups on the basis of host range

(Corbel and Thomas 1983).

The phages of group 1, typifled by the Tbilisi (Tb)

strains, replicate only in smooth B. abortus and to a

much lesser extent in B. neotomae cultures. They can
produce 'lysis-from-without' on smooth B. suis cultures

when applied at high concentration. Tb phage alone can

be used for identification of smooth Brucella species if
preparations standardized at routine test dilution (RTD)

and 10 000 RTD are used. It is of no value for the iden-

tification of nonsmooth cultures and, in practice, identifi-

cation is facilitated by using a battery of phages selected

from groups 1, 3, 5, and 6.

The phages of group 2, typified by the Firenze (Fi75/

13) strain, replicate in smooth B. abortus and B.

neotomae and, to a much smaller extent, in B. suis

cultures. Those of group 3, typified by the Weybridge

(Wb) strain, replicate with similar efficiency in smooth
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cultures of B. abortus, B. neotomae, and B. szls, but not

usually in B. melitensrs cultures although this varies with

strains from different geographical locations (Corbel

1987). Phages of group 4, typified by the Berkeley
(BK2) strain, replicate in smooth cultures of all Brucella

species, although B. melitensis strains from some local-

ities may be lyzed with low efficiency (Corbel 1987). The
group 5 phages R (rough), R/O, and R/C are lytic for

rough strains of B. abortus, B. ovis, or B. canis but not

for smooth cultures (Corbel and Thomas 1985). The
group 6 phages, represented by the Izatnagar (Izl)

strain, are lytic for smooth cultures of all Brucella

species and for rough cultures of B. melitensis and B.

suls and, to a much smaller extent, B. ovis and B. canis
(Corbel et al. 1988). Another set of phages, the Nepean
(Np) strains, resemble those of Group 1 in host range

but do not lyze B. suis strains at 104 RTD, They have
been proposed as a seventh group (Rigby 1990). The

lytic patterns produced by representatives of these
groups are shown in Table 66.3. For further information

on Brucella phages and phage typing, see Corbel and
Thomas (1983), Corbel (1984, 1987), and Young and

Corbel (1989). The earlier studies on Brucella phages

were summarized by Drozevkina (1963).

METABOLISM AND BIOCHEMICAL
PROPERTIES

All Brucella strains are aerobic and require oxygen for
growth. No growth occurs under strictly anaerobic

conditions. Some strains require supplementary carbon

dioxide. Although acid production from sugars has been

demonstrated under special conditions (Pickett and
Nelson 1955), metabolism is essentially oxidative.

Brucella strains are catalase positive and most are

oxidase positive. They also have superoxide dismutase

activity mediated by two distinct enzymes, a manganese

superoxide dismutase of typical prokaryote type (Srir-

anganathan et al. 1991) and a copper-zinc enzyme (Beck

et al. 1990). In the case of B. abortus, the respiratory

system has been shown to make use of cytochromes a

and a3, cytochrome b, cytochrome c, cytochrome o,

flavoproteins, and ubiquinone (Rest and Robertson

1975). Energy-yielding processes involve the monopho-

sphate pathway and the tricarboxylic acid cycle
(Robertson and McCullough 1968). Glucose is metabo-
lized by most strains but isoerythritol is used preferen-

tially by B. abortus, B. melitensis, and B. suis. B. ovis

shows little activity towards either substrate; its
preferred energy source is unknown, but it has been
shown to oxidize water-soluble components of various

ovine tissues very actively (Redwood and Corbel 1983).

Most Brucella strains produce nitrate reductase and

will reduce nitrate to nitrite and may also reduce nitrite,

especially B. suis biogroup 1,. B. ovis and, occasionally,

strains of other species, do not reduce nitrate. Hydrogen

sulflde is produced from sulfur-containing amino acids.

Strains of B. abortus, B. neotomae, and B. sals biogroup

1 produce it in sufficient quantity to assist in their identi-

fication; the other species produce it in small quantities

or not at all. Brucella strains do not produce indole from

tryptophan. They have the capacity to synthesize most, if

not all, amino acids essential to growth. The genes for

biosynthesis of proline and leucine have been cloned

(Essenberg and Sharma 1993).

Brucellae do not form acetylmethylcarbinol from

glucose and hence give negative results in the Voges-

Proskauer test. They also give negative reactions in the

methyl red test although acid production from glucose

can be demonstrated by sensitive techniques (Pickett

1994). The reaction for o-nitro-phenol B-o-galactosidase
is usually negative. Urease is produced by most strains

but the activity varies considerably between species and

even between strains within species. B. canis and B. szrs

consistently give strong urease reactions, producing a

magenta color on Christensen's medium within 5 min.

At the other extreme, B. ovis is a weak producer of

urease and some strains may give negative reactions

even after incubation for 7 days. Strains of B. abortus, B.

melitensis, and B. neotomae fallbetween these extremes

and usually give positive urease reactions after t h or

more. Nevertheless. variation occurs between strains and

the test is of limited value for species identification

(Corbel and Hendry 1985).

The oxidative activity of Brucella strains towards

selected amino acid and carbohydrate substrates varies

in a manner which correlates closely with other proper-

ties used to define the species. Originally, manometric

methods were used to detect oxidation (McCullough and

Beal 1951; Meyer and Cameron 1957,l96Ia, b) and,

although hazardous and time-consuming to perform,

they are still useful when quantitative studies are to be

performed. Nevertheless, quantitative variations in

activity between strains within a species can cause

confusion. To overcome this problem, Verger and

Grayon (1977) established three levels of oxidative

activity, corresponding to low, medium, and high oxygen

uptake, which they used to produce a metabolic proflle

for each of the main species. The metabolic activity

towards selected substrates can also be determined

qualitatively by thin layer chromatography (Balke et al.

1977' Corbel and Morgan 1984). The patterns of oxida-

tive activity characteristic of the species are shown in

Table 66.4.

There is some variation in oxidative pattern between

the biogroups of B. suis, but in our experience this is not

sufficiently reliable for identification. With an extended

range of substrates, further differentiation of B. meli'

/ensls strains beyond the three currently recognized

biogroups has been reported (Arnaud-Bosq et al. 1987).

Caution should be exercised, however, in attributing

significance to minor differences in oxidative activity as

this can be influenced by many factors including method

of preservation of the strain and cultural conditions.
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Tabf e 56.4 Oxidative metabolism of species of Brucella

B, melitensis B, abortus L suls B. neotomae

Amino acids

L-Alanine

L-Asparagine

L-Glutamate
r -Arg in ine

o l -C i t ru l l ine

L-Lysine

DL-Ornithine
Carbohydrates

L-Arabinose
o-Ga lactose

o-Ribose

D-Xylose

D-Glucose

lsoerythri tol

B, canis B. ovis

T

Tf

f

f

J

+

+

+

+

+

J

+

J

+

+

f

+

+, positive; -, negative; v, variation between strains; v*, variation between b ogroups of some assistance in classification

SUSCEPTIBILITY TO PHYSICAL AND
CHEMICAL AGENTS

The members of this group exhibit the usual suscept-

ibility of vegetative bacteria to heat and disinfectants. In

aqueous suspensions of moderate density they are

destroyed by heating for about 10 min at 60"C, but in

very dense suspensions they may survive much higher

temperatures (Swann et al. 1981). In agar cultures kept

sealed at 4'C, they generally survive for at least 1

month, and often longer. If lyophilized, especially in the

presence of a protecting agent, they will survive for

decades.

Considerable attention has been paid to their resis-

tance under natural conditions and this subject is

discussed in the report of the Mediterranean Fever

Commission (1905-7). So many factors determine the

exact outcome of any given observation under natural

conditions that it is dangerous to draw general conclu-

sions. In favorable circumstances, however, B. melitensis

may remain viable for 6 days in urine, 6 weeks in dust,

and 10 weeks in water or soil. In pickled hams from

naturally infected pigs, B. suis can live for as long as 3

weeks, but it is apparently destroyed by smoking
(Hutchings et al. 1951). B. suis may live on sacking for 4

weeks and in sterile feces for 100 days in the dark. B.

abortus may survive for 7 months in infected uterine

exudate kept at about freezing point (Bang 1897). It can

also survive in bovine urine for 4 days, feces for 120

days, aborted fetuses for 75 days, and liquid manure for

up to 2.5 years. In raw milk at room temperature it

seems to die out fairly rapidly with the production of

acid. Acid production also seems to be the cause of its

rapid death in butter, cheese, and yogurt, although vari-

able reoorts exist on its survival in these materials.

In general, survival in soft, nonacid cheeses is much

longer than in hard, lactic- or propionic-acid-fermented

cheeses. Pasteurization, whether by holder or high-

temperature short-time cycles, kills Brucella in milk.

Ultraviolet and y-radiation at normal sterilizing dosage

are rapidly lethal to Brucella provided that the organ-

isms are not protected by the suspending medium.

Ethanol, isopropanol, iodophors, phenols, hypochlorite,

ethylene oxide, and formaldehyde (either gaseous or as

aqueous formalin) are effective disinfectants fot Brucella

under appropriate conditions; they are killed by 1.0

percent phenol in 15 min. Xylene and calcium cyana-

mide have been recommended for killing Brucella

in manure but prolonged contact times are required

(FAO/WHO 1e86).

CULTURAL ASPECTS

Biohazard Tpglt
Brucella strains have frequently been implicated in

laboratory-acquired infections and are appropriately

classified as dangerous pathogens. In Britain, they are

assigned as Class 3 pathogens in the hazard classification

of the Advisory Committee on Dangerous Pathogens

(1994). Cultures and other materials potentially

containing Brucella should only be handled under

adequate containment conditions. Clinical specimens

and isolates from patients with febrile disease should

always be regarded with suspicion until positively identi-

fied. Accidental infections have occurred among

unsuspecting laboratory staff. Misidentification of

cultures through the use of inadequate methods can

present a particular hazard. The incorrect identiflcation
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of B. melitensis as Moraxella phenylpyruvica through the
use of API20NE rapid identification tests has resulted in
several cases of laboratory-acquired brucellosis (Batch-
elor et al. 1992:Llzzi et al. 1993).

Cultural properties

Apart from different carbon dioxide requirements, all
members of the genus resemble each other closely in
cultural properties. Although laboratory-adapted strains
can often be induced to grow in simple minimal media
containing ammonium ion as sole nitrogen source
(Gerhardt 1958), growth tends to be slow and colony
size small. Most Brucella strains have much more
exacting nutritional requirements, especially on primary
isolation, and growth is much improved by the addition
of blood, serum, and tissue extracts. In general, several
amino acids, thiamin, biotin, nicotinamide, magnesium,
iron, and manganese are required for growth. The
growth of many strains is improved by pantothenate and
isoerythritol. Indeed, the latter substance is used by B.
abortus, B. melitensis, and B. suis as an energy source in
preference to glucose. Liver-infusion agar was formerly
recommended for the culture of Brucella spp. but has
been superseded by more consistent media based on
high quality peptone preparations, usually tryptic digests
of soybean protein. These will support the growth of all
but the most fastidious strains. B. ovis, B. abortus
biogroup 2, and some strains of biogroups 3 and 4, grow
very poorly in the absence of blood or serum, and media
enriched with these are essential for their isolation.

On serum dextrose agar or similar medium, most
Brucella strains produce raised, convex, circular, translu-
cent colonies, 0.5-1 mm in diameter, after incubation for
48 h at 37'C. In direct light, the colonies of smooth
strains appear a clear honey color, but in reflected light
they have a distinctive bluish-gray translucency.
Nonsmooth strains produce colonies of similar size but
of much more variable color and consistency. They are
usually more opaque than smooth colonies, with a gran-
ular dull surface, and range in color from off-white or
yellowish to buff or even brown. Unlike smooth colo-
nies, which are soft and easily emulsifiable, nonsmooth
colonies can be friable, tacky, or obviously slimy.

Strains of the less fastidious types, especially B. meli-
tensis and B. suis, will grow on bile-salt media producing
small lactose-negative colonies. Growth in gelatin is
poor and liquefaction is not produced. On blood agar,
the colonial appearance is not distinctive; true hemolysis
is not produced but a greenish brown discoloration
develops around the colonies. In static liquid culture,
maximum turbidity is produced after 7 days or longer.
Most strains produce a uniform turbidity with a variable
deposit. A surface pellicle may also be produced, espe-
cially by carbon dioxide-independent strains. Dissocia-
tion from smooth to nonsmooth colonial forms occurs

readily in static liquid media and may be marked by
a change in the deposit from light and powdery to
extremely viscous.

Dissociation is best detected by examination of 4-day-
old cultures on glycerol dextrose agar under a stereo-
scopic plate-microscope with obliquely reflected light
(Henry 1933; FAO/WHO 1958). Smooth colonies
appear small, circular, convex, translucent, and grayish-

blue with a smooth glistening surface. The undivided
cells are uniformly short rods or coccobacilli arranged
singly. Colonies of rough strains are of much the same
size, but are less convex, more opaque, and have a dull
dry yellowish-white granular appearance. The individual
cells are rather larger than those of the smooth form,
and occasional long slender rods are present. Mucoid
colonies are transparent, grayish or slightly orange, and
slimy. The distinction between smooth and rough colo-
nies can be increased by flooding plates with a 0.05
percent aqueous solution of crystal violet and pouring

off the excess dye 15 s later. Smooth colonies then
appear a light bluish-green, rough colonies are red to
purple (White and Wilson 1951) (Figure 66.4). Smooth
colonies form uniform suspensions in saline or aqueous
acriflavine. Nonsmooth colonies are autoagglutinable in
unbuffered saline solutions and in the presence of acri-
flavine. They can also be agglutinated by heating and by
antiserum to the R antigenic determinant, or by the
lectin concanavalin A (Corbel et al. I979a).

For the isolation of Brucella from contaminated mate-
rial, the use of selective media is generally required.
Various formulations have been developed, but the most
generally useful are based on that of Farrell (197a). This
contains bacitracin, cycloheximide, nalidixic acid,
nystatin, polymyxin B, and vancomycin in a serum
dextrose agar base. A liquid medium containing a
similar formulation with the addition of amphotericin B
and n-cycloserine was devised by Brodie and Sinton

Figure 65.4 Colonies of B melitensis biogroup 1 grown on
glycerol-dextose agar. Addition of 1 percent crystal violet solution
to the plate has produced dark staining of the nonsmooth (R)
colonies but left the smooth (9 colonies unstained
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(1975) for enrichment of Brucella and suppression of

contaminants in milk samples. An improved version of

this was recommended by the joint FAO/WHO Expert

Committee on Brucellosis (FAO/WHO 1986). It is

suitable for the enrichment of milk or tissue homo-

genates from contaminated sources. A biphasic combi-

nation of these two selective media has also been

described (Corbel and Hendry 1985).

These formulations are, however, too inhibitory for

the isolation of some Brucella strains, particularly B.

oyls. For this, a medium containing vancomycin, colisti-

methate, nystatin, and nitrofurantoin has been recom-

mended (Brown et al. 1971). For the isolation of

Brucella from human blood or bone marrow samples, a

two-phase culture system of the type devised by Casta-

fieda ('1,947) is recommended. The sensitivity of isolation

can be improved by using the lysis-concentration

method for processing samples (Kolman et al. 1991).

The time taken to detect positive cultures can also be

reduced by using rapid, automated detection methods.

Caution should be observed before discarding cultures

as small inocula may take a considerable time to

produce a positive result (Solomon and Jackson 1992).

These methods have received most attention for the

isolation of B. melitensis; B abortus and other capno-

philic strains may give signiflcantly slower and possibly

false-negative results with systems which depend on

radiometric measurement of carbon dioxide. Cultures

should always be incubated in an atmosphere containing

5-L0 percent carbon dioxide and retained for up to 6

weeks as growth may be slow, particularly if the patient

has received previous antibiotic treatment.

All Brucella strains are aerobic, but many are capno-

philic and grow best in a carbon dioxide-enriched atmo-

sphere. Many strains of B. abortus and nearly all of B.

ouls require, for growth, a partial pressure of carbon

dioxide substantially in excess of that normally present

in the atmosphere (0.03-0.04 percent). This is best

supplied by a carbon dioxide incubator set to produce an

atmosphere containing 5-10 percent carbon dioxide. The

carbon dioxide serves as a metabolite and not simply to

Iower the pH or the oxygen tension. Radioactive-isotope

studies have shown that ,8. abortus incorporates labeled

carbon dioxide into alanine, glycine, and pyrimidines

(Newton et al. 1954). For further details of early studies

on the carbon dioxide requirement of B. abortus, see

Wilson (1983). No growth occurs in strictly anaerobic

conditions although it is reported that nitrate can substi-

tute for molecular oxygen in some circumstances.

The optimum temperature for growth is about 37'C,

but this occurs in the range of 20 to 40'C. The

thermal cut-off point for growth is difflcult to identify

precisely but the viability of cultures declines rapidly at

temperatures above 45'C.

The optimum pH is near neutrality and cultures are

rapidly killed by extremes of acidity or alkalinity. Many

strains produce alkali during metabolism and will turn

litmus milk blue. It is essential to use media well

buffered between pH 6.6 and 6.8 to prevent growth

inhibition by alkali production. The optimum osmo-

larity is equivalent to between 0.05 and 0.15 vt sodium

chloride.

Cultivation in the presence of dyes

Huddleson (1929) devised a method for distinguishing

between B. abortus, B. melitensis, and B. suis based on

their differing susceptibility to inhibition by certain

synthetic dyes. The method is still valid but does not

produce absolute definition of these species because the

sensitivity varies between biogroups, particularly in the

case of B. abortus (Table 66.1, p. 1727). The most useful

dyes are basic fuchsin and thionin. When incorporated

in a suitable basal medium, such as serum dextrose agar,

basic fuchsin at a final concentration of c. 20 mg/l will

permit the growth of all B. abortus biogroups except for

2 and some strains of 4, all B. melitensis biogroups, but

only biogroup 3 of B. suis. B. neotomae is inhibited as

are most strains of B. canis and B. ovis.
At the same concentration, thionine inhibits the

growth of B. abortu.s biogroups l, 2, and 4, and B.

neotomae, but permits the growth of all other types.

Occasional variations in these patterns are encountered,

for example, B. suis biogroup 1 strains from South

America are frequently resistant to basic fuchsin (Corbel

et al. 1984b), and atypical strains of B. melitensts are

encountered (Corbel 1991). Two other dyes useful for

certain purposes are thionine blue (not to be confused

with thionin) and safranin O. Thionine blue in a concen-

tration of 2 mgll allows the growth of all three main

species, but inhibits the attenuated vaccine strain B.

abortus S19 and B. abortus biogroup 2. Safranin O, in a

concentration of 10G-200 mg/I, inhibits B. suis but, with

a few exceptions, not other strains of Brucella (Moreira-

Jacob 1963: Jones .|964).
The molecular basis of dye sensitivity has been

explained by Douglas et al. (1984) in relation to the

expression of speciflc porins (36 kDa outer-membrane
proteins). The genes for these have been cloned (Ficht

et al. 1989) and shown to be polymorphic. In B. abortus

at least, two variants of the porin gene exist, omp2a and

omp2b. Only the latter is expressed under normal

cultural conditions. Further information on the use of

dye tests is given in Wilson and Miles (1964)'

VIRU LENCE AND PATHOGENICITY

Although epidemiological evidence suggests that B.

abortus, B. melitensis, and B. szrs show distinct host

preferences, this only marks a general trend and the

organisms are capable of establishing infection in a wide

range of host species, including humans. B' neotomae,

B. canis, and B. ovis, in contrast, show much greater
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host specificity, and, with the exception of occasional B.
canis infections in other carnivores and in humans, seem
to have little capacity to spread beyond their usual hosts.

Typically, in all host species Brucella grows intracellu-
larly, producing a variable bacteremic phase followed by
localization in the reticuloendothelial system. In the
preferred host, localization also occurs in the tissues of
the genital tract and in the mammary glands. In the case
of B. abortus, B melitensis, and B. sujs, this has been
attributed to the presence of isoerythritol in the target
tissues of cattle, sheep, goats, and pigs (Smith et al.
f961, 1962). Abortion is a frequent consequence of
infection in the pregnant female, and orchitis and epidi-
dymitis can result in the male. Sexually immature
animals are often less susceptible to the disease.

All species of Brucella can establish infection in
guinea pigs and mice, but the severity and duration
varies considerably. In general, B. melitensis and B. suis
strains produce the most severe effect, B. abortus
produces less severe but more obviously granulomatous
lesions, and the remaining species produce a more tran-
sient infection accompanied by few, if any, gross lesions
(Braude 1951; Isayama et al. 1977). There is some
evidence that B. melitensis and B. abortus induce
different cellular responses (Young et al. 1,979).

The basis of the virulence of Brucella strains is incomple-
tely understood. Nonsmooth variants of the normally
smooth species are usually of greatly reduced virulence. This
suggests a role for the O chain of the smooth LPS in deter-
mining virulence; supporrive evidence for this is provided by
the protective effect of monoclonal antibodies directed
towards A or M determinants (Montaraz et al. 1986).

LPS, and possibly another cell-envelope component,
have also been implicated in the blocking of the bacter-
icidal action of normal serum and of phagocytes, permit-
ting the survival of Brucella in polymorphonuclear and
mononuclear phagocytes (Smith and Fitzgeorge 1964;
Kreutzer and Robertson 1979). However, other factors
are also involved in this process. The organisms are able
to suppress the oxidative burst at least in polymorpho-
nuclear phagocytes. B. abortus releases a low molecular
weight nucleotide fraction containing guanine monopho-
sphate and adenine which inhibits the intracellular
bactericidal mechanisms of bovine phagocytes (Canning
et al. 1986). The organisms also release low molecular
weight RNA which may block the action of cationic
proteins including lysozyme and defensins (Corbel and
Brewer 1980).

The copper-zinc superoxide dismutase also plays a
part in facilitating intracellular survival of Brucella by
blocking the formation of activated oxygen and probably
also hypohalogen acids. Mutants unable to synthesize
the enzyme produce ten-fold lower infection levels in
mice than wild-type strains (Tatum et aI. 1992).

Survival within macrophages is associated with the
synthesis of proteins of molecular weight 17,24,28, 60,
and 62 kDa. The 62kDa protein corresponds to the Gro

EL homolog Hsp 62 and the 60 kDa protein is an acid-
induced variant of this. The 24 kDa protein is also acid-
induced and its production correlates with bacterial
survival under acidic conditions (pH <a). The 17 and
28 kDa proteins are apparently specifically induced by
macrophages and correlated with intracellular survival
(Lin and Ficht 1995).

Another stress-induced protein, HtrA, was shown to
be involved in the induction of an early granulomatous
response to B. abortus in mice. This was associated with
a reduction in the levels of infection during the early
phase. However, it did not prevent a subsequent
increase in bacterial numbers and htrA-deficient mutants
ultimately produced levels of splenic infection similar to
those given by wild-type B. abortus (Tatum et al. 1994).
Similarly, recA-deleted mutants produced a lower initial
spleen viable count than recA-positive strains but still
established persistent infection (Tatum et aI. 1993).
Clearly a number of still unknown factors are involved
in promoting protective immune responses lo Brucella.

Antibodies to LPS provide some protection against
infection but this is incomplete. Even opsonized bacteria
are not effectively killed by macrophages (Caron et al.
1994). Antibodies to cell-surface proteins are even less
effective than LPS in eliminating Brucella (Dubray
1987). However, protein antigens may play a significant
role in triggering cell-mediated responses. The clearance
of infection is dependent upon Thl-type responses; the
stimulation of y-interferon producing CD4* cells is
crucial. These are most effectively induced by live
Brucella cells (Zhan et al. 1995). TNF-o is also impor-
tant for intracellular killing of Brucella and its produc-
tion is suppressed by live but not by killed cells (Caron
et al. 1994). Interestingly, purines or nucleosides appear
to be involved in the suppression (Caron et aI.1994).
The mechanisms whereby infection with Brucella restlts
in tissue damage and disease are still unknown. No
exotoxins have been detected and not all of the effects
observed can be explained by the presence of endotoxin.
Indeed, although Brucella LPS shares many of the prop-
erties of the endotoxins of other gram-negative bacteria,
it is intrinsically less toxic than enterobacterial LPS,
possibly because of a lower efficiency in releasing
inflammatory cytokines and particularly TNF-o (Berman
and Kurtz 1987; Caron et aL.1994).

Pathogenesis

Brucellae enter the body via the alimentary tract,
conjunctival mucosa, respiratory tract, or skin. At or
near the site of entry, they are likely to be ingested by
either mononuclear or polymorphonuclear leukocytes.
However, virulent brucellae can depress chemotaxis and
phagocytosis by polymorphonuclear leukocytes (Ocon
et al. 1994). Phagocytosis is facilitated by pre-existing
antibodies but is not dependent upon them (Canning
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et al. 1988). A lectin which binds to receptors on the cell

membrane of the B lymphocyte has been identifled on

the surface of brucella cells (Bratescu et al. 1981). This,

or a similar component, may also promote endocytosis

of brucellae by other cell types.

Virulent brucellae have the capacity to survive in both

polymorphonuclear and mononuclear phagocytes. In

both types, the organisms release soluble factors distinct

from LPS that inhibit phagolysosome fusion (Frenchick

et al. 1985). They also inactivate the myeloperoxidase-

hydrogen peroxide-halide systems by releasing adenine

and guanosine monophosphate which prevent degranula-

tion (Bertram et al. 1986; Canning et al. 1986). These, or

similar factors, are probably responsible for inhibiting

the oxidative burst (Kreutzer et al. 1979). Purines are

also implicated in the suppression of production of TNF-

o by monocytes (Caron et al. 1994). This is a major

factor in determining the capacity of virulent brucellae

to survive in monocytes.

It is evident that the O chain of smooth-type LPS

plays a role in intracellular survival as smooth strains

generally survive much more effectively than rough

variants (Kreutzer and Robertson 1979). However, its

precise role is unclear. Other factors that contribute to

intracellular survival by protecting the bacteria from

hydrogen peroxide and superoxide include catalase

(Fitzgeorge et al. 1965) and copper-zinc superoxide

dismutase. Strains deficient in the latter produced ten-

fold lower splenic counts in experimental infections in

mice (Tatum et al. 1992).

Macrophage activation plays a key role in determining

the outcome of brucella infection and interferon-y (IFN-

y) is essential for this process (Cheers and Pagram 1979;

Stevens et al. 1992; Zhan and Cheers 1993). However,

activation alone is not effective in eliminating the infec-

tion (Jones and Winter 1,992). ln contrast to some other

bacteria, in which iron depletion inhibited in vivo

growth, iron-saturated transferrin is reported to promote

the elimination of brucellae from infected macrophages

by catalyzing the formation of hydroxyl radical (Jiang

and Baldwin 1993).

After phagocytosis, brucellae probably multiply in the

lymph nodes draining the site of entry. Subsequently, as

the bacteria are released from the dying cells that they

have parasitized, they enter the blood and produce the

bacteremia that normally accompanies the acute febrile

phase of the disease. Bacteremia varies in degree with

the severity of the disease but is likely to be sustained

during the early phase of the acute disease, becoming

intermittent as this passes. From the blood, the organ-

isms are distributed throughout the reticuloendothelial

system and may be present in large numbers in the liver

and spleen. They may also localize in many other sites

including the joints, heart, kidneys, central nervous

system (CNS), and genital tract. The nature of the

lesions produced depends to some extent upon the type

of infecting organism. Thus, B. abortus strains more

typically produce a granulomatous reaction (Young

1979). B. sais strains are often associated with chronic

suppurative lesions, especially in the joints and spleen

(Spink 1956).

Antibodies to the brucella LPS develop within a few

days of the onset of the acute phase or, in subacute

cases, may precede the onset of symptoms. Cell-medi-

ated responses to brucella antigens may develop in

parallel with or independently of the antibody response.

Some patients remain anergic throughout the disease,

whereas others develop cell-mediated responses but do

not produce antibodies; both antibodies and cell-

mediated immune responses develop in most patients.

The cell-mediated response, particularly the production

of activated mononuclear phagocytes, is probably largely

instrumental in promoting recovery from the disease

(Serre et al. 1,987; Baldwin and Winter 1994).

The mechanisms whereby the clinical effects of the

disease are produced, particularly the fever, asthenia,

and depression of the CNS, are not clearly understood.

Endotoxin and hypersensitivity to brucella antigens have

been invoked to explain them; similar effects have been

produced by partly purified fractions containing these

antigens (Abernathy and Spink 1958). Such preparations

are capable of releasing cytokines, including interferons

and TNF-o (cachectin) from mononuclear cells (Berman

and Kurtz 1987). The physiological effects of these

mediators are remarkably similar to many of the clinical

manifestations of brucellosis.

Clinical manifestations

Acute or subacute disease follows an incubation period

which can vary from 1 week to 6 or more months. In

most patients for whom the time of exposure can be iden-

tifled, the incubation period is between 2 and 6 weeks.

The length of the incubation period may be influenced by

many factors, including the virulence of the infecting

strain, the size of the inoculum, the route of infection,

and the resistance of the host. B. melitettsis infections are

likely to be manifest as acute disease of sudden onset;

infections caused by the other species are often subacute,

with an insidious onset and prolonged and indeterminate

incubation period. Acute brucellosis is characterized by

an intermittent fever with a maximum temperature that

usually lies within the range 38+1'C but is sometimes

substantially higher; hyperpyrexia, which occurs in some

cases, is a significant cause of death. Typically, the body

temperature is often near normal during the early part of

the day but rises sharply during the late afternoon or

evening; this is accompanied by chills, shivering, malaise,

nausea, and extreme fatigue. After reaching its peak, the

temperature shows a rapid fall, accompanied by profuse

sweating. The temperature rises may follow a regular

pattern, especially early in the disease, but increasingly

long intervals between them may occur later. The
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characteristic undulant fever is most likely to be seen in
untreated cases in which the disease has persisted for
some time. For a description of the clinical manifestations
of undulant fever, see Dalrymple-Champneys (1960) and
Hughes (1897).

The febrile phase is associated with anorexia, weakness,
severe fatigue, and loss of weight which may be rapid and
substantial. Headache is a frequent symptom as are
muscular and joint pains. Objective physical signs other than
fever are few in uncomplicated cases. About two-thirds of
patients with B. melitensis infection have enlargement of the
liver, spleen, and superficial lymph nodes, sometimes
accompanied by transient jaundice, whereas only about
one-third of patients with B. abortus or B. suis infection
have splenomegaly, and fewer have perceptible enlarge-
ment of the liver. A cough sometimes accompanies the
acute disease and gastrointestinal disturbance is not
uncommon in brucellosis resulting from ingestion of
infected foods or milk. Most patients with acute brucellosis
will recover from the physical effects of the disease in 1-3
months, but subjective symptoms may persist for much
longer. The untreated disease is, however, associated with
significant mortality. ln B. melitensrs infections, the case-
fatality rate has been estimated as between 2 and 5 percent,
but in infections caused by other species it is substantially
lower. Death may result from hyperpyrexia, severe toxemia,
endocarditis, meningoencephalitis, or other serious compli-
cations. In some patients, especially those untreated, the
acute or subacute disease may persist or recur for 6 months
or more, the disease then being regarded as 'chronic.,

Complications, which may develop during the acute or
chronic stages, most frequently affect the bones and joints,
cardiovascular system, CNS, genitourinary tract, and reticu-
loendothelial system (Spink 1956; Dalrymple-Champneys
1960; Young 1983; Young and Corbel 1989; Madkour 1989).

About 10 percent of patients develop bone or joint
complications, usually spondylitis or arthritis of the hip,
knee, ankle, or sacroiliac joints. Paravertebral abscess is
fairly frequently associated with spondylitis; osteomye-
litis of the cranium, ribs, or limb bones has also been
reported. Reactive arthritis may follow acute or chronic
brucellosis; in patients of European origin, an associa-
tion with HLA-827 antigen has been observed
(Hodinka et al. 1978), but no such association has been
found in patients of ethnic groups in which this antigen
is rare (Alarcon et al. 1981).

Nearly all patients with brucellosis experience non-
specific symptoms referable to the CNS, including head-
ache, irritability, loss of concentration, insomnia,
anxiety, and depression. In some 3-5 percent of patients
with .B. melitensis infection, but fewer with infection
caused by other types, neurobrucellosis may develop as
a result of invasion of the CNS. Meningitis and menin-
goencephalitis are the usual manifestations of this, but
polyradiculoneuritis and meningomyelitis may also occur
(Bashir et al. 1985; Shakir 1986). Neurobrucellosis
requires prompt and vigorous treatment with

tetracycline, rifampicin, and streptomycin if death or
permanent disability is to be avoided (Shakir et al. 1987;
Al-Deeb and Madkour 1989).

Thrombophlebitis and endocarditis are the most
frequent cardiovascular complications of brucellosis.
Endocarditis causes a high proportion of the fatalities in
brucellosis, especially that caused by B. abortu^r and B.
szls, and requires vigorous and sustained antibiotic treat-
ment and cardiac surgery.

Epididymo-orchitis, which is the most common geni-
tourinary complication in the male, may be acute or
chronic. Brucellosis in pregnancy may result in abortion;
the bacteria have been isolated from the placenta and
fetal membranes (Poole et al. 1,972; Young 1983). There
is little indication, however, that Brucella spp. have a
specific tropism for the human placenta, such as that
seen in ungulate species. Many pregnant patients with
acute brucellosis have proceeded to term even without
antibiotic treatment (Williams 1973).

Other complications include a diffuse or focal hepa-
titis, which may be accompanied by acute inflammatory
changes and parenchymal degeneration, or may be gran-
ulomatous. The former are said to be frequent in B.
melitensis infection whereas B. abortus and B. suis are
more commonly associated with granuloma formation
(Young 1995). Hepatic and splenic abscesses may also
develop, especially in patients with B. szis infection.

There is some confusion over the nature of chronic
brucellosis. This term should be reserved for disease that
has persisted for 6 months or longer, with or without
complications, but with objective evidence of brucella
infection as the cause. In practice, such evidence may be
difficult to obtain. Blood culture is usually unsuccessful
in the chronic phase. Culture of bone marrow or mate-
rial removed surgically from localized lesions may be
more successful. Serological tests are frequently
unhelpful, but radioimmunoassay and enzyme immu-
noassay are reported to be useful (Parratt et al. 1977;
Magee 1980; Araj et al. 1986a, b). The use of PCR may
offer a means of detecting infection in some of these
cases (Fekete et al. 1990; Matar et al. 1996). However,
the selection of appropriate primers is crucial and this
procedure is not without its pitfalls. It has yet to be fully
evaluated in chronic brucellosis. Illness associated with
nonspecific symptoms but no physical signs, and a
history of occupational or other exposure to Brucella, is
often diagnosed as chronic brucellosis. Not surprisingly,
it usually responds poorly to specific treatment.

Diagnosis

The variable symptoms, the paucity of distinctive physical
signs, and the occurrence of subclinical and atypical
infections, make the clinical diagnosis of brucellosis in
humans particularly difficult. Bacteriological and serolo-
gical examination are usually essential for conf,rmation of
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the diagnosis, but even these tend to give unsatisfactory
results in the chronic phase of the disease. Brucellosis

should always be considered as a possible cause of
pyrexia of undetermined origin, and of any acute or
chronic inflammatory disease that presents diagnostic

difficulty. A history of occupational or environmental

exposure to possible sources of infection may assist diag-

nosis. No specific biochemical changes are associated
with the disease. Mild leukopenia with a relative lympho-
cytosis, sometimes accompanied by a secondary anemia

and thrombocytopenia, is a common finding in acute or

subacute brucellosis. The erythrocyte sedimentation rate
is usually in the normal range except in severe cases.

CULTURE

Isolation of a Brucella sp. is the most certain means of
reaching a diagnosis. It is most likely to be successful

during the acute phase of infection caused by B. meli-
tensis or B. suis, but is less successful with B. abortus
infections. Samples of any body fluid, or of tissue
collected surgically or at necropsy, may be cultured.
Blood is the material most commonly examined, but
bone marrow may be more likely to give positive results
(Gotuzzo et al. 1986). Blood cultures are best performed

on samples collected during the pyrexial phase, preferably

while the temperature is rising. The isolation rate is
improved if several samples are taken over a period of

24 h. At least 3-5 ml should be inoculated into 20-100 ml

of serum dextrose broth, tryptone soya broth, or trypti-
case-soy broth and incubated at37"C in air enriched with
CO2 5-10 percent. Larger volumes of blood have been
cultured successfully in automated blood culture systems.
If desired, a replicate sample may be incubated in air or
anaerobically. If an anticoagulant is needed during trans-
port of the specimen, trisodium citrate or preservative-

free heparin should be used. Blood clot may also be
cultured but should be homogenized first. There is some
evidence that buffy coat samples are more likely than

whole blood to give positive results.

Selective media are not necessary for the culture of
human blood samples taken with aseptic precautions but
should be used if samples of excreta or contaminated
tissues are to be examined. The liquid media recom-
mended above can be made selective by the addition of
an antibiotic mixture containing: amphotericin B 1 mg/I,
bacitracin 25 mgll, cycloheximide 100 mg/I, D-cyclo-
serine 100 mg/I, nalidixic acid 5 mg/l, polymyxin B 6
mg/I, and vancomycin 20 mgll. This antibiotic mixture is
suitable for most strains of B. abortus. B. melitensis. and
B. suis. It may be inhibitory, however, for strains of B.
abortus biogroups 2, 3, and 4 and some strains of .8.

melitensis, B. canis, and B. ovls. For these organisms,
media may be made selective by adding an antibiotic
mixture of vancomycin 3 mg/1, sodium colistimethate
7.5 mgll, nitrofurantoin 10 mg/I, and nystatin 12 500
units (Brown et al. 1971.\.

When liquid media are used for enrichment or
primary isolation, subcultures should be made every 3-5
days on to a suitable solid medium such as heated blood
agar or serum dextrose agar, which is then incubated at
37"C it air enriched with CO2 5-L0 percent. The need
for frequent subculture can be avoided by use of a two-
phase system (Castafleda 1947) in which both solid and
liquid media are contained within the same bottle. Even
with this system, subcultures to fresh solid medium
should be made immediately when growth appears, to
minimize the dissociation of smooth cultures to the
nonsmooth colonial phase. This procedure is capable of
achieving isolation rates of up to 85 percent from
patients with acute B. melitensis infection. This rate may
be improved if the blood, bone marrow, or other tissue
suspensions are treated by the lysis-concentration
method of Finegold et al. (1969) combined with centrifu-
gation rather than filtration (Kolman et al. L991,).
Because many patients may have received prior treat-
ment with inappropriate antibiotics that inhibit but do
not kill brucellae, all cultures should be incubated for at
least 6 weeks, with frequent subculture, before they are
discarded as negative. Rapid growth detection methods
such as the Bactec or BACT/ALERT systems may also
increase the sensitivity of isolation when combined with
the lysis-concentration method (Kolman et aI. l99l;
Solomon and Jackson 1992), but samples should not be
discarded as negative without subculture.

The PCR using a 223 bp region of the 31 kDa surface
protein of B. abortus has given promising results in the
diagnosis of both acute and chronic relapsing brucellosis
(Matar et al. 1996). The procedure merits further evalua-
tion, particularly for assessment of patients who have
received antibiotics or have suspected chronic brucellosis.

SEROLOGICAL TESTS

Most patients with acute brucellosis produce antibodies
of the IgM isotype within a few days of onset of the
disease. These antibodies are rapidly followed and
superseded by IgG, and to a lesser extent IgA, anti-
bodies. Maximum titers are reached in the third or
fourth week of disease and then slowly decline; however,
antibodies usually persist throughout the active phase of
the disease and in some cases for long after. In subacute
or chronic brucellosis this pattern is generally not seen,
the serological response consisting of a sustained
production of IgG and sometimes IgA antibodies (Araj

et al. 1986a; Serre et al. t987; Ariza et al. 1992). IgE
antibodies to Brucella spp. have also been observed in
some brucellosis patients, but their clinical significance is
uncertain (Escande and Serre 1982). These patterns are
of diagnostic relevance because antibodies of the IgA,
IgG, and IgM isotypes vary considerably in their activity
in different serological tests.

Numerous serological procedures have been tried in
the diasnosis of human brucellosis but few have
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achieved lasting application. Until recently, the most
widely used was the standard tube-agglutination test
(SAT). In many laboratories this has now been super-
seded by the rose bengal plate test and enzymeJinked
immunosorbent assay (ELISA). Other useful tests
include the 2-mercaptoethanol agglutination test, the
complement fixation test, and the Coombs antiglobulin
test and radioimmunoassay (Buchanan et al. 1974b;Diaz
et al. 1.976; Magee 1980; Araj et al. 1986a; Report 1986b;
Diaz and Moriyon 1989). The SAT should be performed
with a standardized suspension of heat-killed smooth
brucella cells in saline containing phenol 0.5 percent.
Incubation may be at 37 or 50'C for 18 h. There 1s some
advantage in performing parallel tests with suspensions
of smooth biogroup 1 strains of B. abortus and B. meli-
tensis, bttt these must be properly standardized. The use
of both detects infection caused by M antigen-dominant
strains more readily than .8. abortus antigen alone. It
does not, as commonly supposed, identify the infecting
strain, because both B. abortus and B. melitensis
biogroups share similar antigenic structures. In many
countries the agglutinating suspensions are standardized
against the international standard for Brucella abortus
antlserum, a practice to be recommended as it permits
comparison of tests performed by different laboratories
and on different occasions within a single laboratory.
Microagglutination procedures are also available (Baum

et al. 1995). If infection by B. canis or another
nonsmooth brucella is suspected, a stable suspension of
the appropriate type must be used. Recommendations
have been made for the preparation of such suspensrons
(Report 1986b).

Most patients with acute brucellosis develop agglu-
tinin titers of 640 or more by the end of the third or
fourth week of illness. These tend to decline fairly
rapidly once the acute phase is over, and may become
low within 3 months. Rising titers, or titers that decline
after appropriate antibiotic treatment, indicate recent
active infection.

The interpretation of stable titers in the low or inter-
mediate range (20-160) is difficult. In symptomless
patients they probably indicate past or latent infection.
In patients with symptoms suggestive of brucellosis they
may indicate active infection, especially if there is no
history of occupational or other previous exposure to
infection. In patients with a history of prolonged expo-
sure, titers of this magnitude are common even in the
absence of disease and reliance cannot be placed upon
agglutination tests alone. In such patients, low agglutinin
titers should be investigated by testing with additional
procedures such as ELISA and Western blotting. PCR
may also be useful in such cases but has received limited
evaluation (Matar et al. 1996). The absence of aggluti-
nins does not exclude brucellosis, as many cases have
been recorded in which a positive blood culture was
obtained despite a negative agglutination reaction
(Gilbert and Dacey 1932;Heathman 1934).

Prozones sometimes occur in the agglutination test.

They have been attributed to antibody excess (Serre

et al. 1970) or to blocking of agglutinins by non-aggluti-

nating IgG or IgA isotypes (Heremans et al. 1963; Wilk-

inson 1966). This emphasizes the need to use more than

one serological test for diagnosis. Of the various rapid

slide or plate agglutination tests for brucella antibodies,

the most effective is the rose bengal plate or card test.

This uses, as antigen, a dense suspension of smooth

brucella cells stained with rose bengal and suspended in

an acid buffer. The test discriminates against agglutinins

of low avidity and is not subject to prozones. It

compares favorably with the SAT in specificity and for

detecting antibodies in human sera (Buchanan et al.

1974b; Diaz et al. 1976; Cernyieva et al. L977) and is

useful for detecting antibodies in cerebrospinal fluid in

cases of neurobrucellosis (Diaz et al. 1978).

Buchanan et al. (1974b) concluded that the comple-

ment fixation and 2-mercaptoethanol tests were the most

accurate indicators of active disease. On the grounds of

technical convenience the latter was preferred; it has

also been used to assess the response to treatment
(Buchanan and Faber 1980). The Coombs antiglobulin

test and the complement fixation test tend to become
positive later in the course of the disease than the agglu-

tination test and are likely to be still reactive in the

chronic phase (Kerr et al. 1967,1968; Robertson et al.

1980). Unfortunately, the titers observed at this stage

are often no greater than those of symptomless patients

with a history of either occupational exposure to

Brucella or of acute infection with recovery. For this

reason, Farrell et al. (1975) concluded that the diagnosis

of chronic brucellosis had to be based on clinical symp-

toms. Because these are largely subjective, however, it is

desirable to obtain objective evidence of infection, and

some progress has been made through the use of

enzymeJabeled antibody assays.

Magee (1980) concluded that enzyme-labeled anti-

body assays were as sensitive as radioimmunoassay and

could as easily be made speciflc for immunoglobulin

isotypes. He identified four classes of sera:

1 those from acute cases with very high concentrations

of IgG antibody and moderate ones of IgM and IgA

2 those from chronic cases having high concentrations

of IgG but not IgM or IgA antibodies

3 those with low residual titers of IgG, probably repre-

senting past infection, and

4 those with little or no brucella-specific antibody.

These results are broadly consistent with those of
Lindberg and colleagues (1982) who found that patients

in the acute stage had high IgM and rising titers of IgG

antibodies to B. abortus LPS antigen, whereas those in

the chronic stage had raised titers of IgG antibody

alone. Araj et al. (1986a) also concluded that enzyme

immunoassay was an effective method for diagnosing

acute and chronic brucellosisl and it was useful for
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detecting antibodies in the cerebrospinal fluid of patients

with neurological complications (Araj et al. 1986b).

Immunoblotting against extracts of Brucella cells or
purified protein antigens has been reported to differ-
entiate active disease from past exposure to infection
(Goldbaum et al. 1993).

All serological tests for brucellosis that are based on
detection of antibodies to the LPS antigen of smooth
strains are subject to interference from antibodies
produced in response to bacteria with structurally
related antigens. These include E. coli 0:157 (Stuart and
Corbel 1982), Francisella tularensls (Francis and Evans
L926), Stenotrophomonas maltophilia (Corbel et al.
1984a), Salmonella serotypes of Kauffmann-White
group N (Corbel 1975), Vibrio cholerae (Wong and
Chow 1937; Feeley 1969), and Yersinia enterocolitica 09
(Ahvonen et al. 1969). With the exception of F. tular-
ensis, in which the crossreacting antigen has not been
fully characterized, these crossreactions result from anti-
bodies evoked by epitopes containing 4-amino-4,6-
dideoxymannose (perosamine) (Redmond 1979 Bundle
et al. 1987). That produced in response to Y. enter-
ocolitica O:9 is the most complete as its polysaccharide

O chain is almost identical with that of strains of
Brucella in which the A antigen dominates (Caroff et al.
1984a, b). Antibodies produced in response to Y. enter-
ocolitica O:9 react in agglutination, antiglobulin, immu-
nofluorescence, complement fixation, and immunopreci-
pitation tests with brucella antigens (Corbel and Cullen
L970). Various attempts have been made to devise tests
that distinguish brucellosis and yersiniosis, but none rs
entirely satisfactory (Corbel and Cullen 1,970;, Diaz and
Dorronsoro 1971; Mittal and Tizard 1981; Corbel et al.
1984b). The crossreactions produced by other bacteria
are usually less troublesome than those produced by Y.
enterocolitica, but diagnostic problems have been caused
by E. coli 0:157 (Notenboom et al. 1987), F. tularensis
(Foshay 1950; Behan and Klein 1982), and by vaccina-
tion with V. cholerae (Eisele et al. 1946). For further
discussion, see Corbel (1985).

TESTS FOR CELL-MEDIATED IMMUNITY

Cell-mediated immunity is believed to play a major role
in recovery from infection with Brucel/a. Most patients

show evidence of a cell-mediated immune response to
brucella antigens as the disease progresses from the
acute phase to either recovery or the chronic disease
(Serre 1989). There is usually a delayed-hypersensitivity
type reaction to the intradermal injection of 0.05-0.1 ml
of a suitable preparation of antigen. Such a reaction
usually manifests itself within 6-24 h as a slightly raised,
sometimes tender, erythematous plaque 2-6 cm or more
in diameter. Occasionally, much more severe local reac-
tions accompanied by slight fever and malaise develop.
False-positive reactions generally appear rapidly and
disappear within 24 h. Delayed reactions of the type

sometimes encountered in tuberculosis have been

reported; in these, an inflammatory response develops in

recently infected patients at the site of an intradermal

test performed weeks previously.

Numerous antigen preparations, referred to collectively

as 'brucellins,' by analogy with tuberculin, have been

employed in such tests. They range from culture super-

nates such as'abortin' (M'Fadyean and Stockman 1909)

or 'melitin' (Burnet 1922) to extracts prepared by

physical disruption of cells or by chemical fractionation,

including acid or alkaline hydrolysis (Alton and Jones

1967). Such preparations are poorly defined, of variable

composition, and often contain LPS antigen which stimu-

lates an antibody response in the recipient and interferes

with the interpretation of subsequent serological tests. No

reference preparations exist and there are no agreed stan-

dard doses; consequently, the interpretation of results is

difficult. Because of these problems there have been

moves towards the development of a defined nonanti-

genic preparation based on the extraction procedure of

Bhonghibhat et al. (1970). Such a preparation ('Brucellin

INRA') has been widely used in France in a screening

test for animal brucellosis (Report 1986b).

In general, the intradermal test with brucellin is analo-

gous to the tuberculin test in that it demonstrates

previous exposure to infection without clearly indicating

its significance. Some patients with high antibody titers

react weakly or negatively to brucellin, whereas those

without antibodies sometimes react strongly. Provided

that an LPS-free preparation is available, the test may

be of value in distinguishing between brucellosis and

infections caused by bacteria that share antigenic deter-

minants with the brucella O chain. However. it is not

recommended as a routine procedure for the diagnosis

of active brucellosis.

In vitro tests, based on cell-mediated immunity, for

the diagnosis of brucellosis in humans, include the

macrophage migration-inhibition test, the leukocyteJysis

test, and the lymphocyte-stimulation test (Peraldi et al.

1976; Report 1986b). All require freshly collected cells,

are difficult to standardize, and have yet to be evaluated

with well-defined antigenic preparations. They cannot be

recommended for diagnostic purposes.

Prophylaxis

The ideal method of prevention, namely the avoidance of

direct or indirect contact with infected animals or their

products, is usually unattainable for those at risk through

occupational exposure. The hazards can be reduced,

however, by working practices that minimize the risk of

skin or mucosal contamination or the inhalation of infec-

tious aerosols. Adequate protective clothing, including

impermeable gloves, should be worn by people handling

animals that have recently aborted or given birth; particular

care should be taken when disposing of placental and fetal
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material. The latter should be incinerated or buried in
quicklime and any part of the premises contaminated by
discharges should be thoroughly decontaminated with an
approved agricultural disinfectant used at the recom-
mended concentration. Specific recommendations have
been made for hygienic measures to be adopted by those
concerned with the husbandry and slaughter of animals
(Report 1986b), and by laboratory workers (Alton et al.
1975 ; Corbel et al. I97 9b; Report 1986b).

Most cases of nonoccupational brucellosis, which
result from the consumption of dairy or other animal
products, could be eliminated by adequate heat treat-
ment (pasteurization, boiling, or sterilization) of milk,
and the thorough cooking of meat products.

No satisfactory vaccine exists for the prevention of
human brucellosis. Two attenuated vaccines used in
animals, B. abortus strain 19 and B. melitensis Rev 1,
retain virulence for humans and are therefore unac-
ceptable. B. abortus strain 19-BA, a more attenuated
variant of strain 19, has been used in the former USSR
and China to vaccinate populations at high risk of infec-
tion from B. melitensis (Vershilova 1961). The vaccine is
given by the intradermal route, usually by scarification,
and is said to produce severe reactions only rarely. The
immunity produced is, however, of short duration and
where there is a high risk of infection, annual booster
doses are required. Repeated doses of these vaccines are
apparently associated with an increasing risk of hypersen-
sitivity reactions. Other attenuated strains of B. abortus
or B. melitensjs have been used in China, but precise

information on their safety and efficacy is lacking.
Attempts have been made to produce vaccines from puri-
fied fractions of Brucella. A peptidoglycan fraction
(Lopez-Merino et al. 1,976), used in France (Bentejac et al.
1984), is apparently intended to give a minimal degree of
protection which will be reinforced by subclinical infec-
tion. Its protective value is probably limited, and cases of
acute brucellosis have occurred in recipients. Epidemiolo-
gical evidence and the histories of cases of laboratory-
acquired infection indicate that even attacks of clinical
brucellosis give only incomplete protection against rein-
fection, particularly by strains of high virulence. This
suggests that a safe and effective vaccine against human
brucellosis will be difficult to oroduce.

Treatment

Brucella strains are susceptible to a wide range of anti-
biotics in vitro, but few have proved effective in the treat-
ment of brucellosis. Good intracellular penetration is
essential for in vivo activity against Brucella and thus
there is limited correlation between in vitro performance
and therapeutic efficacy. B-Lactam antibiotics show
limited activity against Brucella (Hall and Manion L970).
Some strains are inhibited by benzylpenicillin, ampicillin,
and amoxycillin. Most strains are resistant to methicillin,

nafcillin, ticarcillin, and piperacillin. Similarly, first- and

second-generation cephalosporins show limited activity

against Brucella, but some third generation cephalo-

sporins such as cefotaxime, ceftizoxime, and ceftriaxone

have minimum inhibitory concentrations (MIC) in the

range 0.252 mg/l (Palenque et al. 1986). The MIC for

chloramphenicol is in the range 21 mll for most strains.

Sensitivity to macrolides is variable. With the exception

of B. abortus biogroup 2 ar'd B. ovls, most strains are

resistant to erythromycin, with MICe9 > 16 mg/I. Sensi-

tivity to dirithromycin and roxithromycin is similar but

clarithromycin and azithromycin show 2-8-fold greater

activity (Garcia-Rodrigtez et al. 1993).

Most Brucella strains are inhibited by streptomycin,

gentamicin, kanamycin, tobramycin, and amikacin at

concentrations of L-4 mg/l (Mortenson et al. 1986).

Streptomycin augments the activity of tetracycline in

infected cell cultures and this is borne out by therapeutic

experience (Richardson and Holt 1962; Colmenero et al.

1989). Sensitivity to tetracyclines is universal, with MICs

in the region of 0.1 mg/l (Hall and Manion 1970).

Brucella strains are also highly sensitive to rifamycins;

the MICs for rifampicin are in the range0.L-2 mg/l with

MICs at approximately four times this concentration
(Hall and Manion 1970; Corbel 1976a). Single-step resis-

tance develops rapidly in vitro (Corbel 1976a) and has

also been observed during the course of therapy

(Rautlin de la Roy et al. 1986). Rifapentine has similar

activity to rifampicin but has superior pharmacokinetic

properties (Garcia-Rodriguez et al. 1993).

Brucella strains are generally resistant to nalidixic acid

but show in vitro sensitivity to the fluoroquinolones. The

MICs for ciprofloxacin are in the range 0.5-1 mg/I, but

therapeutic results have been disappointing (Bosch et al.

1986). Sensitivity to co-trimoxazole is borderline with

the MICee being just within the breakpoint (Garcia-

Rodriguez et al. 1993). This is consistent with the high

relapse rate observed with this drug.

Of agents subjected to clinical evaluation, the tetra-

cyclines have emerged as the most effective group. In

the past, the recommended treatment for all forms of

brucellosis in adults was tetracycline given orally to a

total daily dose of l-2 g for a minimum of 6 weeks. In

severe infections, or in those accompanied by localized

lesions, this was supplemented by streptomycin in intra-

muscular doses of 1 g daily for the first 2-3 weeks.

Rifampicin has been shown to exert strong inhibitory

and bactericidal activity against Brucella strains in vitro

(Corbel 1976a) and was effective in both experimental

infections (Philippon et al. 1977) and clinical studies
(Bertrand et al. 1979). It has proved useful against

brucellosis in young children (Llorens-Terol and

Busquets 1980) and is the antibiotic of choice for

brucel losis in pregnancy.

The regimen recommended by the World Health

Organization consists of rifampicin 600-900 mg and

doxycycline 200 mg, both taken as a single daily dose for
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a minimum of 6 weeks (Report 1986b). The superiority

of this over tetracycline in combination with strepto-
mycin has been questioned (Ariza et al. 1985). Strains of
Brucella resistant to rifampicin have been reported to

emerge during treatment (Rautlin de la Roy et al. 1986).

Mousa and colleagues (1988) concluded that a combina-
tion of tetracycline, streptomycin, and rifampicin gave

the best results for severe infections. Later studies

suggest that combinations of streptomycin and tetra-

cycline, rifampicin and doxycycline, or rifampicin and

ofloxacin give comparable results provided that treat-

ment is sufficiently prolonged (Ariza et al. 1985; Akova

et al.  1993).

Alternatives to these regimens include co-trimoxazole
2-3 g daily for at least 6 weeks. However, relapses after
this treatment are common and it is not recommended
except when rifampicin and tetracyclines cannot be used.
Moxalactam together with chloramphenicol has been used

successfully in the treatment of human infection caused by
B. canis (Tosi and Nelson 1982) and, together with rifam-
picin and gentamicin, for brucella endocarditis. Genta-
micin alone has been recommended as an alternative

treatment for uncomplicated brucellosis (Wundt 1982).

For the treatment of brucellosis with complications,

modifications of the standard regimens have been used.
A combination of rifampicin 600-900 mg daily and tetra-

cycline 2 g darly orally for 8-12 weeks, supplemented
with intramuscular streptomycin 1 g per day for the first

6 weeks, has been recommended for patients with

meningoencephalitis (Shakir 1986). Similar schedules
have been used for brucella endocarditis, usually in

conjunction with surgical treatment of the heart valves.

The response of chronic brucellosis to treatment is

much less satisfactory than that of the acute disease. This
is attributable in part to the vague symptoms, difficulty in

diagnosis, and irreversible changes in musculoskeletal

tissues. Repeated courses of antibiotic therapy may alle-
viate symptoms in some cases, but in the majority they do
not. Immunostimulant therapy with levamisole has been
claimed to beneflt such patients (Thornes 1977), but

objective evidence from properly controlled trials is

lacking. Treatment with immunosuppressive agents has

also been tried (Thornes et al. 1982), but is difficult to
justify in a nonlethal disease; the administration of anti-

inflammatory agents may produce symptomatic relief in
some patients although the effects are likely to be

temporary. Antigen therapy is potentially hazardous and
is not now recommended (Report 1986b).

SUMMARIZED DESCRIPTIONS OF
SPECIES

Brucella abortus

catalase and oxidase positive and usually requires
supplementary carbon dioxide for growth, especially on
primary isolation. It usually produces hydrogen sulfide
from sulfur-containing amino acids or proteins. Most
isolates hydrolyze urea but some may not. They gener-
ally grow in the presence of basic fuchsin, methyl violet,
pyronin, and safranin O but not thionin, at standard
concentrations. They reduce nitrate to nitrite and may
also reduce nitrite. Isolates are normally smooth on
primary isolation. Smooth strains may have A or M
surface antigens reactive in tests with monospecific anti-
sera, depending upon biogroup. They oxidize L-alanine,
n-alanine, L-asparagine, L-glutamic acid, o-galactose, D-
glucose, l-ribose, and isoerythritol but do not oxidize l-
xylose, L-arginine, lt--citrulline, lL-ornithine, or t-
lysine. Cultures in the smooth or smooth-intermediate
phase are lyzed by Brucella phages of groups 1,2,3, 4,
and 6; nonsmooth strains are lyzed by phages of group 5
at RTD and l.Oa RTD. Nonsmooth cultures are lyzed by
Brucella-phage R at RTD. The species is usually patho-
genic for cattle, causing abortion, but may also infect
other species including sheep, goats, dogs, horses, and
humans. Guinea-pigs, rabbits, and mice are susceptible
to experimental infection. Seven biogroups are recog-
nized: former biogroups 7 and 8 are no longer consid-
ered valid. See Table 66.5 for reference strains.

Brucella melitensis

The organisms are gram-negative cocci or coccobacilli,

rarely rods; 0.6-7.2 trrm long by 0.5-{.7 pm wide. They are

catalase and oxidase positive, and do not require supple-

mentary carbon dioxide for growth. They do not produce

hydrogen sulfide, or no more than a trace, when grown on

recommended media. They usually hydrolyze urea but

some strains may not. They usually grow in the presence

of basic fuchsin, thionin, methyl violet, pyronin, and thio-

nine blue at the standard concentrations. They reduce

nitrate to nitrite and may also reduce nitrite. Smooth

cultures may have the A, M, or both A and M surface anti-

gens reactive in tests with monospecific sera. They oxidize

l-glucose, isoerythritol, l-alanine, o-alanine, L-asparagine,

and t--glutamic acid, but do not oxidize L-arabinose, o-

galactose, o-ribose, o-xylose, r-arginine, nl-citrulline, nr-

ornithine, or L-lysine. Cultures in the smooth phase are

usually susceptible to lysis by phages of groups 4 and 6 at

RTD and 101 RTD. The species is usually pathogenic for

sheep and goats but may also infect other species,

including humans. Guinea-pigs, rabbits, and mice are

susceptible to experimental infection. See Table 66.5 for

reference strains.

Brucella suis

The organisms are gram-negative coccobacilli or short

rods, 0.8-1.5 pm long by 0.6-0.8 pm wide. The species is

The organisms are gram-negative coccobacilli or rods, 0.8-

1.5 pm long by 0.ffi.8 pm wide. They are catalase and
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Tabf e 65.5 Brucella reference strains

Species

B. abortus

B. melitensis

B. suis

B. neotomae

B. ovis
B. canis

Biogroup

1

2

3
4

5

6

9

1
2

3
1

2

3
4

5

Strain

544

86/8/s9
Tulya

292

831 96

870

c68
1 6 M

63t9
Ether

1  330

Thomsen

686
40

5 1 3

5K33

63t290
RM6/66

NCT€ no.

1 0093
1 0501

1 0502
1 0503
1 0504

1 0505
1 0507

1 0094
1 0s08

1 0s09
1 0 3 1 6

1 0 5 1 0

1 0 5 1  1

11364
11996

1 0084

10512

1 0854

ATCC no.

23448
23449

23450

23451
23452

23453

23455

234s6
23457

234s8
23444

23445

23446

23447

234s9

25840

23365

oxidase positive, and supplementary carbon dioxide is not
required for growth. They produce large amounts of
hydrogen sulfide (biogroup 1), or none at all (other
biogroups), and hydrolyze urea rapidly. They usually grow
in the presence of thionin but most strains are inhibited
by basic fuchsin, methyl violet, pyronin, and safranin O at
standard concentrations. Isolates are normally in the
smooth phase on primary isolation. In smooth cultures,
the A surface antigen is predominant except for cultures
of biogroup 4 which react equally with antisera mono-
specific for the A and M surface antigens, and biogroup 5
which reacts only with M monospecific serum. They
usually oxidize o-ribose, o-glucose, isoeryhritol, n-xylose,
L-arginine, nl-citrulline, nl-ornithine, and r-Jysine.
Oxidation of t--asparagine, l-glutamic acid, L-arabinose,
and n-galactose varies with the biogroups, and they do
not oxidize L-alanine or D-alanine. Smooth or smooth-
intermediate cultures are lyzed by Brucella phage of
groups 3,4, and 6 at RTD and 104 RTD. Phages of group
2 produce partial lysis at RTD; those of group 1 do not
produce lysis at RTD, but are lytic at 104 RTD. The
species is usually pathogenic for pigs, except biogroups 4
and 5 which are usually pathogenic for reindeer and
rodents, respectively. Biogroup 2 also naturally infects
hares. Many other species are susceptible to the other
biogroups, including humans. Guinea pigs, rabbits, and
mice are susceptible to infection but the severity varies
with the biogroup. See Table 66.5 for reference strains.

Brucella neotomae

The organisms are gram-negative coccobacilli 0.6-1.4 pg
long by 0.6 pm wide. They are catalase positive and
oxidase negative and do not require supplementary

carbon dioxide for growth. They usually produce

hydrogen sulfide profusely and hydrolyze urea rapidly.

They do not grow in the presence of basic fuchsrn even

at 7.5 mgll, nor in the presence of safranin O at 100 mgil

or thionine blue at 2 mgll, but will grow in the presence

of thionin at 7.5 mgll. They reduce nitrate to nitrite.

Cultures are usually smooth on primary isolation. In
smooth cultures, the A surface antigen is predominant.

They oxidize L-asparagine, r--glutamic acid, L-arabinose,

D-galactose, D-glucose, isoerythritol, o-xylose, but do
not oxidize L-alanine, o-alanine, L-arginine, oL-citrul-

line, tL-ornithine, or r-Jysine. Oxidation of l-ribose

may be variable. Smooth or smooth-intermediate

cultures are lyzed by Brucella phages of groups 2,3, 4,

and 6 at RTD. Phages of group 1 produce partial lysis
with few very small plaques at RTD, complete lysis at
104 RTD. Rough or mucoid cultures are not lyzed by
these phages at RTD or 104 RTD. The species is patho-

genic for the desert wood rat (Neotoma lepida Thomas).

Authenticated natural infections of other species have

not been reported. Mice are more susceptible than
guinea pigs to experimental infection. No biogroups are
recognized. For reference strain see Table 66.5.

Brucella ovis

The organisms are gram-negative cocci, coccobacilli, or

short rods, 0.7-I.2 pm long by 0.5-0.7 pm wide. They
are catalase positive and oxidase negative. They require
supplementary carbon dioxide for growth, do not
produce hydrogen sulfide and hydrolyze urea weakly or

not at all. They usually grow in the presence of basic

fuchsin and thionin at standard concentrations. Produc-

tion of nitrite from nitrate is variable. A true smooth
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phase on primary isolation has not been described.

Rough (R)-specific surface antigens crossreacting with

other nonsmooth Brucella are predominant. They

oxidize L-alanine, o-alanine. L-asparagine. D-asparagine.

l-glutamic acid, oL-serine, and adonitol, but do not

oxidize L-arabinose, D-galactose, D-glucose, n-ribose,

isoerythritol, D-xylose, r--arginine, or--citrulline, oL-orni-

thine, or l-lysine. The cultures are not lyzedby Brucella
phages of groups 1,2,3, 4, and 6 at RTD or 104 RTD

but are lyzed by pages R/O and R/C of group 5 at RTD.

The species is pathogenic for sheep, causing epididymitis

in rams and sometimes abortion in ewes; it produces

low-grade splenic infection in guinea pigs and mice. No

biogroups are recognized. See Table 66.5 for reference

straln.

Brucella canis

The organisms are gram-negative coccobacilli or rods,

0.5-2 pm long by 0.5-0.6 pm wide. They are catalase
positive and oxidase positive. They do not require

supplementary carbon dioxide for growth, do not
produce hydrogen sulfide and hydrolyze urea very

rapidly. Most strains reduce nitrate to nitrite. Growth is

usually inhibited by basic fuchsin but not by thionin at

the standard concentrations. A smooth phase is not

known; cultures are always in the rough or mucoid
phase on primary isolation. Cultures form a mucoid

sediment in liquid media. Rough-specific surface anti-
gens crossreact with other nonsmooth strains of

Brucella. They oxidize l-ribose, l-glucose, L-arginine,

or--citrulline, nL-ornithine, and r--lysine. Oxidation of

isoerythritol is variable, and they do not oxidize

L-alanine, o-alanine, L-asparagine, l-glutamic acid,

L-arabinose, and n-galactose. They are not lyzed by

Brucel la phages of groups 1,2,3,4, or 6 but are lyzed by
phages of group 5 at RTD and l0a RTD. The species is
pathogenic for dogs, causing abortion in pregnant

females and epididymo-orchitis in males. It is occasion-

ally transmitted to humans. It produces splenic infection,

sometimes accompanied by 'tapioca-grain' nodules, in
guinea pigs; it also produces low-grade infection in

mice. No biogroups are recognized. See Table 66.5 for

reference strain.
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tions has led to the discovery of new bacteria that

belong in the genus Francisella, and for proposals for

reorganizing the names of species and subspecies of

members in the genus. However, these important mole-

cular epidemiology studies have not altered the two

major clinical categories that have long been recognized

for F. tularenls, namely the North America-specilic,

highly virulent F. tularensls type A (or F. tularensis

subspecies tularensis, or subsp. nearctica) and the less

virulent F. tularensis type B (or F. tularensls subspecies

holarctica) The type A biovar of F. tularensis causes

human clinical illness that is quite distinct from the

disease caused by all other Francisella species or subspe-

cies. This biovar of F. tularensis probably has a human

ID56 of less than ten organisms, and causes death in

untreated individuals at a rate of 5-20 percent. In indivi-

duals treated with antibiotics the death rate is still more

than 2 percent.

A1l cases of tularemia outside of North America, and

an undefined percentage of cases in North America, are

caused by strains of F. tualarensrs type B. The type B

biovar probably has a similar ID56 to the type A biovar

but causes a much less severe disease. Death due to type

B biovars of F. tularensis is rare. even in the absence of

antibiotic treatment.

Within the broad grouping of the type B biovar are two

recognized subspecies: .E tularensis subsp. holarctica

(previously referred to as F. tularensis var. palaearctica) and

F. tularensis subsp. mediasiatica (Olsufjev and Meshcher-

yakova 1983). The latter subspecies is found in Central Asia

and may be less virulent thanthe holarcllca subspecies.
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INTRODUCTION AND HISTORY

Francisella tularensis is the etiologic agent of tularemia, an
acute, febri le zoonotic disease (Bell  1981; Eigelsbach and
McGann 1984; Ellis et al. 2002: Foshay 1950; Francis
1925) F. tularensis was first isolated and characterized in
1912 during an outbreak of a 'plague-like' disease rn
Tulare County. California (McCoy and Chapin 1912).
During the following two decades F. tularensts was
isolated from several locations in North America, Japan,
and the Soviet Union. Microbiologists recognized the
common antigenicity of the strains isolated in the different
countries. but noted the differences in the virulence
between the North American strains and strains isolated
elsewhere. The genus designation honors an American
pathologist, Edward Francis, who studied tularemia
during the 1920s and 1930s, and the species name and the
name of the disease derive from Tulare County.

Interest in tularemia in Western countries declined
during the latter part of the twentieth century as the
number of cases steadily declined. However, at the
beginning of the twenty-first century, there has been a
resurgence of interest in tularemia as F. tularensis was
recognized as a potential agent of bioterrorism.

FRANCISELI-A SPECIES AND STRAINS

Francisella forms separated on the
basis of  human cl in ical  d isease

The application of new tools for phylogenetic classiflca-
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F. novicida has traditionally been considered a sepa-
rate Francisella species. However, recently, many
authors have begun to refer to F. novicida as'F. tular-
ensls subsp. novicida.' While this may or may not be
justified from a bacterial systematics point of view, it

should not confuse those concerned with clinical tular-
emia. Since the identiflcation of F. novicida in the early
1950s, there have been only three conflrmed cases of
human infections, and no deaths, due to this microbe.
During the same time period there have been tens of
thousands of cases of tularemia caused by F. tularensis
type A and type B. Laboratory infections are quite

common with F. tularensis but unknown with F. novi-
cida, fi;rther supporting the notion that F. novicida is
not normally a pathogen of humans

F. philomiragla has been isolated from several human
patients (Hollis et al. 1989; Sicherer et al. L997). Most,
but not all, of these infections were initiated after expo-
sure to ocean water, and many of the patients had been
immunosuppressed by treatment with corticosteroids
following a near-drowning episode (Wenger et al. 1989).
Other patients have had chronic granulomatous disease
(Sicherer et al. 1991), rendering their polymorpho-

nuclear leukocytes (PMN) incapable of producing

normal amounts of bactericidal oxidative metabolites.
However, it appears that immunocompetent individuals
can also be infected with F. philomiragia, and it is likely
that many infections in the past have gone unrecognized
as resulting from this microbe.

Phylogenic relatedness of Francisella
specres

DNA hybridization studies (Hollis et al. 1989) and 165
RNA analysis (Forsman et al. 1994) have shown that all
of the ,F. tularensis isolates tested as well as F. novicida
strains are highly similar. Using the hybridization or
sequence criteria F. tularensis and F. novicida appear as
one species. F. philomiragla strains appear as close but
distinct relatives of F. tularensls and F. novicida.

Members of the genus Francisella lie in the y-subdivi-

sion of the Proteobacteria group solely with Wolbachia
persica, an obligate intracellular bacterium frequently
found in ticks. Two other endosymbiont of the ticks,
Ornithodoros moubata and Dermacantor andersoni were
found to be highly related to Francisella species
(Niebylski et al. 1991; Noda et al. 1997). The endo-
symbiont of Dermacantor andersoni was found to have
transovarial transmission to female progeny but no
experimental transmission to rodents. This endo-
symbiont caused a mild infection in experimentally
infected guinea pigs, and could multiply in Vero cells

Although researchers have tried to show the related-
ness of F. tularensis to other gram-negative invasive
pathogens, such as Brucella and Yersinia, using anti-

serum cross reactivity and DNA homology, these rela-
tionships have not been verified by 165 rRNA sequence

analysis. However, 165 rRNA phylogeny studies do

show that Francisella species are distantlv related to

Legionella and Coxiella.

DISTRIBUTION

The type B biotype of F. tularensls is found throughout

Europe, Asia, and North America, and it infects a

number of small animals, especially rodents. The type A

strain has been found only in North America where it is

thought to have a reservoir in rabbits and their ectopar-

asites. However, both the type A and the type B biotypes

can infect a large number of animals and their true reser-

voir is not clearly established. F. philomiragla has been

associated with waters along both coasts of North

America but has also been isolated from patients living at

a distance from any ocean. Although both F. novicida

and .F. philomiragia have been associated with dead

muskrats (Jensen et al. 1969; Larson et al. 1955) it is

likely that other animals can act as hosts or reservoirs.

MORPHOLOGY AND GROWTH

F. tularensis appears as a bipolar-staining, coccobacillus

under observation by light microscopy. When viewed by

electron microscopy, logarithmic phase F. tularensis

appears as a rod of approximately 0.3 x 1.0 pm. Smaller

cocci forms and larger pleomorphic forms can be found,

especially when cells are collected from the stationary

phase of growth or when infected tissue if observed.

Although accumulated evidence provides strong support

for the existence of a capsule, it is nevertheless very

difficult to visualize the capsule either by light or elec-

tron microscopy, since the capsule is dislodged very

easily from cells.

F. tularensis is an obligate aerobe that has an optimum

growth temperature of 37"C. F. tularensis can grow on

several types of rich, solid media. The addition of cysteine

is required for the growth of many F. tularensis strains but

not for the growth of F. novicida and F. hilomiragia.

Commercially available cysteine heart agar (Difco)

supplemented with 5 percent defribrinated blood from

rabbit, sheep, or horse provides a good growth medium for

all types of Francisella. A peptone-cysteine agar has been

used to differentiate colony morphotypes of F. tularensis

(Eigelsbach et al. 1951). Trypticase soy broth, supple-

mented with 0.1 percent cysteine, a modified Mueller-

Hinton broth (Baker et al. 1985), or Chamberlain's

defined medium (Chamberlain 1965) can be used for the

liquid cultivation of Francisella. F. philomiragia may

require the addition of NaCl for growth in some media.

LIPID AND CARBOHYDRATE SURFACE
MOLECULES

All of the Francisella species have unusual fatty-acid

composition that is specific to the genus, and, as such,
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serves as a useful taxonomic or diagnostic tool (Jantzen

et al. 1.979). All strains have long chain C16-C26 satu-
rated and unsaturated fatty acids as well as two long-
chain hydroxy fatty acids (3-OH C12.e and 3-OH C180).
Since the hydroxy fatty acids are not associated with
phospholipids it is possible that they are part of the lipid
A structure of the lipopolysaccharide (LPS).

The surface of F. tularensis is covered by a carbohy-
drate-rich capsule. Removal of the capsule, either
through biochemical treatment or through mutation,
abolishes virulence of F. tularensls (Hood 1977; Sand-
strom et al. 1988). The capsule apparently serves to
protect F. tularensis from complement-mediated killing,
and may act as an antiphagocytic factor. Capsules have
not been demonstrated in F. novicida or F. philomiragia,

but exhaustive studies have not been carried out.
F. tularensis has a smooth form of LPS. the O-side

chain of which may have the same structure as the
carbohydrate portion of the capsule. The chemical struc-
ture of the O-antigen of two type B strains of F. tular-
ensis has been determined, and appears to be conserved
among different F. tularensis strains (Conlan et al. 2002;
Vinogradov et al. 1991). The LPS of F. tularensls has
very little endotoxic activity as measured both by the
Limulus amoebocyte lysate assay and the galactosamine-

sensitized mouse test (Sandstrom et al., 1992). Since
macrophages can be stimulated for control of intracel-
lular bacterial growth with a combination of endotoxin
from typical gram-negative bacteria and interferon-,y, F.
tularensis may have a survival benefit because of the low
endotoxic properties of its LPS.

In the 1950s Eigelsbach reported the appearance of
colony opacity mutants of F. tularensls (Eigelsbach et al.
1951), and it is very likely that the variants represented
changes in surface carbohydrates. More recently, Cowley
and coworkers demonstrated that colonial phase varia-
tion in the live vaccine strain of F. tularensis was due to
variation in LPS and perhaps capsule (Cowley et al.
1996). These changes involved alterations in both the O-
antigen and the endotoxin. In wild-type strains the endo-
toxin fails to stimulate the production of tumor necrosis
factor (TNF) in cultured rat macrophages. In strains
expressing the variant form of LPS, the endotoxin
induces TNF and nitric oxide. which inhibits bacterial
growth.

The change in endotoxin form also affects the growth
of F. tularensis in animals. When strains separately
expressing the two forms of LPS were coinjected into
rats, it was found that the presence of the strain with the
variant form of LPS suppressed the growth of the strain
expressing the wild-type form by as much as 170-fold
(Cowley et al. \997).

F. novicida expresses only the 'variant' form of LPS,
and, hence, may represent a F. tularensls strain that is
Iocked into one LPS form. This LPS phenotype may
explain why F. novicida does not cause disease in
humans while still being highly virulent in mice. If

human macrophages respond in a similar fashion as rat
macrophages this would lead to TNF and nitric oxide
production, and suppression of F. novicida growth, but
this point has not yet been studied directly.

CLINICAL ASPECTS

Diagnosis

Traditionally, diagnosis of tularemia is made through

clinical assessment which is confirmed by serology using

a micragglutination technique with a commercially avail-

able Francis e lla-specific antisera. However, serum agglu-

tinating antibodies are usually not detectable until at

least the second week of disease, and thus diagnosis by

conventional serology may not be timely. Further, since

the antibody response to Francisella infection may
persist for several decades, a single positive titer does

not discriminate between recent and past infection; a

four-fold rise in titer between acute and convalescent

sera samples is generally accepted as evidence of recent

infection. Because Francisella is a notorious laboratory-

acquired infection, clinicians usually only attempt identi-

fication by culture when a reference laboratory with

appropriate biosafety containment facilities is available.

Culture from sputum, pharyngeal secretions, and ulcers

has been successful, brtt F. tularensrs is rarely isolated

from blood except in the later stages of disease.

Other rapid diagnostic tests for tularemia have been

described in the research literature, including enzyme-

linked immunosorbent assay (ELISA) (Bevanger et al.

1988; Viljanen et al. 1983), a handheld biosensor based

on binding of the Francisella LPS, (Grunow et al. 2000),

and a variety of polymerase chain reaction (PCR)-based

assays, but none of them are yet available for routine

use. PCR assays have been designed using sequence

information for a F. tularensis lipoprotein (Junhui et al.

1,996;Long et al. 1993) and an outer-membrane protein

(Fulop et al. 1996). To date, these appear specific for

Francisella and are not positive using clinical isolates of

other related bacteria such as Yersinia. However. it

remains to be determined whether these assays will be

specific for F. tularensls and/or able to detect F. novicida

or F. philomiragia.

Disease

F. tularensis can enter the body through a number of

routes, and the route of infection has a significant impact

on the resulting disease. Most commonly, infection

results from vector-borne transmission or from a cut

while dressing wild meat. The resulting infection is

usually limited to an ulceroglandular form, but occaslon-

ally it progresses to a typhoidal or pneumonic form.

Inhalation or insestion of F. tularensis can lead
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directly to the pneumonic or typhoidal forms of

tularemia.

Before the availability of antibiotics, the mortality

rate from tularemia in North America was between five

and ten percent (Evans et al. 1985). Since the introduc-

tion of antibiotics the mortality rate has been about 2.5
percent. As important, the introduction of antibiotics
has reduced the course of disease from months to days.

However, when pneumonic tularemia occurs the prog-

nosis is poor, even with antibiotic treatment. There has

seldom been any differentiation between the type A and

type B biovars when studying clinical infections in North

America, so it is difficult to accurately know the

mortality of the type A strain. Deaths from type B

biovars of F. tularensls in Europe and Asia are extre-

mely rare. The mechanisms involved in causing the

symptoms of tularemia are poorly understood.

Treatment

Historically, streptomycin has been the drug of choice
for treatment of tularemia. However, with the potential

side effects of extended streptomycin treatment and its

limited availability, some clinicians have used a variety

of other antibiotics to treat tularemia (Enderlin et al.

1994; Johansson et al. 2000; Risi and Pombo 1995). Most

commonly, gentamicin, tetracycline, and ciprofloxacin

have been used, with a treatment regime of 2-4 weeks.

All of these antibiotics have a cure rate approaching 90
percent, with relapse rates of about 5-10 percent.

Although chloramphenicol has a comparable cure rate

to these other drugs, it should not be considered a drug

of choice, given the danger of chloramphenicol inducing

aplastic anemia in patients. B-Lactams have proven to be
ineffective for treatment of tularemia. Erythromycin can
be effective against some strains of F. tularensls, but its

use should be avoided, since many strains are resistant

to it.

GENETIC AND BIOCHEMICAL ANALYSIS
OF VIRULENCE

Intracellular growth

F. tularensis is clearly a facultative intracellular

bacterium, although the relative amount of intracellular
growth versus extracellular growth in vivo has not been

extensively examined. In the murine model of infection

with the live vaccine strain (LVS) of F. tularensls, only
intracellular growth has been observed. F. tularensis has

been found inside macrophages and hepatocytes
(Conlan and North 1992) but not in PMNs. Apparently,

F. tularensis can enter macrophages via a microfilament-
independent pathway (Fortier et al. 1994).

Following entry into macrophages, F. tularensis lives

inside vacuoles that do not fuse with secondarv lvso-

somes (Anthony et al. t99I; Fortier et al. 1995). Acid-

ification of the vacuole is apparently necessary for growth

of F. tularensls, probably as a means of releasing iron

from transferrin or another host iron-binding protein.

Treatment of murine macrophages with interferon-y

(IFN) results in the production of nitric oxide and cessa-

tion of F. tularensis growth (Anthony et al. 7992; Fortier

et al. 1992). Since this growth arrest can be reversed by

the addition of excess iron-pyrophosphate, it is likely

that NO production directly or indirectly limits access to

iron that would normally be available to F. tularensis.

Recent work has demonstrated that F. tularensis resides

in a membrane-bound vesicle for several hours but gains

access to the host-cell cytoplasm by 8 h after cell entry

(Clemens et al.2004).

F. tularensis grows vigorously in several types of

macrophages harvested from mice, guinea pigs or rats

(Anthony et al. 1991). F. novicida is unable to grow in

rat macrophages since its endotoxin stimulates the

production of nitric oxide. One study found that the

contents of lysosomes were excluded from early F. tular-

ensis-laden phagosomes. However, much more work is

needed to define how F. tularensis induces modiflcation

in the maturation of the phagosome.

Mutants with decreased virulence

Although there are limited tools for genetically manip-

ulating F. tularensis, there has been some progress iden-

tifying genes needed for full virulence or growth in

macrophages. Two separate transposon mutagenesis

schemes have been used in F. novicida in efforts to

generate LPS or intramacrophage growth mutants

(Cowley et al. 2000; Gray et al.2O02; Mdluli et al. 1994).

Inactivation of MinD, a protein involved in cell division,

leads to avirulence, as do mutations in the VaIAB

operon, proteins needed for transport and modification

of LPS. Insertions in purF (needed for purine biosynth-

esis), clpA (encoding a heat shock protease), or a locus

that shows similarity to several hypothetical proteins in

gram-negative pathogens all result in strains with

reduced intramacrophage growth. One mutant resulted

from an insertion into a gene that encodes a 23-kDa

protein (Gray et al. 2002). This protein was identifled by

Golovliov et al. (1997) as the major protein induced

after introduction of F. tularensis into a culture of

macrophages. An insertion that creates a mutant with

defective LPS and sensitivity to serum and deoxycholate

also results in poor growth of F. novicida in macro-

phages (Cowley et al. 2000)

A genetic locus encoding putative regulator genes,

mglAB, was isolated by virtue of the reduced production

of acid phosphatase in the mutant (Baron and Nano

1998). The original mutant suffered a point mutation

that led to a nonconservative amino-acid substitution

(T54K) in MglA. This mutant, as well as insertion
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mutants in either mglA or mglB, had about L0 000-fold
less growth in macrophage cultures than wild-type F.
novicida. MgIAB mutants are avirulent in mice. Comple-
mentation of the mutant with the wild-type mglAB locls
restored wild-type growth in macrophages.

MgIAB shows high similarity to SspAB of Escherichia
coli. These proteins are known to regulate other genes
during nutritional stress, and can associate with RNA
polymerase. Mutants in mglA show the loss of expres-
sion of several other proteins, including a putative
secreted 70-kDa protein.

It also appears that all Francisella strains possess a
respiratory burst-inhibiting acid phosphatase (Reilly
et al. 1996). However, insertion mutations that cause the
loss of the phosphatase do not impair intracellular
growth (Baron et aI.7999).

Genomics and proteomics

Essentially all of the F. tularensis Shu4 (highly virulent)
genome has been sequenced. However, to date, no type III
secretion system has been found in the genome (Karlsson
et al. 2000; Prior et al. 2001); such secretion systems are
an essential part of several bacterial virulence loci and
pathogenicity islands. Further, genes that encode toxins
or adherence factors have not been identified.

Three studies of the Franicsella proteome have been
carried out. (Havlasova et al. 2002; Hernychova et al.
2001; Kovarova et al. 2002). A comparison of proteins
from the live vaccine strain to a clinical isolate of F.
tularensis revealed 50 differentially expressed proteins.
Eight of these proteins were identified, and they
included the acid phosphatase and an isoform of the 23-
kDa protein described previously (Golovliov et al.
1997). The 23-kDa protein was also highly expressed in
cell-line macrophages (NRAMPYBCG") that are rela-
tively resistant to F. tularensls growth, when compared
with expression levels in congenic cell-line macrophages
(NRAMYBCG') that are relatively susceptible to F.
tularensis growth.

IMMUNE RESPONSE TO F, TULARENSIS
INFECTION

Animal models

The immune response to F. tularensls has been studied
over many years in a variety of animal models, although
the pathogenesis of infection in animals is less well char-
acterized (in part because of the difficulty in deriving
informative bacterial mutants). Francisella infects a wide
variety of mammals, many of which serve as reservoirs
and vectors in nature. Animals used as experimental
models include the mouse, rat, guinea pig, rabbit, and
monkey. The most information is available from studies
using mice, which are obviously convenient but also

have been considered reasonable models since the

course and nature of Francisella infection appears to be
similar in mice and humans (Fortier et al. L99L; Tiirnvik

1989). Outbreaks of Francisella infection have been

reported in a variety of nonhuman primates, including

those in laboratory colonies and zoos. Experimental

infection of rhesus macaques and cynomolgus monkeys

has been described, with marked similarities between

monkey and human disease, although monkeys may be

somewhat more susceptible than humans (Saslaw and

Carlisle 1969). Disease progression and pathology

have been described in rhesus-monkey models of

aerosol infection with both type A (White et al. 1964)

and type B (Schricker et al.1972) F. tularensis. Infected

monkeys had an acute febrile illness with pneumonia.

Bacteria multiplied readily on the lungs, and dissemi-

nated to regional lymph nodes, spleen, and liver;

surviving animals cleared bacteria within 2 months.

Monkeys experimentally vaccinated with a Francisella

vaccine strain appear to have protection against

secondary aerosol challenge as well (Saslaw and Carlisle

1e6e).

lmmunity to Francisella in humans and
an imals

Importantly, documented cases of Francisella reinfection

are rare (Burke 1977), indicating that live infection

stimulates protective immunity. It is fairly clear from

studies in both humans and animals to date that, as for
many intracellular pathogens, specific T-cell responses

and activation of macrophages for intracellular killing

are probably of most importance in protective immunity

against Francisella. Although there are some indications

that specific antibodies may have a minor contribution in

some circumstances, in general, strategies that engender
production of large amounts of specific anti-Francisella

antibodies, such as the use of killed or subunit vaccines,
provide at best poor protection against less virulent

strains or lower challenge doses.

Much of what is currently believed about the specific

mechanisms of immunity to Francisella derives from
study of the LVS in a murine model of infection, and

must be extrapolated to human infection with caution.

Nonetheless, many of the features uncovered using the

murine model appear to reflect what is known about
human infection. In mice, a very strong innate immune

response follows within hours of primary infection with
LVS. This response includes production of IFN and

TNFo, both of which are required for initial survival of

infection. While the speciflc cell type responsible for the
production of each remains to be determined, it is clear
that neither is initially derived from either T or B cells,

as scid mice lacking both lymphocyte populations

produce both IFN and TNF and survive for as long as 3

weeks after infection (Elkins et al. 1996). Neutrophils
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recruited to the site of infection are also required for

initial survival of LVS infection (Elkins et al. 1996; Sjds-

tedt et al.1994); their exact effector function remains to

be determined, but in the liver may involve lysis of

infected hepatocytes (Conlan and North 1992). Produc-

tion of IFN and TNF during innate responses activates

macrophages for control of intracellular bacterial
growth, in mice via the production of nitric oxide
(Anthony et al. t992; Fortier et al. 1992). Surprisingly,
interleukin (IL)I2, while made in abundance very
quickly after LVS infection of mice, is not required for

initial survival. Instead, the p40 chain of IL12, but not

ILl2 p70, is only required much later in infection for

final clearance of bacteria (Elkins et al.2002\.

In general, this strong innate immune response func-

tions to provide time for activation and expansion of

specific effector T cells. The exact effector functions of

T cells is the subject of current study, but they almost

certainly involve further production of IFN. However,

the action of IFN may only be bacteriostatic, not bacter-
icidal; indeed. the accumulated evidence to date indi-

cates that IFN is necessary, but not sufflcient, for protec-

tion and flnal clearance of bacteria (Elkins et al. 2003).

Studies in various knockout mice. as well as those

depleted of T-cell subpopulations, indicate that either

CD4* or CD8* T cells can provide protection during
both primary and secondary infections (Yee et al. 1996),

although the specific effector mechanisms used by each

likely differ (Cowley and Elkins, 2003). It does not

appear that cytotoxic T cells or perforin-secreting cells

are involved, however (Cowley and Elkins, unpublished

data). Further, although CD4* or CD8* T cells were

sufflcient for protection, another Thy1.2*CD4 CD8
population of cells may also provide some protection

(Conlan et al.1994). To date, y/6* T cells appear to have

only a minor role following LVS infection or challenge,
although this may reflect a difference between LVS and

fully virulent Francisella. In humans, there is a large
polyclonal expansion of Vy9V62 T cells in the periph-

eral blood of tularemia patients within the first 7 days
after the onset of symptoms, and these levels remain high

for over a year (Kroca et al. 2000; Poquet et al. 1998;

Sumida et al. 1992). The Vy9V62 T cells appear to res-
pond to a phosphoantigen found in virulent tularemia,

and a comparable response was not observed in LVS
vaccine recipients (Poquet et al. 1998). The role of B

cells, both in terms of antibody production as well as

other effector functions (e.g. antigen presentation, cyto-
kine production, and chemokine production), also

remains a subject of ongoing study. In the mouse

models, speciflc antt-Francisella antibodies appear to
provide little beneflt. CD4 knockout mice have very
poor LVS specific antibody responses but readily survlve
maximal lethal LVS challenge (Yee et al. 1996), and

transfer of LVS specific IgG provides very limited
protection that is highly route-dependent (Rhinehart-

Jones et al.  1994).

Similar to murine studies, long-lasting human T-cell

responses to both Francisella infection and LVS vaccina-

tion are readily detectable in in vitro assays. Peripheral

blood lymphocytes (PBL) from vaccinated people prolif-

erated in response to whole formalin-killed LVS within

1-2 weeks after vaccination (Karttunen et al. L99L;

Koskela and Herva 1982) and as late as 9 years later

(Tarnvik et al. 1985). Similarly, PBLs from tularemia

patients responded to LVS antigens as much as 30 years

after the onset of disease (Ericsson et al. 200L', Ericsson

et al. 1994). CD4* T-cell proliferative responses in parti-

cular were readily detected following stimulation of

PBLs from both LVS-vaccinated and naturally infected

people (Ericsson et al.20Ol; Sjostedt et al. 1992; Sjostedt

et al. 1990). In contrast, it has been more difficult to

detect CD8* T-cell proliferation or IFN production in

vitro (Sjostedt et al. 1990; Surcel 1990), although this

may be due to culture conditions and/or the need for

CD4* T-cell help (Sjostedt et al. 1,992). The Francisella

antigens recognized by human T cells are not well char-

acterized, but include membrane proteins, heat-shock

proteins, and lipoproteins (Ericsson et al.2O0l; Ericsson

et al. 7994; Sjostedt et al. 1990; Sjdstedt et al. 1989;

Surcel et al. 199L). To date no obvious immunodominant

antigens have been identified. In addition to readily

detectable T-cell responses, specific anti- Francisella IgM,

IgG, and IgA antibodies are found in sera within 2

weeks after vaccination or infection (Koskela 1985).

While useful for diagnosis, there is no correlation

between levels of antibodies in humans and protection

(Tiirnvik 1989). For example, vaccinated laboratory

workers who had high titers of agglutinating antibodies

at the time of infection nonetheless suffered severe tula-

remia following laboratory exposure (Overholt et al.

1  961) .

Vaccines

Following identification of tularemia as a bacterial

disease, interest in development of a vaccine soon

followed. In the USA, these efforts began along tradi-

tional lines with development of killed whole-cell

vaccines. It soon became clear, however, that killed

vaccine or antigen preparations were relatively ineffec-

tive (Foshay 1950), although some amelioration of symp-

toms following systemic challenge (but not aerosol chal-

lenge) was suggested (Saslaw et al. l96la; Saslaw et al.

1961b). In the Soviet Union, live attenuated strains were

developed from F. tularensis type B clinical isolates

(Tigertt 1962), and mass vaccination campaigns were

undertaken in the USSR in the late 1940s with a clear

reduction in overall disease burdens (Sandstrcim 1994).

Indeed, attenuated strains, including one designated

Strain 15, are still produced and in use today in Russia

and other former Soviet Union republics, although only

in areas where tularemia is considered endemic.
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In the 1950s, an ampoule of mixed tularemia vaccine
from the USSR was transferred to the USA. This
culture was expanded, then passaged through mice with
an accompanying increase in virulence, and finally
isolated from moribund animals. The resulting strain was
designated LVS (Eigelsbach and Downs 1961). LVS is
thus significantly more virulent for mice than strains
used in Soviet mass-vaccination programs, and the
genetic basis of attenuation of LVS remains unknown.
The success of LVS as a vaccine in humans remains a
subject of study as an investigational vaccine under IND
(Investigational New Drug) sponsored by the Depart-
ment of Defense, and it is not licensed for use in the
USA. Several somewhat limited studies have been
offered in support of the efficacy of LVS as a vaccine
against either type A or type B tularemia. An analysis of
laboratory-acquired cases at one research facility before
and after LVS was introduced for vaccination was inter-
preted to indicate that LVS prevented typhoidal or
pneumonic tularemia fairly well, and at least amelio-
rated symptoms of ulceroglandular tularemia (Burke
1977). However, this analysis is likely limited by the
changes in biosafety, containment, and laboratory proce-
dures that progressed over the same time period.
Aerosol challenge studies in vaccinated human volun-
teers were performed in the late 1950s, in which volun-
teers were given LVS by scarification and subsequently
challenged by inhalation with virulent type A Schu 54
(McCrumb 1961). Results in this limited population
suggested that some protection against development of
symptoms was afforded, at least at lower challenge
doses; similar observations in a monkey model have also
been published (Eigelsbach et al.1962).
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Legionella pneumophila sttbsp. pneumophila (Btenner

et al. 1979, 1988).

H I STORICAL PERSPECTIVE

A dramatic outbreak of an acute, febrile respiratory

illness occurred in July 1976 among Legionnarres

(veterans of the US army) who had gathered at the 58th

convention of the Pennsylvania Branch of the American

Legion in Philadelphia, USA. Among the 4 400 atten-

dees there was a total of I82 convention-associated

cases, 29 of whom died (Fraser et al. 1977). The

outbreak aroused considerable interest and lurid names

were devised by the newspapers to describe the illness:
'Legion Fever,' 'Philly Killer,' 'Legion Malady,' and
'Legionnaires' disease.' Surprisingly, the name'Legion-

naires' disease' was taken up by the scientific community

and this has, at least in part, helped to perpetuate

media interest in this otherwise unremarkable form of

pneumonla.

The search for the cause of the Philadelphia outbreak

was extensive and only after more than 6 months of

investigation was the isolation of the causative organism

reported (McDade et al. 1977). In order to identify the

organism, investigators from the Centers for Disease

Control (CDC) had used rickettsial isolation techniques.

Guinea-pigs were inoculated with autopsy material from
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DEFINITION

Legionellae are nutritionally fastidious, pleomorphic

gram-negative organisms. They do not form endospores

or microcysts and are not encapsulated. In vivo they

grow as short rods or coccobacilli measuring 0.3-0.9 pm

in width and 2.0-6 0 pm in length, on artificial media

they may be seen as rods or occasionally as filamentous

forms 6.0-20.0 pm or more in length. They are motile

with a single monopolar flagellum although nonmotile

strains do occur. Branched chain fatty-acids predominate

in the cell wall which also contains major amounts of

ubiquinones with more than ten isoprene units in the

side chain. l-Cysteine and iron salts are required for

growth in vitro, carbohydrates are not fermented or

oxidized, and nitrate is not reduced to nitrite. Legionella

are chemoorganotrophic using amino acids as carbon

and energy sources. They are urease-negative, catalase-

positive, and give variable results in the oxidase test.

The legionellae have a genome size of approximately

2.5 x l0'daltons (-3.9 Mb) and a guanine-plus-cytosine

content of 33-52 mol%.

The family Legionellaceae comprises a single genus

Legionella. There are some 50 formally described

species and many more await full characterization

(Table 68.1). They are members of the gamma-subgroup

of the class Proteobacteria. The type species is
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a Legionnaires' disease (LD) patient and tissue from
febrile guinea-pigs was then inoculated into embryo-
nated hens' eggs. In this way McDade and colleagues
(1977) were able to demonstrate the presence of gram-
negative bacilli in preparations of the infected eggs.
Convalescent sera from most patients identified in the
outbreak reacted in an indirect immunoflourescent anti-
body test (IFAT) with antigens prepared from the yolk
sacs of infected eggs, supporting the view that the
bacterium was the etiological agent of LD.

CDC investigators also recognized epidemiological
similarities between the Philadelphia outbreak, where an
air-conditioning system was implicated as the source of
infection, and several earlier outbreaks of previously
unexplained illness. These included one outbreak in
Washington DC during 1965, and one in the same Phila-
delphia hotel in 1974 which occurred amongst delegates
to a convention of the Independent Order of Odd
Fellows (Terranova et al. 1978). Examination of stored
sera collected from patients during these outbreaks
demonstrated that the Legionnaires' disease bacterium,
as it was called, had also caused these outbreaks
(McDade et al. 1977). Thus, although newly recognized,
LD was clearly not a new illness. During these early
investigations an outbreak of unexplained flu-like illness
in Pontiac, Mitchigan during L968 was also re-examined.
Serological analysis of stored sera showed that, in addi-
tion to causing pneumonia, legionellae could give rise to
a quite distinct clinical syndrome. This syndrome, subse-
quently called Pontiac fever was characterized by a very
high attack rate but in contrast to LD was a relatively
mild and self-limiting fluJike illness (Glick et al. 1978).

In the summer of 1973, a group of Scottish tourists
returned to Glasgow, UK from a 10-day holiday in Beni-
dorm, Spain. One of the party was dead on arrival at the
alrport, two others were seriously ill and they died
shortly after. Investigations revealed that a further 86
people, who had stayed in the same hotel, had also
suffered a respiratory illness. The cause of the illness
was not determined at the time but in 1977 . in the wake
of the Philadelphia outbreak, stored sera from these
patrents were re-examined and a diagnosis of LD was
established in eight cases, including the three men who
had died (Grist et al. 1979). In August and September
1977, a further cluster of cases was identifled in the
Nottingham area and subsequently that year 25 sporadic
cases of LD were reported in the UK establishing the
global nature of LD (Macrae et al. 1979).

CLINICAL ILLNESS AND
EPI DEM IOLOGICAL FINDINGS

Legionella infection of man (legionellosis) can vary from
a mild flu-like illness to severe life-threatening pneu-
monia. Classically, legionellosis presents as pneumonla
of sufficient severity to require admission to hospital and
such infections. referred to as Leeionnaires' disease

(LD), have been extensively characterized. However,

investigations into large outbreaks of LD almost always

identify patients who have milder symptoms often with

little respiratory involvement (Fraser et al. 1977; West-

minster Action Committee 1988; Garcia-Fulgueiras et al.

2003). The spectrum of this nonpneumonic legionellosis,

which encompasses any condition that is not LD, but

where there is some microbiological evidence of legio-

nella infection, is much less well studied. The term
'Pontiac fever' is sometimes used interchangably with

nonpneumonic legionellosis, however, it should only be

applied for those cases characterized by a selfJimiting,

flu-like illness with a high attack rate and short incuba-

tion period (Glick et al. 1978).

Legionnaires' disease

While overall LD is a relatively uncommon form of
pneumonia, in the context of severe pneumonia it is

much more significant, probably being the second

commonest form accounting for 14-37 percent of cases
(Hubbard et al. 1993). LD has no special features that

clearly distinguish it from other pneumonias but the clin-

ical picture may be suggestive of the diagnosis (British

Thoracic Society 2001; Mayaud and Dournon 1988).

Compared to pneumonia of other etiologies, patients

with LD are reported to be more likely to smoke, to

have diarrhea, to have neurological symptoms, and

evidence of multisystem involvement. They are less

likely to have comorbidity.

LD presents as an acute lobar pneumonia eventually
progressing to extrapulmonary symptoms and multi-

system failure. The incubation period is typically 2-10

days, although it can be significantly longer. Early symp-

toms include headache, generalized weakness, fever,

myalgia, rigors, and a nonproductive cough. Dyspnea,

fatigue, rAles, bradycardia, hemoptysis, bacteremia, and

extrapulmonary abnormalities are common. Central

nervous system dysfunction, involvement of the heart,

spleen, bone marrow, brain, lymph nodes, and renal

system have all been documented, and symptoms of

disorientation, confusion, nausea, vomiting, renal insuffi-

ciency, and diarrhea are common. Routine laboratory

findings are not particularly helpful. Liver abnormalities

are frequently found with elevated serum levels of trans-

aminases and/or alkaline phosphatase or, in some cases,

of bilirubin. Proteinuria, hematuria, and renal insuffi-

ciency are infrequent in patients receiving early treat-

ment. Elevation of creatinine phosphokinase and aldo-

lase blood levels, suggestive of muscle damage, is seen in

some patients (Sopena et al. 1998; Mayaud and Dournon

1e88).
The prognosis for patients promptly treated with

appropriate antibiotics is good and they usually recover

even if they are immunocompromised (Mayaud et al.

1984; Lim et al. 2001). In contrast, the prognosis is poor
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in patients not treated before acute respiratory failure in England and Wales is -200 cases per year (a rate of
and shock develop (Heath et al. 1,996; El-Ebiary et al. -4.0 cases per million). However, prospective studies in
1997). This is usually late in the course of the illness. In the UK and elsewhere indicate that approximately 2.0-
such cases rhabdomyolysis, acute renal failure, pancyto- 5.0 percent of cases of all pneumonia cases requiring
penia, disseminated intravascular coagulation, icterus, or admission to hospital are LD (Woodhead et al. 1,986;
coma are not infrequent (Mayaud and Dournon 1988). Lim et al. 2001; Marston et aI. 1997). This equates to
However, in most instances, patients die from the between 2 000 and 5 000 cases per annum in England
respiratory distress syndrome and not from the extra- and Wales suggesting that 10 percent or less of LD cases
pulmonary manifestations of the disease. are recognized and reported each year. Estimates from

the US suggest that less than 5 percent of LD cases are

e9n!ia9f9y:r ::1?51rt;.'n"" 
nationar surve'rance scheme (Benin

Legionnaires' disease is seen in patients of all ages but

is most frequent in adults over 40 years old and is very

rare in children. There are many more cases among

males than among females (typically >2:1) although this

may be a reflection of other coincident risk factors, such

as smoking, rather than a function of gender per se.

Signiflcant risk factors include a compromised immune

system, recent surgery, congestive heart failure, chronic

bronchitis, liver cirrhosis, renal insufficiency, and heavy

smoking. In certain patient groups and settings there-

fore, such as hospitalized organ transplant patients, the

incidence is much higher than 5 percent. Reported

mortality varies considerably but is significantly higher

in nosocomially acquired cases than in community-

acquired cases. Recent data suggest that overall the rate

is falling. In the US the average mortality was 20

percent between 1980 and 1998 falling from a high of 34

percent in 1985 to 11.5 percent in 1998 (Benin et al.

2002b). Similarly in Europe mortality fell from 13

percent in 1998 to 6 percent in 2002 (Joseph 2004).

While there is some evidence that the decline is due to

improvements in speed of diagnosis and hence the initia-

tion of appropriate therapy (Heath et al. 1996; Formica

et al. 2000), improved ascertainment of less severe cases

probably accounts for most of the fall (Benin et al.

2002b).In support of this view, mortality rates appear to

be low in outbreaks of LD that are investigated using

urinary antigen assays compared with those seen in

outbreaks where this sensitive and rapid technology was

not used. For example, in the Central London outbreak

of 1988 the mortality was 3179 (4.3 percent) (Westmin-

ster Action Committee 1988) and in the Murcia

outbreak of 2001, the largest to date, the mortality was

only 51449 (1.1 percent) (Garcia-Fulgueiras et aL.2003).

In contrast, in the Stafford Hospital outbreak which

occurred in 1985 before urine assays were available,

22168 (32 percent) patients died (O'Mahony et al. 1990)

and in the 1999 'Flower show' outbreak in the Nether-

lands 211188 (11 percent) of patients died. In this latter

case although urinary antigen testing was available, it

was rarely used in the Netherlands prior to the outbreak

(Den Boer et al.20O2).

A seasonal variation in the incidence of LD has been

recognized in many parts of the world with a peak inci-

dence in late summer and earlv autumn in both the

Pontiac fever is an acute, nonpneumonic, flu-like illness
that is usually self-limiting (Glick et al. 1978). The
attack rate is very high (>90 percent) and the disease
affects previously healthy, and often young, individuals.
The incubation period is short, varying from a few hours
to 2-3 days and the illness resolves spontaneously,
usually within 2-6 days. Outbreaks of Pontiac fever have
been reported to be caused by L. pneumophila, L.

feeleii, L. micdadei, and L. anisa (Fenstersheib et al.
1990; Herwaldt et al. 1984; Glick et al. 1978; Goldberg
et al. 1989). Mixed outbreaks have been reported where
cases of both LD and Pontiac fever have been seen
(Goldberg et al. 1989; Benin et al. 2002a; Girod et al.
1982). Interestingly, although Legionella species have
been isolated from LD patients in such mixed outbreaks,
the organism has never been isolated from a patient
with Pontiac fever. While this may be due to the
differing severity of the respective illnesses, some
authors have speculated that it may be because Pontiac
fever is caused by inhalation of dead legionellae or by a
hypersensitivity reaction to their amebal host (Rowbo-

tham 1986). Although the subject of considerable spec-
ulation, the explanation for the differences between LD
and Pontiac fever remains unclear.

Epidemiology

INCIDENCE

There is no evidence of person-to-person spread of LD,
infection being acquired primarily by inhalation of
aerosol containing viable organisms or, particularly in
immunocompromised patients, by aspiration of bacteria
in water. Cases of LD have been reported from coun-
tries throughout the world but the reported incidence
varies considerably. Surveillance data for 2002 from 31
countries across Europe identified almost 5 000 cases
with an average annual rate of 10.1 cases per million
population. However, the incidence varied markedly
between countries, ranging from 0.0 to 34.1 cases per
million (Joseph 2004). This variation may in part be a
reflection of genuine differences in incidence but is due
mainly to considerable under-ascertainment in many
countries. As an example, the reported incidence of LD
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northern and southern hemispheres (Benin et aL.2002b;

Li et al. 2002; Joseph et al. 1999). However, there have

been several major outbreaks during the winter and

early spring following periods of unseasonably warm

weather (Westminster Action Committee 1988; Watson

et al.1994).

Although there is a good understanding of the ecology

of legionellae and a substantial body of legislation
regarding their control, large outbreaks of LD continue
to occur (Den Boer et al. 2002; Garcia-Fulgueiras et al.

2003). However, although highly publicized, these

outbreaks account for less than 25 percent of cases
(Joseph et al. 1999). There is some evidence to suggest

that many of the remaining 75 percent of cases are asso-

ciated with a common source of infection although this

is not recognized at the time (Bhopal et al. 1991).

Cooling towers have been identified as the source rn
most of the major outbreaks of LD but, overall, water

distribution systems are the most frequently implicated

sources (Joseph 2004). In recent years, whirlpool spas,

either in use or on display, have been identified as a

major vehicle for transmission of LD (Den Boer et al.
2002; De Schrijver et al. 2003; McEvoy et al. 2000)

NOSOCOMIALLY ACQUIRED LD

Hospitals often have large and complex water distribu-
tion systems and a population of susceptible patients. It

is not surprising therefore that nosocomially acquired

LD is a significant problem, accounting for 888 (9

percent) of cases in Europe in 2000-2002 (Joseph 2004).

Although overall this represents only a small number of
cases annually, the mortality in this group of patients is

disproportionately high at -30 percent (Benin et al.
2002b). A second feature of nosocomial LD is that a
very much larger proportion of infections is caused by

non-L. pneumophila serogroup 1 strains than is reported

overall. Both these observations probably reflect the
immunocompromised status of most patients in the
nosocomial group.

LEGIONELLA ABLE TO CAUSE HUMAN
INFECTION

To date, 19 species have been isolated from clinical
material (Table 68.1), however infections caused by
species other than L. pneumophila are rare and are

almost always seen in patients who are immunocompro-
mised (Benin et al. 2002b; Muder and Yt 2002;
Dournon 1988). One exception to this is L. longbeachae

serogroup 1 which is now recognized to be a major
cause of community-acquired pneumonia in Australia:

between 1996 and 2000 42 percent of notified cases of

LD in Australia were caused by L. longbeachae (Li et al.
2002). The reservoir for this organism appears to be
potting mixes prepared from composted indigenous
wood where it is found growing in association with
amebae (Hughes and Steele 1994). Cases of L. long-
beachae infection associated with potting composts have

recently been reported outside the Antipodes (Anony-

mous 2000)

The majority of sporadic, and almost all outbreak-

associated, cases of LD are caused by a subset of so-

called 'virulent' strains of L. pneumophila serogrotp L

These strains are characterized by their reaction with a

particular monoclonal antibody and are referred to as

MAB2+ve (Dournon et al. 1988) or MAb3/l+ve (Helbig

et al.2O02) depending on the origin of the antibodies

being used. These antibodies recognize a virulence-asso-

ciated epitope on the lipopolysaccharide of L. pneumo-

phila serogroup L strains (see section Somatic 'O' anti-

gens). Strains of L. pneumophila serogroup 1 that are

MAB2-ve or 3/1-ve, together with strains of other l,.

pneumophila serogroups, account for most remaining

cases (Joseph 2004). With a few exceptions, Legionella

species other than L. pneumophila are only seen as the

cause of rare sporadic cases of LD or persistent endemic

problems in large hospitals (Muder and Yu 2002). It

does, however, seem probable that under the appro-

priate circumstances, any Legionella species could cause

infection as no consistent differences have been

observed between the virulence traits of the various

species examined to date (Alli et aI. 2003; O'Connell

et al.1.996a).

HABITAT

Extensive environmental studies indicate that legionellae

are ubiquitous organisms occurring worldwide in natural

freshwater habitats including streams, Iakes, rivers,

natural spas, water in hydrothermal areas, and subterres-

trial groundwater sediments (Fliermans et al. 1981;

Ortiz-Roque and Hazen 1987; Bornstein et al. 1989;

Verissimo et al. 1,991,; Fliermans and Tyndall 1993).

Isolates have also been obtained from moist potting

soils, mud, riverbanks, and rainwater run-off (Hughes

and Steele 1994; Koide et al.1999). Legionellae have

been isolated from a diverse range of man-made habitats

including air-conditioning systems, potable water

supplies, ornamental fountains, and plumbing fixtures

and fittings in hospitals, shops, and homes (Tobin et al.

1981; Bartlett and Bibby 1983; Hlady et al. 1993;

Memish et al. 1992; Stout et al. 1992; Redd et al. 1990;

Colbourne and Trew 1986). It is these man-made envir-

onments that are the source of almost all cases of LD,

and control of legionellae in them is the key to the

prevention of LD.

Early studies found that legionellae could be detected

by immunofluorescence (IF) in most natural bodies of

water examined but could only be isolated and cultured

from a few of these (Fliermans et al. 1981). Because of

the questionable speciflcity of the IF reagents that were

used at that time, the isolation rate was considered to be

the more accurate indication of the likely prevalence of

legionellae. However, the isolation rate is, in large part,

dependent on the temperature of the body of water
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examined, legionellae being readily isolated from water

between 20 and 40"C, but rarely isolated from colder

sources. It is now known that at low temperatures, in

common with many environmental organisms, legio-

nellae enter a 'dormant state' where they remain viable

but cannot easily be cultured (Steinert et al. 1997;

Colbourne et al. 1988; Ohno et al. 2003) . Hence, isola-

tion rates probably give a poor estimate of the true
prevalence of legionellae.

The widespread distribution of legionellae, even ln

low nutrient environments, appears to contrast with

fastidious growth requirements for culture and isolation

of the organism in the laboratory. The explanation is

that naturally legionellae grow in close association with

other microorganisms. Tison and colleagues (1980) flrst

demonstrated that L. pneumophila could grow in

mineral salts medium at 45'C in association with cyano-
bacteria (Fischerella sp.). In the same year Rowbotham
(1980) observed that when legionellae were phagocy-

tosed by Acanthamoeba lrophozoites in vitro, they could

survive and multiply within the amebal vacuole. It has

subsequently been shown that other amebae and ciliates

such as Hartmanella, Naegleria, Valkampfia, Echina-

moeba, Tetrahymena, ar'd Cyclidium can also be para-

sitized (Barbaree et al. 1986; Breiman et al. 1990) and it

is recognized that these host-parasite relationships are

fundamental to the propagation and distribution of

legionellae within the environment. This close assocra-

tion has several potential benefits for legionellae, such

as the provision of adequate concentrations of nutrients

in otherwise nutrient poor conditions; protection from

harsh environmental extremes of pH, temperature,
osmolarity, and chemical disinfectants, and possibly by
providing a vehicle of dissemination within amebal cysts
(Barker and Brown 1994; Kilvington and Price 1990).

In common with most other aquatic bacteria, legio-

nellae preferentially colonize surfaces at the aqueous/

solid interface (Wright et al. 1989). Here, together with

their protozoal hosts, other bacteria, and algae, they

form a complex consortium of organisms termed
'biofilm.' Biofilm formation orovides its constituent

organisms with nutritional advantages and protection

from adverse environmental influences compared to

their planktonic counterparts. Although it is now gener-

ally accepted that legionella do not replicate in the

extracellular environment, they have been shown to

form microcolonies within the biofllm (Rogers and

Keevil 1992).

MORPHOLOGY

By electron microscopy, Legionella organisms appear as

short rods approximately 0.3-0.9 pm wide and 1-3 pm

long (Rodgers et al. 1978; Chandler et al. 1979; Rodgers

1979). From human or experimentally infected tissues,

the pathogen appears coccobacillary in shape but fila-

mentous forms occur after extended cultivation and on

poor quality bacteriological media. Typically, the

bacteria have nonparallel sides with tapering ends and,

like many other gram-negative bacteria they possess

wrinkled or rugose surfaces and poly-B-hydroxybutyrate

(PHB) granules. Division is by a pinching, septate binary

fission (Figure 68.1). The organism possesses a single

monopolar flagellum (Heuner and Steinert 2003).

Flagella are unsheathed, 14-20 nm wide and up to 8 pm

long (Figure 68.2). Motile organisms have been observed

in wet mounts as well as within phagosomes of infected

cells. Under conditions of exponential growth in enri-

ched media, the legionellae also possess long and short

fimbriae or pili (Figure 68.3) (Rodgers et al. 1980; Stone

and Abu Kwaik 1998).

Negative-staining, thin-sectioning, scanning, and

freeze-fr acture electron microscopy of legionellae organ-

isms show a cellular architecture typical for other gram-

negative prokaryotes and have been reviewed by

Rodgers (1985). The presence of PHB granules in the

organism has been confirmed by Sudan black B staining,

freeze-fracture electron microscopy, and Nile red spec-

trofluorometry (James et al. 1999). During active growth,

the cytoplasm of the bacterium is rich in dispersed ribo-

somes each 25 nm in diameter and intermixed with a

fine skein of nuclear elements. The limiting cell envelope

(a)

Figure 58.1 L pneumophila organisms negatively stained with 1 percent phosphotungstic acid. (a) Organisms showing tapered ends
and rugose surfaces Magnification x12 600 (bl organisms showing poly-B-hydroxybutyrate granules; fine fimbriae are also evident
Magnification x21 000 (eproduced with permission from Rodgers and Davey 1982)
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Figure 68.2 Electron micrograph of L pneumophtla starned with
1 percent phosphotungsttc acid and showrng the rugose surface
of the organbm and the palar attachment of a flagellum
Magnification y.66 000 (eproduced with permission from
Rodgers et al 1980)

of thc organism is approximatel l '  25 nm in thickness and
comprises the periplasm located between the outer and
cvtoplasmic membranes. each meiisuring 7 10 nm. Like
many of the aquatic pscudomonads, the legionel lae
possess a peptidoglycan ccl l  wal l  that is best visual ized
after part ial  plasmolysis. A wcl l-defined capsule or glyco-
calvx has not been consistently reported It  should be
notcd. however. that individual bacteria located within

Figure 68.3 Part of an L pneumoph la organism showing
fimbriae (arrows) Statned with 1 percent phosphotungstic acid
Magnification x 126 000 (eproduced with permission from
Rodgers et al 1979)

the cytoplasm of infected cells are frequently surrounded

by an electron-lucent zone of variable thickness sugges-

t ive of a microcapsule or sl ime layer (Rodgers 1985).

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Buffered charcoal yeast extract (BCYE) agar with added

L-cysteine, ferric pyrophosphate. s-ketoglutarate and N-
2-acetamido-2-amino-ethanesulfonic acid (ACES) buffer
is the medium most widely used for organism isolation
(Feeley et al.  1.979; Edelstein 1982). On primary isola-

tion. colonies usually lirst appear after 3--5 days of incu-

bation but they may be visible in about 36 h from speci-
mens where large numbers of legionellae are present

with few contaminating organisms. Growth tends to be

delayed by about 12-24 h where selective agars are used
(Dournon 1988). When f irst visible, the colonies have a
granular or speckled opalescence resembling ground

glass. They are round with an entire edge, glistening,

convex (Figure 68 4). Initially. colonies show a blue
green or pink iridescence (Figure 68.5) that becomes less
marked with prolonged incubation: colonies that are
more than a week old are much less characteristic. beins

flat and whitish (Harrison and Taylor 1988a).

For culture, the organism shows a marked require-

ment for L-cysteine and iron salts whereas u-ketogluta-
rate augments growth (Edelstein 1981), and charcoal

detoxifies free fatty acids and depletes inhibitory oxygen
radicals (Hoffman et al.  1983). The presence oI amino

acids, trace metals, and a humid atmosphere containing

CO2 stimulates growth and media should be buffered to
pH 6.85 6.95 Incorporation of I percent albumin into

isolat ion and growth media enhances the isolat ion rate
for some Legionella spp including L. micdudei (Morrill

et al.  1990), whereas glycine is useful for the cult ivat ion

of environmental isolates (Wadowsky and Yee 
,1981),

and bromocresol purple and bromothymol blue may
assist in difTerentiat ing species (Vickers et al.  1981).

Figure 68.4 Primary tsolation plate showing L pneumophrla
colonies 48 h after they first become visible (3 5 days after
inoculation) A pink and blue indescence can be seen at the
periphery of colonres (original magnifrcation x3)
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Figure 68.5 Typical appearance of Legionell a colonies showing the
distinctive 'ground glass' appearance of and the variation in color
that can be seen in young colonies (original magnification x3)

METABOLISM AND GROWTH
REQUIREMENTS

Legionellae will grow in the temperature range of 29-
40"C with an optimum of -35'C. However, they will
withstand higher temperatures, of 50'C and above, for a
considerable time (>30 min), a characteristic which is

exploited in their culture and isolation from clinical and
environmental specimens (Dennis 1988). At tempera-
tures below 20'C, particularly in nutrient poor envrron-
ments, legionellae will enter a metabolically inert 'viable

but nonculturable (VBNC)' state and can no longer be
cultured on laboratory growth media. In this state the
organisms retain viability and virulence for long periods,

becoming metabolically active on entry into amebal or
mammalian cells (Steinert et al. 1,997; Ohno et al. 2003).

Legionellae are oligotrophs and utilize amino acids
rather than carbohydrates as energy sources (Tesh et al.
1983) with sugars neither oxidized nor fermented. Glucose
catabolism is achieved through the Entner-Doudoroff
and pentose phosphate pathways, whereas the Krebs cycle
facilitates carbon assimilation, and the gluconeogenic

anabolic enzymes of the Embden-Meyerhof pathway are
responsible for sugar synthesis (Hoffman and Pine 1982).
Although there are some differences in amino acid
requirements between species, subspecies, and strains,
the amino acids arginine, cysteine, methionine, serine,
threonine, and valine are required as essential nutrients
by all isolates, whereas other strains also need isoleu-
cine, leucine, phenylalanine, and tyrosine for growth

(George et al. 1980; Tesh and Miller 1981). Proline,
glutamate, and glutathione have also been found to sti-
mulate the growth of some Legionella strains. In keeping
with the use of the Krebs cycle as the major energy-
producing pathway through amino acid catabolism, the
activity of NADH in the organism is high (Hoffman

1984). The presence of calcium, cobalt, copper, magne-

sium, manganese, molybdenum, nickel, vanadium, and
zinc in trace amounts all enhance bacterial growth
(Reeves et al. 1981), but sodium chloride is inhibitory.

Iron is essential for all intracellular organisms and

L. pneumophila has evolved multiple iron acquisition

mechanisms. Factors involved include heme utilization

(O'Connell et al. 1996b), a novel siderophore (legio-

bactin) that appears to be unique in its structure and

regulation (Liles et al. 2000) and two internal ferric

reductases (Poch and Johnson 1993). Genetic data indi-

cate that L. pneumophila also produces a hydroxymate-

like siderophore that promotes macrophage infection

and a pyoverdin-like siderophore (Hickey and Cian-

ciotto 1997; Viswanathan et al. 2000). r-Cysteine is

needed for incorporation into proteins by the organism.

but the lack of two key biosynthetic enzymes, serine

transacetylase and O-acetylserine sulfydrylase, respon-

sible for the conversion of serine to cysteine, results

in the need for added amounts of this amino acid

(Hoffman 1984). These enzymes are present in L.

oakridgensis, which consequently does not require added

cysteine after primary isolation (Orrison et al. 1983).

The organisms are obligate aerobes and are catalase-

and superoxide dismutase-positive, weakly peroxidase-

positive, oxidase-variable and possess the cytochromes

a-d. Nitrates are not reduced and urea is not hydro-

lyzed. With few exceptions, the various species of Legio-

nellaliquefy gelatin. The positive hippurate hydrolysis of

L. pneumophila forms a useful means to differentiate

this species from many of the other members of the

genus (Table 68.1).

Studies by Rowbotham (1983, 1993) have shown that

some legionellae originally described as Legionella-llke

amebal pathogens (LLAP) can be obtained from envir-

onmental and clinical samples by cocultivation with

amebae, but cannot be isolated using standard legionella

culture media such as BCYE. Subsequent work has

shown that these LLAPs arc Legionella spp. and most

can be grown, albeit poorly, on BCYE provided a

reduced incubation temperature of 30"C is used
(Adeleke et al. 2001).

GENETIC ANALYSIS

DNA homology

The genomes of the various species of Legionella are

approximately 2.5 x 10' daltons (-3.9 Mb) (Bender et al.

1990) with a guanine and cytosine (G+C) content

ranging from 38 to 52 mol"/" (average 42 mol"/o). 
'the

exception to this is L. gresilensis, which has a reported

G+C content of 33 mol%. Based on DNA homology

techniques, the legionellae are distinguishable from, and

unrelated to, other bacterial genera. Indeed, following

the initial isolation of L. pneumoplzlla, DNA homology

studies were used to confirm the phenotypic evidence

that the organism constituted not only a new genus, but

also a new bacterial family (Brenner et al. 1979). DNA

relatedness is generally high (>90 percent) within
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species, but ranges from 1 to 67 percent between
different species within the genus (Brenner 1986). Many
cloned genes of L. pneumoplzlla possess homologies in
other Legionel/a species, as shown for the fur, mip,flaA,
pilB, htpB, ompS, and sodB genes.

Plasmids

The first report of a plasmid in Legionella was a 30 MDa
cryptic plasmid found in L. pneumophlla (Knudson and
Mikesell 1980). Since then, plasmids of various sizes
(12->120 kb) have been found in many other species of
Legionella (Brown et al. 1982; Maher et al. 1983; Doyle
and Heuzenroeder 2002). Plasmid bearing isolates of L.
pneumophila are frequently obtained from environ-
mental sources but less commonly from clinical speci-
mens. Brown and colleagues (1992) reported that strains
with plasmids persisted in the environment longer than
did plasmidless strains, and in support of this v1ew, one
36 MDa plasmid has been shown to mediate resistance
to ultraviolet (UV) radiation (Tully 1991). Legionella
plasmids seem to be generally stable upon passage on
laboratory media or in animals (Brown et al. 1982; Edel-
stein et al. 1986; Harrison and Saunders 1994) and they
are mostly self-transmissible by conjugation (Mintz et al.
1992). The existence of an unstable 30 Kb genetic
element, probably of phage origin, has been shown to be
responsible for the phase-variable expression of viru-
Ience-associated lipopolysaccharide (LPS) in a strain of
L. pneumophlla (Luneberg et al. 2001). In the fully viru-
lent wild-type strain the element is located on the
bacterial chromosome, but in an avirulent phase-
variation mutant the element is excised from the chro-
mosome and replicates as a high copy number plasmid.
The regulatory mechanism of this phase-variation has
not yet been determined. Similarly, a large plasmid in a
strain of L. longbeachae has been reported to encode a
transcriptional regulator (LrpR). A /rpR mutant was
found to have a reduced ability for intra-amebal replica-
tion and was attenuated for virulence in a guinea-pig
model of infection (Doyle and Heuzenroeder 2002).

CELL-WALL COM POSITION AND
ANTIGENIC STRUCTURES

Cell-wall composition

The cell walls of Legionella species are typical of gram-
negative organisms being trilaminar with an outer
membrane, peptidoglycan layer, and cytoplasmic
membrane; however, the composition is unusual. The
subunits of peptidoglycan are extensively cross-linked
producing a highly stable layer that confers some resis-
tance to degradation by lysozyme (Amano and Williams
1983). The LPS composition of Legionella species has
also been shown to be unusual, with the monosaccharide

and the fatty acid composition being particularly

complex in structure (Sonesson et al. 1994b). The LPS

comprises a Lipid A part with 16-24 amide-linked 3-

hydroxy fatty acids, 5-11 ester linked nonhydroxy fatty

acids, and long-chain ester linked (o1)-oxo fatty acids

and (ro-1)-hydroxy fatty acids. These features appear to

be unique and characteristic for Legionella species

(Sonesson et al. 1994a, b). It is thought that these

unusually long branched-chain fatty acids may inhibit

binding of the CD14 LPS receptor on macrophages thus

reducing the endotoxic activity of Legionella LPS by
-1 000 fold compared to that of salmonella LPS (Wong

et al. 1979; Neumeister et al. 1998). The LPS core oligo-

saccharide lacks the heptose and phospahate of classic

LPS, but contains abundant 6-deoxy sugars and is highly

O-acetylated. The O-chain polysaccharide of the

L. pneumophlla serogroup 1 LPS is a u(2-4)-linked

homopolymer of the 5-N-acetimidoyl-7-N-acetyl deriva-

tive of 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acid,

termed legionaminic acid.

Although qualitatively similar, the whole-cell fatty-

acid profiles of some Legionella species show marked and

consistent quantitative differences and have consequen-

tly been used as chemotaxonomic markers. In addition,

all species contain unusual members of the ubiquinone
group of respiratory isoprenoid-quinones that contain

9-15 isoprenyl unit side-chains. The combination of

whole-cell fatty-acid profiling and ubiquinone analysis has
proved a valuable, although not routine, tool for the

identification of legionellae (Diogo et al. L999; Wait

1e88).

Somatic 'O' antigens

LPS is the immunodominant antigen and Legionella are
divided into serogroups by their reaction with hyper-

immune antisera containing antibodies directed against

the LPS, or somatic 'O', antigens. To date, 70

serogroups have been recognized among the 49 named

species although in the cases of L. sainthelensl serogroup

2 and L. erythra serogroup 2 these are indistinguishable

from L. rubrilucens and L. santicrucis, respectively
(Table 68.1) (Harrison and Saunders 1994). There is also

considerable antigenic overlap between some of the

serogroups, particularly within the blue-white auto-

fluorescent species complex, and therefore, hyper-

immune antisera require extensive adsorbtion to render

them serogroup specific. Conversely, there is significant

antigenic heterogeneity within some serogroups such as

L. pneumophlla serogroup 1 (Thomason and Bibb 1984).

Panels of monoclonally derived antibodies (mAb)

directed against LPS epitopes have been used exten-

sively to subgroup strains of L. pneumophlla serogroup 1

for epidemiological purposes (Joly et al. 1986a; Helbig

et al.2002; Saunders and Harrison 1988).

Dournon and colleagues (1988) were the first to notice

that strains (designated mAb2+ve) that reacted with one
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such mAb were more likely to be isolated from patients

than were strains that did not react (mAb2-ve strains).

This led to the widely held view that mAb2+ve strains

are more virulent than mAb2- strains. Some evidence

that mAb2-ve strains infect human monocytes less well

than do mAb2+ve strains was reported (Dournon and

Rajagopalan 1987); however, more recent studies have

not confirmed this (Edelstein and Edelstein 1993; Luck

et al. 2001). An alternative suggestion is that the LPS of

mAb2+ve strains is more hydrophobic than mAb2-ve

LPS resulting in better survival of mAb2+ve strains in

aerosols which, in turn, makes it more likely that they

will be inhaled in a viable state by a susceptible indivi-

dual than will be mAb2-ve strains. Two sets of data

support this hypothesis. Dennis and Lee (1988) showed

that mAb2+ve strains survived significantly better than

did mAb2-ve strains in a laboratory generated aerosol

held at a a suboptimal relative humidity of 60 percent.

Secondly, Luck and colleagues (2001) isolated a

mAb2-ve mutant from a mAb2+ve wild-type parent

strain. Analysis showed that mAb2-ve strain had a
point mutation in the active site of O-acetyltransferase

and consequently its LPS contained legionaminic acid

that lacked S-O-acetyl groups: earlier work by the same
group had shown that increased S-O-acetylation of legio-

nella LPS resulted in increased hydrophobicity of the

organism (Zahringer et al. 1995)

Flagel la

In addition to 'O' antigens legionella have 'H' or

flagellar antigens (Figure 68.2). The single monopolar

flagellum is composed of one major subunit, FlaA, of

approximately 48 kDa. The flagellin is encoded by the

flaA gene, which is found in almost all Legionella

species so far described (Heuner et al. 1995). Expression

of flagellin is associated with virulence and is regulated

by growth phase and a range of environmental factors

including temperature, osmolarity, and viscosity of

growth medium (Heuner et al. 1.999:. Bosshardt et al.

1997). Flagella from all species share common antigens,

a property which can be useful in confirming the identity

of new or unknown strains of legionella (Harrison and

Taylor 1988a; Bornstein et al. 1991). It has also been

shown that flagella can be subtyped using panels of

mAbs (Saunders and Harrison 1988).

TAXONOMY AND CLASSIFICATION

The causative agent of LD was initially designated the

Legionnaires' disease bacterium (McDade et al. 7977).

DNA-DNA homology studies on the few clinical and

environmental isolates then available demonstrated that

they were members of a distinct species and the family

Legionellaceae and the gents Legionel/a were subse-
quently defined rn 1979 for a single species Legionella

pneumophila (Brenner et al. 1979). The rational for the

creation of a new family was based largely on pheno-

typic grounds, as L. pneumophila was distinct from other

gram-negative bacteria in both growth requirements and

cell wall composition. Since this time, 48 other species of

Legionella have been identified and formally described

(Park et al. 2003) and the validity of the family Legio-

nellaceae has been substantiated both phenotypically

and phylogenetically (Harrison and Saunders 1994;

Ratcliff et at.1997).

Analysis of L. pneumophila straits by multilocus

enzyme electrophoresis (MLEE) showed significant

differences in enzyme profiles and suggested that the

species should be split into three (Selander et al. 1985).

Subsequent DNA-DNA hybridization studies essentially

confirmed this, but as these DNA groups showed no

consistent phenotypic differences the groups were desig-

nated as three subspecies: L. pneumophila sttbsp. pneu-

mophila, L. pneumophlla subsp. pascullei, and L. pneu-

mophila stbsp. fraseri (Brenner et al. 1988).

Classification at the genus level was initially contro-

versial with some workers maintaining that the family

should be divided into three genera: Legionella, Fluor-

ibacter. atd Tatlockia on the basis of some limited

phenotypic differences (Garrity et al. 1980). Alternative

names have been formally proposed and consequently

L. bozemanii, L. dumoffii, L. gormanii, L. micdadei, and,

L. maceachernll may be found cited in the literature as

F. bozemanae, F. dumoffii, F. gormanii, T. micdadei,

and 7. maceachemii, respectively, (Fox and Brown

1993; Garrity et al. 1980). More recent phylogenetic

studies have again demonstrated that the species of the

family Legionellaceae are monophyletic showing no

discrete divisions (Figure 68.6) (Harrison and Saunders

1994; Adeleke et al. 2001; Ratcliff et al. 1997; Fry et al.

1991). The only possible excepton to this is L. geestiana

which appears to be an outlier of the genus in terms of

both G+C content and mip and l6SrDNA gene

sequences.

LABORATORY DETECTION AND
IDENTIFICATION

As discussed above, the clinical picture of LD is not

sufficiently distinct to establish a diagnosis with

certainty. Laboratory tests are therefore essential for a

definitive diagnosis. The main approaches to the labora-

tory diagnosis of legionella infections are culture of the

causative organism, demonstration of the organism, its

components or products in clinical specimens, and

demonstration of significant levels of antibody directed

against the organism in patients' sera.

Culture

Although frequently found in aquatic environments not

associated with LD, legionellae do not occur in humans
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Figure 68.5 Phlylogenetic tree showing the relationships between the small subunit RNA/DNA sequences from 48 of the 49 described
species of Legionella (no sequence was available for Legionella genomospecies 1) The tree was constructed by using multiple aligned
dBfancesandneighborjoininganalysesandrootedbyreferencetoCoxiel laburneti i  GenBanklEMBLaccessionnumbersareshownin
parentheses (kindly provided by Dr NK Fry)

in the absence of disease (Bridge and Edelstein 1983).
Hence, culture and isolation of legionellae from clinical
specimens equates with infection and constitutes the
'gold standard' for diagnosis. Furthermore, culture and
isolation may be the only way to establish a diagnosis if
there are no reagents available to detect the infecting
species/serogroup, or where a patient does not produce
antibodies. Importantly, isolation of the infecting strain
also allows subtyping to be undertaken providing valu-
able epidemiological data for the control and prevention
of further cases.

The sensitivity of culture varies widely depending upon
the laboratory attempting isolation but in situations
where clinical awareness is high is in the order of 50-80
percent (Winn 1993; Dournon 1988). Specimens for
culture should be taken as early as possible and ideally
before antibiotic treatment is initiated. Lower respira-
tory tract specimens are most likely to yield positive
results but sputa are quite satisfactory provided the
speclmens are pretreated. Severe forms of disease are
also associated with bacteremia, and legionellae have
been found in a wide range of nonrespiratory samples,

such as blood, liver, spleen, and wounds, especially from

samples taken at postmortem (Dournon 1988).
Selective media have been developed for the cultiva-

tion of legionellae from clinical and environmental
specimens that are likely to contain other microbes. The

two most widely used are based on BCYE agar and
contain cephamandole, polymyxin B, and anisomycin
(Edelstein 1981) or glycine, vancomycin, polymyxin B,
and anisomycin (Wadowsky and Yee 1981). As these
antibiotics are somewhat inhibitory to legionellae,
growth is slower following inoculation on to these
media. Pleural and lavage fluids should be concentrated
by centrifugation prior to processing. Specimens can

be heat treated at 50'C for 30 min should the presence

of contaminating organisms be suspected or prove

problematic. Additionally, an acid treatment similar
to that used in environmental isolation work can be
useful in severely contaminated samples. Sputum and
lung tissue should be examined neat and diluted (10-t

and 10-2) in distilled water or Page's saline to reduce
the impact of inhibitors and contaminants (Dournon

1e88).
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Demonstration of the organism or its
components

Despite the many advantages of culture, the time taken

to obtain results by this method is measured in days. In

contrast the direct demonstration of legionella antigen

or nucleic acids in clinical specimens can be achieved

within a few hours of specimen collection. Furthermore,

a diagnosis may be established by visualization or detec-

tion of the organism in tissue even when they are no

longer viable, after antibiotic therapy or retrospectively

in fixed tissues.

Bacteriological stains such as Gimenez and modified

Warthin-Starry have been used successfully to detect

legionellae in clinical material (Greer et al. L980;

Pounder 1983) but these stains may reveal any bacterial

species and so a specific diagnosis cannot be established.

IF using rabbit hyperimmune antisera has been used

to diagnose LD since legionellae were first recognized,

but the poor sensitivity and the questionable specificity

of these reagents have severely limited its use. Using

reagents derived from monoclonal antibodies, usually

in the form of fluorescein-isothiocyanate (FITC)-

conjugates, can circumvent the problem of specificity,

and one of these directed against the L. pneumophila

major outer-membrane protein (MOMP) (Gosting

et al. 1984) is now widely used for direct immuno-

fluorescent antibody (DFA) detection of legionellae in

both clinical and environmental samples (Figure 68.7).

This reagent reacts with all the serogroups of L.
pneumophila and so eliminates the need for repeated

testing of a specimen with many different antisera. The

specificity has been found to be excellent allowing a

diagnosis to be confidentially established very rapidly
(Edelstein et al. 1985). However. the sensitivities of both

IF and DFA are still considerablv lower than that of

culture.

Figure 68.7 DFA staining using an L. pneumophila specific FITC-
conjugated monoclonal antibody of a water concentrate taken
from a coolinq tower associated with a larqe outbreak of LD

Urinary antigen ElAs

It is now well established that the use of enzyme immu-
noassays (EIA) for the detection of L. pneumophila

antigen in urine, allow diagnoses of LD to be established
early in the course of infection (Hackman et al. \996;

Birtles et al. 1990; Harrison et al. 1998). Until the early
1990s, the use of such assays was restricted to those few
reference laboratories able to develop and maintain in-
house EIAs (Sathapatayavongs et al. L982; Birtles et al.
1990) but commercially produced kits are now widely
available. Currently available kits have been shown to be
highly speciflc and reliable in routine use (Harrison and

Doshi 2001; Dominguez et al. 1999) and legionella uri-
nary antigen detection has become the single most widely
used diagnostic methodology. The limitation to this
method is the poor sensitivity that the kits have for LD

caused by any legionellae other than the 'virulent'

(mAb2+ve) L. pneumophlla serogroup 1 strains. Practi-
cally this means that while the sensitivity is -90 percent

for the diagnosis of community-acquired LD, it is <50 per-

cent for nosocomially acquired LD (Helbig et al. 2003).
Attempts to overcome this limitation led to the devel-

opment of a 'broad spectrum' EIA that uses hyper-
immune serum raised against a pool of Legionella

species and serogroups to capture the soluble antigen
(Tang and Toma 1986). Unfortunately, this method of
producing the capture antiserum is not amenable to

standardization and this methodology has not been

translated into a commercial assay. An alternative
approach is to use reagents prepared against defined L.
pneumophila, or preferably Legionella genus, common
antigens. While the successful detection of common
protein antigens such as momp or mip in urine has not
been reported, preliminary studies suggest that a Legio-
nella genus common 19 kDa peptidoglycan-associated
lipoprotein (PAL) target is detectable in the urine of
experimentally infected guinea-pigs (Kim et al. 2003).
Whether or not this is also true for humans with a
natural infection remains to be seen.

Molecular methods

Methods for the detection of legionella nucleic acid have

been available since the early 1980s when Kohne and

colleagues (1984) developed a radiolabeled DNA probe

complementary to regions of the ribosomal RNAs of all

20 Legionella species known at the time. A commercial

nucleic acid hybridization test based on this work, and

intended for the detection of legionellae in clinical

samples, was introduced soon after. This kit was shown

to be reasonably sensitive performing similarly to IF, but

was less sensitive than culture (Finkelstein et al. L993;

Pasculle et al. 1989). Furthermore, questions concerning

the kit's speciflcity (Laussucq et al. 1988) and its use of

radioisotopes limited the kit's utility and it was subse-

quently withdrawn from the market.
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The theoretical sensitivity of polymerase chain reac-
tion (PCR) (i.e. detection of one copy of target
sequence) quickly led to widespread use as an alter-
native to direct probing, which typically requires large
numbers of organisms. Furthermore, as alternatives to
radioisotope labeling are now available which have at
least equivalent sensitivity and none of the inherent
disadvantages, PCR is now seen as the molecular
method of choice, promising advantages of both specifi-
city and sensitivity. Development of PCR-based assays
for legionellae have focused on three main targets.
Assays designed to detect L. pneumophila typically use
primers directed against the mip gene while those
targeting Legionella species use primers for either the
5STRNA or l6SrRNA genes (Starnbach et al. 1989;
Mahbubani et al. 1990; Lisby and Dessau 1994; Jonas
et al. 1995; Ballard et al. 2000; Fry and Harrison 1998).
Where lower respiratory tract (LRT) samples are used,
PCR appears to be at least as sensitive as culture
(Jaulhac et a|.1,992; Cloud et al. 2000; Jonas et al. 1995).
However, this does not seem to be the case for detection
of legionellae in environmental samples, where the
sensitivity is consistently lower than culture (Ballard
et al. 2000; Riffard et al. 1903). The difference is prob-
ably due to the concentration steps, typically 100-fold,
which are integral to the processing of environmental
samples. Legionella DNA has been detected in nonre-
spiratory samples such as serum and urine and leuko-
cytes samples, but with a lower sensitivity than culture
(Lindsay et aL. 7994; Murdoch et al. 1996; Helbig et al.
1999). At present the status of PCR for the diagnosis for
LD is much the same as applied to urinary antigen
detection in the 1980s, that is, confined to a few specia-
list and reference laboratories able to use it in conjunc-
tion with the full range of other diagnostic approaches.
Until validated commercial kits are available, the real
impact of PCR will not be known.

Diag.nosis by estimation of antibody
levels

For more than 20 years the primary method for the
diagnosis of LD was by serology and although now
displaced by urinary antigen testing, estimation of anti-
body levels against killed preparations of legionellae is
still a very commonly employed method for the diag-
nosis of LD. It is an important tool for case finding
during outbreak investigations and for late or retro-
spective diagnosis. However, this approach does not
often allow a diagnosis to be established during acute
illness, and so has little value in patient management or
in the early detection of outbreaks.

Historically, the IFAT was the method used in 1977 to
establish that L. pneumophila was the causative agent of
LD (McDade et al. 1977). Since this time, several
variants of this test have been comprehensively eval-

uated for the diagnosis of infection caused by L. pneu-

mophila serogroup 1, and the IFAT became the refer-

ence test for LD diagnosis (Wilkinson et al. 1981;

Harrison and Taylor 1988b). The test used in the UK
and parts of Europe until the late 1990s employed a
formalized yolk-sac antigen (FYSA) and FITC labeled

anti-human conjugate capable of detecting IgG, IgM,
and IgA. This test was both sensitive (-80 percent) and
highly specific (>99 percent) (Bornstein et al. 1987;
Harrison and Taylor 1988b), the latter being particularly

important in a disease of low prevalence such as LD, if a
positive result is to have any real significance. Reagents

for this IFAT are no longer available but various

commercially produced IFAT reagents, typically using
agar-grown antigens, can be obtained. Reagents for
IFATs to detect infection caused by species and
serogroups other than L. pneumophlla serogroup 1 are
also commercially available, however it should be
emphasized that the sensitivity and specificity of IFAT
using these reagents is largely unknown.

In addition to the IFAT, several other methods for

antibody detection such as microagglutination (Harrison

and Taylor 1982; Farshy et al. 1978) and indirect hemag-
glutination (Edson et al. 1979; Lennette et al. 1979) have
been devised. As EIAs are widely used in microbiology,

several have been developed for L. pneumophila
(Wreghitt et al. 1982; Barka et al. 1986; Herbrink et al.

1983). Reagent manufacturers market diagnostic kits

using this methodology but these usually use antigens
prepared from pools of L. pneumophila serogrottps 1-6.
None of these assays use purified antigens and so the
EIA plates are coated with a complex mixture of
bacterial proteins and LPS. The use of such crude
pooled antigens may in part be responsible for the poor
performance of these assays (Elder et al. 1983; Malan

et al. 2003; Harrison and Taylor 1988b).

ldentif ication of species

A bacterium that grows on BCYE but not on the same
medium lacking supplemental t-cysteine, is Gram's.stain
negative and catalase-positive can be presumptively

identifled as a Legionella spp. (Harrison and Taylor
1988a). Very few organisms that meet these criteria will
not be subsequently confirmed as Legionella, however

the same does not apply if blood agar is used as the
nutritional control medium. Some heterotrophic non-
Le gionella bacteria, particularly of environmental origin,
can show L-cysteine dependence (Thacker et al. 1981)
and so will grow on BCYE but not on blood agar. Also,
it should be noted that while all legionellae, with the
exception of L. oakridgensis, requfte t-cysteine for
primary isolation, some species and many laboratory
adapted strains will grow in its absence thereafter
(Orrison et al. 1983; Harrison and Taylor 1988a).

For most clinicians, establishing the identity of the

organism at the genus level is quite sufficient as there is
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no significant difference between the illnesses caused by
the various Legionella species or their treatment. How-
ever for epidemiological, prevention, and control or
research purposes it is frequently essential to be able to
precisely characterize the species. There are a few simply
demonstrated phenotypic characteristics that allow the
Legionellaceae to be subdivided into groups of species,
or in some cases into individual species (Table 68.1). For
example, when exposed to long-wave UV light at 366 nm,
the colonies of some species autofluoresce brilliant blue-
white (the blue-white autofluorescent clade of ten
species) or autofluoresce red (L. erythra, L. rubrilucens,
and L. taurinensis) (Figure 68.8). Hippurate hydrolysis
can be useful for the identification of L. pneumophila if
more specific reagents are not available and some
species produce characteristic colored colonies when
grown on dye-containing media. Additionally, many
species produce a brown pigment (a polymer of homo-
gentisic acid) from o-phenylalanine or tyrosine, and
most will liquefy gelatin. Unfortunately, most species of
Legionella cannot be differentiated using these tests. As
members of the Legionellaceae are asaccharolytic, the
various biochemical tests commonly used to identify
non-Legionella bacteria in microbiology laboratories
either give weak or variable results or are absent alto-
gether. Commercial identification systems are of little
use. Mauchline and Keevil (1991) used the BIOLOG
substrate utilization system to successfully distinguish
some species, but the method was expensive and needed
modification for use. Commercial reagents for the sero-
logical identification of the various L. pneumophila

serogroups are widely available and usually reliable, but
serological identification of the other species and

serogroups is much more complex and usually can only

be undertaken with confidence by specialist laboratories.

Genetic analysis by DNA hybridization is probably

still the definitive way to identify individual species.

However, a number of other molecular approaches are

also useful and in some cases may be better. Most

Legionella species can be differentiated by their rRNA

gene restriction digest patterns (Grimont et al. 1989;

Saunders et al. 1988) and this method (ribotyping) has

recently been evaluated using a commercially available

platform. Results indicate that when a sufficiently

comprehensive database of profiles has been established,

it may be an effective, albeit expensive, methodology

(Cordevant et al. 2003). The increasing introduction of

DNA sequencing technologies to routine microbiology

laboratories suggests that DNA sequence-based identifi-

cation of organisms will become commonplace. An iden-

tification scheme based on DNA sequence differences in

the legionella macrophage infectivity potentiator (mip)

gene has been proposed (Ratcliff et al. 1998) and is

likely to become the method of choice. With the excep-

tion of L. geestiana this approach allows the unambig-

uous identification of all species so far described.

Epidemiolgical typing

Legionellosis is acquired by inhalation or aspiration of

legionellae from a contaminated environmental source.

Thus, when a case of legionellosis is recognized, others

may become infected from the same source if appro-

priate control action is not taken to reduce the risk of

transmission. The source of the outbreak or incident can

be determined by epidemiological investigation together

Figure 68.8 Demonstration of autofluorescence of L pneumophila, L anisa, and L erythra grown on BCYE when (a) examined under
natural light or (b) illuminated with long-wave IJV light at 366 nm L bozemanii colonies autofluoresce brilliant blue-white, L erythra
colonies autofluoresce red Colonies of L pneumophila do not autofluoresce (kindly provided by N Doshi).
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with characterization of legionellae isolated from
patients and putative sources (Harrison and Saunders
1994; Fry et al. 1999). Occasionally, the species causing
infection is so rarely encountered that simply isolating
the organism from an associated environmental site is
sufflcient evidence that it was probably the source of
infection. A cluster of nosocomial cases of LD caused by
L. dumoffii in nonsterile distilled water used for respira-
tory equipment is one such example (Joly et al. 1986b).
However, the vast majority of cases of legionellosis are
caused by L. pneumophila and most of these are
serogroup 1 strains. These strains are also frequently
encountered in the environment so isolates of this
serogroup must be further differentiated if a convincing
epidemiological link is to be established.

Isolates of L. pneumophila serogrotp 1 can be rapidly
subgrouped using mAb subgrouping with panels based
on the international mAb subgrouping panel (Joly et al.
1986a; Helbig et al. 1997). However, mAb subgrouping
lacks discrimination, dividing L. pneumophlla serogroup
1 into only 8-10 phenons depending on which mAb
panels are used (Fry et al. 1999). Consequently, in addi-
tion to this phenotypic typing method, a large number of
molecular methods have been successfully employed
for epidemiological purposes. These include MLEE,
ribotyping, amplified fragment length polymorphism
(AFLP) analysis, pulsed-field gel electrophoresis
(PFGE), restriction fragment length polymorphism
(FRLP), restriction endonuclease analysis (REA), and
arbitrarily primed-PCR (Edelstein et al. 1986; Harrison
and Saunders 1994; Fry et al. 1999; Van Belkum 2002).
One of these methods, AFLP analysis, has been adopted
as an international standard and is now widely used by
members of the European Working Group for Legio-

nella Infections (EWGLI) (Fry et aI. 2002; Garcia-
Fulgueiras et al. 2003) (Figure 68.9). Two interlabora-
tory studies have assessed the reliability of this AFLP
method. The method was robust, rapid, and allowed the
exchange of data between laboratories, however profi-
ciency testing showed that a significant proportion of
laboratories could not correctly identify isolates 100
percent of the time. Incorrect identification was typically
a result of data analysis issues (e.g. difficulties compa-
ring the AFLP banding patterns) rather than the method
itself (Fry et al. 1999, 2002). One way to simplify
analysis and data exchange is to use DNA-sequence-
based approaches to type the organism of interest. The
advantages of this approach are now well rehearsed and
include portability between laboratories and the conse-
quent ease with which global databases can be estab-
lished (Maiden et al. 1998). Recent work has shown that
this approach is applicable to L. pneumophila. Using
only three gene loci (flaA, mompS, proA) to identify
allelic variation, Gaia and colleagues (2003) were able to
achieve a level of discrimination equivalent to that
obtained by AFLP. Adding further gene targets is likely
to improve the discrimination still further.

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Antibiotics

Erythromycin is the classic drug of choice for the treat-

ment of LD, however its selection as the standard

treatment was based primarily on a review of limited

treatment data from the 1976 Philadelphia outbreak and

1 0  1 1  M

Figure 68.9 Example of the profiles obtained using the internationally agreed EWGLI protocol for AFLP typing (Fry et al. 2002).
C, control strain EULI 37; M, marker (GeneRuler, MBI Fermentas); tracks 1-1 2, unrelated strains of L pneumophila serogroup 1
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early experiences with nosocomially acquired LD rather
than from prospective clinical trials (Fraser et al.1977;
Kirby et al. 1978). No substantial prospective clinical
trial has been published and, given the comparative scar-
city of LD cases, it is unlikely that an adequate
comparative clinical trial of the disease will ever be
completed (Edelstein 1998). Consequently, decisions
about new therapies have to be based on laboratory
experiments and limited clinical data.

In vitro, legionellae are susceptible to a very wide
range of antibiotics (Schulin et al. 1998), but for several
reasons these data are not necessarily predictive of their
in vivo efficacy (Gibson and Fitzgeorge 1983). Firstly,
the media used to culture legionellae inhibit the activity
of some antibiotics making valid determination of
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) difficult (Edelstein

and Meyer 1980; Marques and Piedade 1997). Secondly,
and more importantly, some antibiotics that are active in
vitro (e.g. B-lactam antibiotics) are not active in vivo
because their cell permeability is poor and they do not
reach the intracellular legionellae (Vilde et al. 1986). To
overcome these obstacles. both animal and intracellular
infection models have been developed and these appear
to provide clinically relevant results (Gibson and Fitz-
george 1983; Edelstein 1998).

The antimicrobial agents that show the best activity
against legionellae are those that are concentrated
within the phagocytic cells such as macrolides and
quinolones and these antibiotics form the basis of recent
treatment guidelines (British Thoracic Society 200L;
Bartlett et al. 2000). Although erythromycin is the tradi-
tional drug of choice, studies reveal that it is only inhibi-
tory, and reversibly so, in its activity against intracellular
legionellae (Horwitz and Silverstein 1983). In addition, it
is often poorly tolerated by many patients and treatment
failures are not infrequent (Edelstein 1998). In contrast,
azithromycin is bactericidal even at quite low concentra-
tions (Edelstein and Edelstein 1991), is highly effective
in preventing disease in an aerosol-infected guinea pig
model (Fitzgeorge et al. 1993), and is well tolerated by
patients. Azithromycin is only licensed for oral use in
some countries and is not suitable for treatment of
severe legionellosis in this form. Although clari-
thromycin is significantly less active than azithromycin, it
is more active than erythromycin and so is recom-
mended in some guidelines (British Thoracic Society
2001). Most fluoroquinolones are more active than
erythromycin in vitro and some have been shown to be
highly effective in both animal and cell-culture models
of infection (Dournon et al. 1986; Rajagopalan-Levas-
seur et al. 1990; Edelstein et al.1996).

Other agents and control measures

Under laboratory conditions,
susceptible to a wide variety of

legionellae are quite

inactivation protocols.

The organism is inactivated readily by drying, and

optimal survival in aerosols occurs in atmospheres of

relatively high humidity (Berendt 1980; Dennis and Lee

1988). The thermal killing of legionellae varies widely

depending upon the test conditions but it was reported

in one study that L. pneumophila co'lld be recovered

from a model plumbing system at temperatures between

20 and 50"C. but did not survive at 60"C or above

(Rogers et al. 1994). In addition, L. pneumophila organ-

isms were readily inactivated by exposure to 1.25 ppm of

chlorine in 15 min and by 5 ppm in L min (Wang et al.

1979), and at these concentrations the electron transport

of the organism was impaired and cell lysis induced. A

99 percent reduction in L. pneumophila bacterial cell

numbers was effected in 5 min using 0.1 ptg/ml ozone

and in 30 min with 1 mglml H2O2 (Domingue et al.

1988), whereas UV radiation produced a 5 log10 kill in

Iess than t h (Muraca et al. 1987). However, as is the

case with the in vivo and in vitro evaluation of anti-

biotics, the disinfecting regimens determined in the

laboratory are not necessarily reflected in field trials.

Control measures depend on the eradication or

suppression of legionella in contaminated water supplies,

especially those from which an aerosol can be generated.

The control regime used will be largely dictated by a

range of local environmental factors such as the

complexity of the water system, the degree of pre-

existing contamination (e.g. biofilm) and the usage of

the system (Lin et al. 1998). Disinfectants that are

suitable for legionella inactivation are metal ions

(copper and silver), oxidizing agents, nonoxidizing

agents, and UV light. Oxidizing agents include halogen-

containing compounds (chlorine, bromine), ozone, and

hydrogen peroxide. Nonoxidizing reagents include

heterocyclic ketones, guanidines, thiocyanates, and

halogenated glycols. Among the oxidizing agents,

chlorine is the most widely used for potable water, and

for cooling towers the halogen releasing organic, bromo-

chloro-dimethyldantoin (BCDMH), has been found to

be quite effective (Bentham and Broadbent 1995).

Among the nonoxidizing agents, 2,2-dlbromo-3-nitropro-

pionamide (DBNPA) is probably the most effective

(Kim et al. 2002). Whichever regime is selected, it must

be noted that the biological load in these systems

profoundly influences inactivation rates. In addition to

disinfection, remedial cleaning and flushing of water

systems, as well as the removal of sediment from hot

water tanks, coupled with water treatment and constant

water monitoring, are crucial to prevent the explosive

outbreaks recorded to date.

PATHOGENICITY AND VIRULENCE
FACTORS

Legionella species are not per se adapted to the human

host. That they cause disease in humans is essentially an

accident of nature; the pathogenic mechanisms have
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evolved to enable legionellae to survive in their proto-

zoal host also enabling them to multiply in alevolar
macrophages.

Intracellular replication

Infection in humans occurs following inhalation of fine
aerosol (<5 pm particle size) containing organisms that
are both viable and virulent. Once within the alveoli. the
legionellae are taken up by alveolar macrophages where
they multiply. As a result of this multiplication in poly-

morphonuclear leukocytes (PMN), more macrophages

and erythrocytes infiltrate the alveoli causing capillary
leakage and so edema (Baskerville et al. 1983). Two
modes of entry into macrophages have been observed.
The flrst termed 'coiling phagocytosis,' in which long
phagocytic pseudopods coil round the organism, was
extensively studied by Horwitz and colleagues (Horwitz

and Silverstein 1980; Horwitz 1983; Horwitz and
Maxfield 1984; Shuman and Horwitz 1996). Although
initially thought to be highly significant, workers have
since reported that other strains of L. pneumophila are
taken up by conventional phagocytosis (Rechnitzer and
Blom 1989). Phagocytosis is mediated by a three
component, receptor-ligand-acceptor molecule, system
comprising complement receptors on phagocytes (CR1

and CR3), fragments of the complement component C3
fixed on the bacterial surface and the MOMP, which
acts as the C3 acceptor molecule, in the bacterial outer
membrane (Payne and Horwitz 1987). During phagocy-

tosis, the plasma membrane is remodeled with compo-
nents of the phagocyte being sorted into, or out of, the
nascent phagosome: the CR3 receptors are concentrated
within the phagosome while class-I and -II major histo-
compatibility complex (MHC) molecules are excluded
from it. This mode of entry appears to limit the oxida-
tive burst of the phagocyte and so enhances intracellular
survival of the legionellae. A less well-characterized
opsonin-independent mode of entry has also been
reported (Stone and Abu Kwaik 1998). Once within the
macrophage, legionellae are able to reprogram the
phagocytes endocytic pathway to escape killing by inhi-
biting acidification of the nascent phagosome and
preventing phagosome/lysosome fusion. Subsequently,
the phagosome recruits smooth vesicles, mitochondria,
and rough endoplasmic reticulum and within 4-8 h a
ribosome-lined replicative vacuole is formed. Multi-
plication of the legionellae proceeds by binary fission
with a doubling time of approximately 2h. During the
late replicative phase, the legionella-containing phago-
some merges with lysosomes but replication continues
until the host cell is packed with organisms and finally
disrupts releasing bacteria to infect further host cells.
The actual killing and lysis of the phagocytes appears to
occur in a biphasic manner. In the early stages of infec-
tion legionellae induce apoptosis, a process that is medi-

ated by the activation of caspase-3 (Gao and Abu Kwaik
1999), but once bacterial replication ceases the legio-
nellae cause necrosis of their host cell probably by indu-
cing a pore-forming toxin (Alli et al. 2000).

Growth phase

A striking feature of L. pneumophila is the significant

phenotypic plasticity that it exhibits in different growth

phases. In planktonic, nutrient poor conditions, they can

assume a VBNC state while two distinct phenotypes have

been described during their intracellular life-cycle. From

careful microscopic observations, Rowbotham (1980) first

reported that once within the ambeal host, legionellae

first went through a 'replicative phase' forming large

bacteria-filled vacuoles. They then entered an 'active

infective phase' marked by their synchronous conversion

from nonmotile rods to highly motile coccobacilli that

were seen to escape from the lysed host cells and disperse
(Rowbotham 1980). This observational model has subse-

quently been confirmed by phenotypic and molecular

studies of L. pneumophila infected macrophages. The

replicative legionellae are sodium-resistant, nonmotile

bacilli and grow exponentially, while the postexponential

infective phase organisms express a number of traits

associated with virulence including, sodium-sensitivity,

cytotoxicity, osmotic resistance, enhanced resistance to

biocides, the capacity to evade phagosome-lysosome

fusion, and motility. One of the triggers for the switch

from the replicative to the infective phase seems to be

amino acid depletion and involves the stringent response

and the sigma factor RpoS (Bachman and Swanson 200L;

Heuner er al. 2002). It is postulated that while intracel-

lular conditions are suitable, the legionellae replicate in

their specialist phagosome, but when nutrients become

limiting, the bacteria coordinately express several traits

that bring about their escape from the depleted cell and

their transmission to a new host (Swanson and Hammer

2000).

ldentif ication of genetic determinants
of virulence

In recent years, a number of genetic loci have been

identified in L. pneumophila that are required for its

intracellular survival. Many, but not all, of these loci are

necessary for the infection process in both mammalian

and protozoan cells.

THE M'P GENE

The first virulence associated gene of L pneumophila to

be identified was the macrophage infectivity potentiator

(mip) gene which encodes a 24 kDa protein surface

protein (Mip). Mip is a prokaryotic homolog of the

FK506-binding proteins and exhibits peptidyl-prolyl cls/

trans isomerase (PPIase) activity. mip-like genes have
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been detected in all other species of legionella and some
other bacteria. Cianciotto and colleagues (1990), using a
pair of isogenic strains (one of which was def,cient in
Mip), demonstrated that Mip was required for the full
expression of virulence by L pneumophila. It appears
that Mip is required either for optimal internalization of
the legionellae by macrophages or for resistance to the
bactericidal mechanisms active shortly after phagocy-
tosis. It is, however, noteworthy that although much less
efficiently, the Mip-deficient mutant did multiply in
macrophages and did produce illness in guinea-pigs.

Clearly Mip can only contribute in part to the virulence
of a strain.

THE DOT/ICM GENE

The Dot/Icm system of L. pneumophila is encoded by
genes located in two 20 kb regions of the chromosome
which may, at least in some strains, constitute a single
pathogenicity island (Vogel and Isberg 1999; Brassinga
et al. 2003). The dot (defective in organelle trafficking)
and icm (intracellular multiplication) loci were indepen-
dently identified by two different laboratories (Segal and
Shuman 1997; Vogel et al. 1998) so the majority of the 24
genes so far identified have two designations. The Dot/
Icm system shares homology with type IV transporters of
other pathogenic bacteria such as Bordetella pertussis,
Agrobacterium tumefaciens, Helicobacter pylori, and
Brucella species. Type IV systems, which are thought to
have evolved from systems involved in conjugative
transfer of DNA, are critical for the pathogenic process

as they export important virulence factors across
bacterial membranes. Hilbi and colleagues (2001) showed
that the Dot/Icm system is required for stimulation of
uptake of the bacteria upon contact with the host cell.
Two proteins have been identified that are secreted by
Dot/Icm: DotA and RalF. DotA, previously thought to
be an inner membrane protein, may actually be a pore-
forming protein that is inserted into the host membrane
(Nagai and Roy 2001). RalF is required for the localiza-
tion of the ADP-ribosylation factor on phagosomes

containing L. pneumophlla (Nagai er aI.2002).

OTHER IMPLICATED GENES

L. pneumophlla contains a type II secretion system that
is required for the expression of type IV pili (Liles et al.
1998). The system is known to transport several mole-
cules including the 3842kDa Zn-metalloprotease. This
enzyme, variously called tissue destructive protease, zinc
metalloprotease, and major secretory protein, has been
studied in detail and has been shown to be cytotoxic and
hemolytic. Experimentally, it causes pulmonary lesions
which closely resemble those seen in infection (Quinn

et al. 1989; Conlan et al. 1988; Szeto and Shuman 1990;
Williams et al. 1993). The type II secretion system is
dependent on the pilBCD genes that are involved in the
biogenesis of a temperature-regulated type IV pilus

(Stone and Abu Kwaik 1998). Two genes have been
studied in detail: pilE (pllin protein) and pilD (prepilin
peptidase). The pilE gene/pilin is not required for intra-
cellular growth but may be involved in attachment to
the host cells. However, the prepilin peptidase is essen-
tial for pilus production and type II secretion of
proteins. Other genes that promote various stages of
intracellular infection, but which are less well studied,
included the pmi (protozoan macrophage infectivity)
gene and mil (macrophage-specific infectivity) gene
(Gao et al. 1998).
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being different from B. pertussis. More recently. ovine
strains of B. parapertussls, distinct from human strains,
have been identified. Bordetella avium was flrst
proposed as a species by Kersters et al. (1984) to include
agents of respiratory disease of turkey poults originally
isolated by Filion et al. (1967). Four more species are
now recognized. The species Bordetella holmesii was
proposed for a group of strains, isolated from 1983
onwards, from blood cultures of patients, some of whom
were immunocompromised (Weyant et al. 1995). Borde-
tella hinzii was the name proposed by Vandamme et al.
(1995) for a B. avium-like group of organisms found
mainly in the respiratory tracts of chickens and turkeys
and thought to be nonpathogenic. Possibly the first such
isolate, however, was from human sputum in 1957
(Cookson et al. 1994). Bordetella trematum contains
isolates from human wound and ear infections
(Vandamme et al. 1996). The most recently named
species, Bordetella petrii, consists of a single isolate
obtained from an anaerobic, dechlorinating microbial
consortium from a fluidized bed bioreactor that had
been inoculated with river sediment (von Wintzingerode
e t  a 1 . 2 0 0 1 ) .

For a more detailed, historical perspective, and access
to the earlier literature on Bordetella, the chapter by
Wardlaw (1990), in a previous edition of this volume, is
recommended. The main aim of this chapter is to
summarize the vast amount of recent information on the
genus. The whole-genome sequences of B. pertussis,
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DEFINITION

Bordetella spp. are minute, gram-negative, nonacid-fast,
nonsporing coccobacilli. They do not ferment carbohy-
drates. There are eight named species, four motile and
four nonmotile. Seven species appear to be obligatory
parasites, mostly inhabiting the surface of the respira-
tory tract of man and other warm-blooded animals,
including birds. These are aerobic and their optimum
temperature is 35-37'C. Some species appear to be
capable of survival within mammalian cells. One
species is an environmental organism capable of anae-
robic growth. Four species are known to produce a
range of virulence factors and expression of these
factors can be modulated by environmental signals.
The G + C content of the DNA is 60-70 percent and
the type species rs B. pertussis.

INTRODUCTION

Until recently, there were four recognized species in the
genus. B. pertussis was described by Bordet and Gengou
(1906) as the cause of whooping cough. Bordetella
bronchiseptica was first obtained by Ferry (1910) from
the respiratory tract of dogs and is now known to be an
lmportant respiratory pathogen in wild and domesticated
animals, and occasionally affects man. Bordetella para-
pertussis was isolated by Bradford and Slavin (1937)
tiom cases of mild whooping cough and recognized as
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B. parapertussls, and B. bronchiseptica have now been

completed (Parkhill et al. 2003) and sequencing of the

B. avium genome is in progress (www.sanger.ac.uk/

Projects/B_avium/). This information is already being

used to further our understanding of these organisms.

how they grow and respond to changing environmental

conditions, and how they interact with their respective

hosts to cause disease.

CLASSIFICATION

The genus Bordetella

The first three recognized species were included in the

gents Haemophilus before the introduction of the genus

Bordetella by Moreno-Lopez (1952) and named in honor

of the pioneering work of Jules Bordet. B. bronchi-

septica had previously been included in the genera Alca-

ligenes and Brucella. The original specific name bronchi-

canis was changed to bronchiseptica after isolation of

similar organisms from animal species other than dogs.

B. avium was identified originally as Alcaligenes faecalis.
The B. hinzii grotp had been referred to previously as

A. faecalis type II, turkey coryza (TC) bacterium type II,

Alcaligenes spp. strain C2T2 as well as B. avium-hke.

Their present name was proposed to honor K.-H. Hinz,

in recognition of his work on avian isolates of Borde-

tella. B. holmesii was formerly known as CDC nonox-

idizer group 2 (NO-2) and was named in honor of B.

Holmes for his contribution to the study of unusual and

opportunist bacteria. The isolates now classified as B.

trematum, to reflect their association with wounds and

other exposed parts of the human body, were collected

originally as atypical bordetellae or unidentified organ-

isms. B. petrii was named in honor of R.J. Petri, the

inventor of the Petri dish.

On the basis of a numerical taxonomic study covering

a wide range of tests and properties, Johnson and

Sneath (1973) suggested that the genus Bordetella

should be grouped in the family Brucellaceae. The three

species then known, B pertussis, B. parapertussrs, and B.

bronchiseptica, were grouped with A. faecalis and

Brucella. This group had affinities with Acinetobacter,

Moraxella, and Neisseria strains, but was distinct from

the Haemophilus, Actinobacillus, Pasteurella group.

Subsequently, their taxonomic position became uncer-

tain until De Ley et al. (1986), after extensive DNA-

rRNA hybridization and phenotypic analyses, proposed

that Bordetel/a should be included in a new family,

Alcaligenaceae. The four species known at the time,

now including B. avium, were found to belong to the

third rRNA superfamily but their only close neighbor
was the genrs Alcaligenes and these two genera had a

common separate position within the gram-negative

bacteria. On the basis of the T- parameter (melting

temperature of the rRNA-DNA hybrids), the nearest

neighbors to the bordetellae (T- 79.0-81.9'C) were

Alcaligenes (now Achromobacter) xylosoxidans (T-

79'C) followed by Alcaligenes faecalis (T- 75.5"C).

Brucella strains were quite unrelated (T- 58'C). More

recent evidence, from 165 rRNA gene sequence analysis

of all eight Bordetella spp. has confirmed a common
phylogeny with Achromobacter and Alcaligenes (Weyant

et al. 1995; Gerlach et al.2001). These three genera are

now assigned to the B-Proteobacteria, Class Neisseriae,

Order Burkholderiales, Family Alcaligenaceae (Garrity

2001). They also have similar cellular fatty acid profiles,

with C16.e and C17.6"r. (except it B. pertussls) as their

main constituents, and contain ubiquinone 8 as the

major respiratory quinone. Bordetella, Achromobacter,
and Alcaligenes are clearly closely related and phenoty-

pically similar. Some differential characteristics of these

and other phenotypically similar genera are described
elsewhere (Johnson and Sneath 1973; Kersters et al.

1984: Pittman 1984b; Vandamme et al. 1995, 1996; von

Wintzineerode et al. 2001).

Species designation

Various studies have suggested that B. pertussis, B' para-

pertussis, and B. bronchiseptica are very closely related:

DNA-DNA hybridization analyses; T- values of their

rRNA-DNA hybrids; mean G + C contents of their

genomic DNA; similarity in their 23S rRNA gene

sequences and, most recently, the comparison of whole

genome sequences. Another estimate of genetic related-

ness was obtained by Musser et al. (1986) in a survey by

multi-locus enzyme electrophoresis of 15 metabolic

enzymes in 60 strains of mammalian bordetellae obtained

from world wide sources at different times. They found

such limited genetic diversity, compared with most other

pathogenic bacteria, to suggest that continued recogni-

tion of separate species was justified only on clinical and

historical grounds. This, and other evidence, has led to

the conclusion that ,8. pertussis, B. parapertussls, and B.

bronchiseptica are subtypes of a single genomic species

(strains whose DNAs are 70 percent or more related, and

with 5"C or less divergence in T- values). By the same

criteria, B. avium, B. holmesii, B. hinzii, B. trematum,

and B. petrii each form distinct species (Vandamme et al.

1995,1996; Weyant et al. 1995; von Wintzingerode et al.

2001). For the sake of convenience in this chapter, in

discussing the distinctive phenotypic and pathogenic

properties of the bordetellae, the traditional specific

names are appropriate. Some of the differential features

of these species are shown in Table 69.1.

Evolutionary considerations

A number of lines of evidence have been used to write a
possible evolutionary history of the Bordetella spp.
(Rappuoli 1994; Gerlach et al. 200L). Their close



1788 Bordetella

Table 69.1 Differential characteristics of Bordetella specles

Characteristic

Growth: colonies
visible in (days)

Peptone agar:
growth

browning

Growth on
MacConkey agar
Growth on Simmons
citrate agar
Mot i le ,  per i t r i chous
f  lage l la

B- l i ke  hemolys is
Nitr i te formationo
Den itr i f  icat ionb
Oxidase

Urease

Major cel lular fatty Cro,r*2. Cre,o
acids'

G + C content of 66.7-68.9
DNA (mol%)
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: = i
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. = o

qi qi

2 2-3

\
a.
cri

1-2

+

7

++ +

+

+ V

Cte ,o
Ct 6, t *2.C17,0.y.

68 .1 -69 .5

+ +

_ V

C r e , o  C t o , o

Ct ; 'o .y .  C17,0 .y .

60.2-62.6 65-61

Cto,o Ctz,o.y.  Cro,oCtz,o.y.

61.5-62.3 64-6s 63.8

+, posrlrve; , negatve; v, some stratns postttve, others negative; ?, unknown
Da ta f rom:  P t tman (1984b ) ,  Ke rs te r se ta l  ( 1984 ) ,Weyan te ta l  ( 1995 ) ,Vandammee ta l  ( i 995 ,  1996 ) , vonWntz i nge rodee ta l  ( 2001 )
a) The number before the colon is the number of carbon atorns and the number after the colon is the number of double bonds; c, cis rsomer; cyc,
cyclopropane r ing;  w,  double bond posi t ion
b) API 20 NE test

phylogenetic relationship with Achromobacter and
Alcaligenes, which are widespread in the environment,
suggests that the ancestral bordetellae were free-living
and some evolved to infect warm-blooded animals.
Certain properties exhibited by the pathogenic species
still reflect this environmental origin: temperature
sensing and regulation of virulence factor expression
accordingly; the presence of flagella in some species and
greater expression of motility at low temperature; the
ability of B. bronchiseptica and B avium to grow and
survive for long periods in low nutrient conditions such
as natural waters. The newly described B. petrii may be
a close relative of these ancestral bordetellae.

A phylogenetic tree for the lirst four species to be
described was based on the nucleotide sequence of the
pertussis toxin (PT) gene and the presence or absence 1n
the chromosome of two insertion sequences (Gross et al.
1989). During evolution, the first to diverge, to infect
birds, was B avium. Its distinctiveness is shown by its
lower G + C content and lack of genes for PT. More
recent genotyping studies based on multi-locus enzyme
electrophoresis and the distribution of insertron
sequences have suggested that B. pertussis and human
and sheep strains of B. parapertussls evolved at different

times and from distinct clones of B. bronchiseptica (van

der Zee et al. 1997). B pertussis strains and human
strains of B. parapertu.r.ris are both still very homo-
geneous, clonal populations (Mastrantonio et al. 1998;
Yuk et al. 1998b) indicating their relatively recent adap-
tation to humans. Indeed, the flrst descriptions of the
highly characteristic disease caused by B. pertussrs date
from Paris in the mid-16th century and it has been
suggested that the development of the human popula-
tion of Europe at that time, to a sufficient size, density,
and mobility, could have provided a suitable niche for
the emergence of the organism (Wardlaw 1988).
Evidence from whole genome sequencing, based on
pairwise synonymous substitution rates for all 3 000
genes common to the three species, provides much
longer estimates for the divergence of the species: 0.7-
3.5 million years for B. bronchiseptica and B. pertussis

and 0.27-1.4 million years for B. bronchiseptica and B.
parapertussis (human strain). However, these estimates
are based on the genome data from a single representa-
tive of each species and it is recognized that,B. bronchi-
septica is sufficiently genetically diverse that isolates
more closely related to the last common ancestors could
exist (Parkhill et al. 2003).
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MORPHOLOGY AND ULTRASTRUCTURE

The bordetellae are minute rods or coccobacilli (0.2-

0.5) x (0.5-2) pm, arranged singly or in pairs. Occasion-

ally, filamentous forms several pm in length may be

seen. B. avium, B. bronchiseptica, B. hinzii, and B.

trematum are motile by peritrichous flagella; the other

four species are nonflagellate. In B. avium, the propor-

tion of motile rods is greater at room temperature than

at 35'C and in B. bronchiseptica motility is expressed in

the Bvg- phase. B. trematum is equally motile at 25 and

37"C. B. pertussis and other bordetellae are reported to

be capsulated when freshly isolated but the significance

of a capsule for virulence is unknown. A carbohydrate
'slime-layer' has been demonstrated when B. pertussis rs

grown in vitro as a biofilm (Bosch et al. 2000). Genes

for the biosynthesis of a polysaccharide capsule have

been identified in the bordetella genome sequences but

whether they are expressed, and under what

conditions, is uncertain (Antoine et al. 2000; Parkhill

et al.  2003).

Early ultrastructural studies showed flne filamentous

appendages on the surface of the bordetellae and, with

B. pertussis, similar fllaments and membranous vesicles

were found in the culture supernate. Subsequently,

appendages identified as fimbriae, 3-5 nm in width and

100-250 nm in length, have been demonstrated on the

surface of at least five species. The cellular location of

some of the surface-related components of B pertussis

(Table 69.2) has been determined by immunoelectron

microscopy with gold-labeled monoclonal antibodies

(Blom et al. 1994). Antibodies to agglutinogens (AGG)

2 and 3 labeled, respectively, long and short fimbriae

Tabf e 69.2 Virulence factors of Bordetella specles

Virulence factor

Tracheal cytotoxin (TCT)

Dermonecrotic toxin
(DNT)

E nd otoxi nu

B. peftussis B. parapertussis B. bronchiseptica

+ + +

protruding from the cell surface. The presence of

pertactin (PRN) was revealed by intense and evenly

distributed labeling of the surface of the cell. Antibody

to filamentous hemagglutinin (FHA) stained aggregates

of material between or adherent to the cells, which

suggests that this component is readily shed. Previous

work had shown that purified FHA consists of fine fila-

ments 4 x 50 nm and is distinct from the fimbriae. Anti-

bodies to PT and adenylate cyclase toxin (ACT) labeled

amorphous material adherent to or between cells, again

indicating that these products are readily dispersed after

export. In a study of antigen production for the manu-

facture of pertussis vaccines, the levels of cell-associated

and released antigens were found to depend on growth

phase and producer strain (Westdijk et al. 1997). Latge

amounts of PT and PRN were released during growth

and the amount of cell-associated FHA declined rapidly.

Intracellular globules of poly-hydroxybutyrate (PHB)

may be seen during the early stages of growth of B.

pertussis (Thalen et al. 1999) and other bordetellae.

Based on the above information and that given later in

this chapter, a diagrammatic representation of the dispo-

sition of the important cellular components of the

bordetellae is shown in Fieure 69.1.

CU LTU RAL CHARACTERISTICS

Growth of B. pertussis was first achieved by Bordet and

Gengou (1906) with a glycerol, potato-extract medium
without peptone but containing 50 percent blood. This

medium, with minor modiflcations, is still in general use.

Sheep or horse blood is routinely used and the amount
is usually reduced to 15-20 percent, thereby making

B. avium Probable role in pathogenicity

+ Cil iostasis, epithel ial cel l
cytotoxicity

+ Local inf lammatory effects

+ LPS Pyrogenicity
- lnterference with immune

effector cells

lnterference with immune
effector cells

+ Adhesins/invasins

+ Adhesin/ invasin

Adhesin/ invasin

Adhesin/ invasi n, serum
resrstance

- Adhesin

? Interference with immune
effector cel ls

Adenylate cyclase toxin +
(ACr)

Pertussis toxin (PT) +

F imbr iae

F i lamentous
hemagg lu t in in  (FHA)

Pertactin (PRN) +

BrkA +

Tracheal colonization
factor (TCF)

Type l l l  secretion system

+ LOS + LPS

+

+

+ LPS

+

+

f

+, present;  - ,  absent;  v ,  var iable,  reported in ovine stra ins;  ?,  unknown
a) LOS, lipo-oligosaccharrde; LPS, lipopolysaccharide
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hemolysis around the colonies easier to see. Various
selective media have been developed for clinical speci-
mens and solid and liquid media without blood are
available, for example, for vaccine production. B.
pertussis is the most fastidious of the bordetellae and
media suitable for B. pertussis are also suitable for the
other species, although the latter can also be grown on
peptone-containing media such as trypticase soy agar
and MacConkey agar. Some of the cultural character-
istics of the bordetellae are shown in Table 69.1. The
time of development and size of the colonies differ
between the species.

On Bordet-Gengou (BG) medium, B. pertussis lorms
tiny (0.5 mm diameter), smooth, convex, pearl-like, glis-
tening colonies with entire edges and surrounded by a
narrow zone of hemolysis. After 5-6 days, the diameter
of the colonies has increased to 2-3 mm. Colonies of B.
parapertussis develop more quickly and become slightly
larger whereas those of B. bronchiseptica are larger still
and appear within 24 h. On peptone- or tyrosine-
containing agar, B. parapertussis and B. holmesii
produce a brown discoloration of the medium. B. avium
on Columbia agar containing 7 percent ox blood or veal
infusion agar may show two colony types. Some strains
produce small, pearl-like colonies with entire edges and
glistening surfaces 1 mm in diameter after 24 h. Others
are larger with smooth surfaces. B. holmesii colonies on
heart infusion agar with rabbit blood are described as
punctate, semlopaque, convex, and round with complete
edges. B. hinzii isolates have one of two distinct colony
types. When grown on trypticase soy agar, some strains
produce round, raised, glistening, grayish colonies about
2 mm in diameter after 48 h at 37'C in air containing 5
percent CO2. Under the same conditions, other strains
produce flat, dry, crinkled colonies up to 5 mm ln

F imbr iae

Capsule

Outer
memorane

Per ip lasm

lnner
membrane

Cytoplasm

Peptidoglycan

diameter. B. trematum colonies on blood agar are
grayish-cream, convex, and circular with entire edges. B.
petrii forms creamy-white colonies of different sizes
when grown aerobically on Luria-BerIani agar at 30'C
and small, irregular, slightly red colonies when grown

anaerobically on selenate-containing medium.
Variation during growth is a notable feature of the

bordetellae, both in vitro and in vivo. Cultures
frequently exhibit different colony types on the same
agar surface, or after a few transfers. Changes in colony
morphology on repeated subculture, with concomitant
loss of antigenic and virulence attributes and alterations
in growth requirements, have long been known for B.
pertussis. Peppler and Schrumpf (1984) described pheno-

typic variants of B. pertussis that had flat, nonhemolytic
colonies on BG agar, unlike the domed, hemolytic wild-
type colonies; some of the variants could be selected for
growth on nutrient agar. Colonial variation in B.
pertussis is probably caused by the combined processes

of serotype variation, phase variation and antigenic
modulation and similar phenomena occur in other
bordetellae.

GROWTH REQUIREMENTS

Although complex media containing blood are often
used for their initial isolation, Bordetella spp. have rela-
tively simple nutritional requirements (Rowatt 1957;
Thalen et al. 1999). These include amino acids as carbon
and nitrogen sources, nicotinamide or nicotinic acid, and
an organic source of sulfur. B. bronchiseptica and B.
avium can also grow on carbon sources such as lactate
or citrate plus ammonium ions in place of amino acids.
Despite these simple nutritional requirements, -8.
pertussis is a fastidious organism and growth may be

F lage l l um FHA

?
* ?
1 :
t =

PRN, BrkA
TCF etc.

qQ??

TCT
&-6r

ACT

Figure 69.1 Diagrammatic representation of the disposition of the important cellular components of the bordetellae Not all
components are expressed in all species
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inhibited by various components, such as unsaturated

fatty acids, present in normal media, or by contam-

inating detergents from the glassware. B. parapertussis,

B. bronchiseptica, B. avium and, presumably, the other

species, are less susceptible to these inhibitors. Surpris-

ingly, B bronchiseptica and B. avium are able to grow

in low nutrient conditions, such as in natural waters

and even in unsupplemented phosphate-buffered saline,

but this property is not shared by B. pertussis or

B. parapertussis (Porter et al. 1997; Porter and Wardlaw

1993; Cotter and Miller 1994).

Early liquid media developed for bulk growth of .8.

pertussis for vaccine production and free from blood or

tissue extracts, contained salts, amino acid mixtures,
growth factors, and soluble starch. Despite the inclusion

of starch, which helps to reduce the effects of the above-

mentioned inhibitors, these media do not allow growth

from small inocula and, when solidified with agar, do not

permit single cells to form separated colonies. In place

of starch, albumin, charcoal or ion-exchange resins have

been used. Ammonia is formed during growth of the

bordetellae and consequently media must be adequately

buffered. A simple chemically defined medium for B.

pertussis was developed by Stainer and Scholte (I97I).

Stainer-Scholte (SS) medium contains glutamic acid,
proline, and cystine, together with ascorbic acid, nico-

tinic acid, glutathione, salts, and Tris buffer; again, it

supports the growth of B. pertussls only from a heavy

inoculum. This difficulty was overcome by Imaizumi

et al. (1983) who supplemented SS medium with

heptakis (2,6- O - dimethyl) B-cyclodextrin. Cyclodextrins

form water-soluble complexes with hydrophobic mole-

cules such as fatty acids. The resulting medium, solidi-

fied with agarose, was the first defined medium for B.

pertussis to allow reliable growth from dilute inocula, a

property only previously associated with blood-

containing media such as BG agar. Supplementation of

the medium with casamino acids further improved

growth. Cyclodextrin not only improves the growth of B.

pertussis but also greatly enhances the yield of PT, FHA,

and ACT in the culture supernate (Hozbor et al. 1994).

Unlike B. pertussis, B. bronchiseptica is able to grow on

a variety of conventional media but these can affect

production of virulence factors. For example, growth on

nutrient agar and brain heart infusion broth induced the

avirulent Bvg phase and growth on tryptic soy agar and

in tryptone phosphate broth induced an intermediate,

Bvg'phase (Passerini de Rossi et al. 2001).

LABORATORY ISOLATION AND
IDENTIFICATION

Successful isolation of B. pertussis from patients depends
on various factors (Onorato and Wassilak 1987;
Friedman 1988; Hoppe 1988; Gilchristl99l; Guiso 1997;
Miiller et al. 1997; Hallander 1999; Kerr and Matthews
2000). Cultivation of the organism is more likely to be

successful early in the disease and less so during the

paroxysmal stage. Age and immunization status of the

patient and any preceding antimicrobial therapy are also

important. Factors that can be controlled by the bacter-

iologist include the methods of specimen collection,

transport, and culture.

Nasopharyngeal swabs or nasopharyngeal aspirates

give better isolation rates than cough plates, throat

swabs or nasal swabs. Calcium alginate swabs have been

found to be superior to those made from other mate-

rials. Although direct plating of specimens is the method

of choice, transport media can be used. For swabs,

Hoppe (1988) recommended the transport medium of

Regan and Lowe (1977), that contains half-strength

charcoal agar, horse blood, and cephalexin, the latter to

suppress the normal nasopharyngeal flora. For trans-

porting nasopharyngeal secretions, casamino acids broth

held at 4'C is suitable and, for longer-term preservation,

there is no significant loss of viability on storage at

20"C in casamino acids or in serum inositol suspending

medium (Cassiday et al. 7994). For primary isolation of

B. pertussis, the medium developed by Regan and Lowe

(L977) contatning charcoal agar, with deflbrinated horse

blood 10 percent and cephalexin (40 mg/l) is recom-

mended. Amphotericin B may be added if problems

with fungal contaminants occur. A synthetic cyclodex-

trin-containing medium with cephalexin has a much

longer shelf-life than BG agar. With simulated nasophar-

yngeal swab specimens, however, recovery on BG agar

was 80 percent, and on cyclodextrin medium was <60

percent, of the numbers obtained on Regan and Lowe

medium (Morrill et al. 1988). Plates should be incubated

aerobically in a humid atmosphere at 35 rather than

37'C and for up to 7 days. The characteristic tiny,

smooth, convex, pearl-like colonies of B. pertussis

usually become visible after 3-4 days, whereas those of

B. parapertu.ssls appear after 2-3 days. The latter

organism is readily isolated on culture media used for B.

pertussis but Moredun Bordetella medium, a charcoal

agar containing cycloheximide and spectinomycin, is

highly specific for B. parapertussis but inhibits B.

pertussis (Connor et al.1996).

B. bronchiseptica ts readily isolated by nasal or

tracheal swabbing of animals with bordetellosis. Blood

agar or MacConkey agar, with or without selective

agents such as penicillin, streptomycin, and nystatin may

be used and other selective media have been described

(Goodnow L980; Rutter 1985). Tracheal specimens from

infected dogs and cats often contain high numbers of

bordetellae and in pure culture (Bemis 1992).

MacConkey agar is also suitable for B. avium. For isola-

tion of B. holmesii, BG medium containing methicillin

or oxacillin was found to be suitable, whereas cepha-

lexin, commonly used for other bordetellae, was inhibi-

tory (Mazengia et al.2000).

Identity can usually be confirmed by Gram staining,

urease. oxidase, and nitrate reduction reactions
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(Table 69.1) and, for B. pertussis, by typing with fluor-
escent antibody or by slide agglutination with specific
antisera. There are species-associated differences in
other biochemical tests. For example, B. hinzii can be
distinguished from B. avium by its ability to cause alkali-
nization of a wider range of substrates, to assimilate
caprate and to decarboxylate histidine (Vandamme et al.
1995). Some investigators have resorted to determina-
tion of cellular fatty acid composition and 165 rRNA
sequencing for confirmation of identity of 'unusual'

isolates of bordetellae, such as B. bronchiseptica, B.
hinzii, and B. holmesii from humans (Kattar et al. 2000;
Gadea et al. 2000; Wallet et al 2002).

Various serological tests such as agglutination, com-
plement fixation, and enzyme-linked immunosorbent
assay (ELISA) have been used to confirm the diagnosis of
pertussis and parapertussis and are valuable in epidemio-
logical and vaccine eflicacy studies. They are less suitable
for rapid diagnosis and generally require seroconversion
to distinguish active disease from high titers due to
vaccination or maternal antibodies. ELISA tests for IgG
antibodies to PT and FHA are widely used and sensitive
diagnostic methods and criteria for a positive diagnosis
have been suggested by Hallander (1999). Antibody
responses to PT are considered to be specific for pertussis
whereas seroconversion for FHA may also occur after
B. parapertussls infection. The direct detection of B.
pertussis or its components in clinical specimens is also
possible (Onorato and Wassilak 1987; Friedman 1988;
Gilchrist 1991; Hallander 1999). Such methods have rhe
advantages of speed and ability to detect organisms that
are no longer viable. The direct fluorescent antibody test
uses fluoresceinlabeled antibodies to B. pertussis and B.
parapertussis to detect the bacteria in nasopharyngeal
secretions. The test is technically demanding, of low
sensitivity, and may give false negative results if the
number of organisms in the specimen is low, or false
positive results, due to lack of technical expertise, poor
quality slides or antigenic cross-reactions with other
organisms. It is recommended as an adjunct to, rather
than a replacement of, culture. Tests for the detection of
B. pertussis components such as adenylate cyclase, by its
enzymic activity, and pertussis toxin, by immunoassay or
by cytotoxicity assay, either directly in respiratory secre-
tions or after enrichment, appear to be sensitive and
specific but have not found routine use.

The most rapid and sensitive detection methods for B.
pertussis and other bordetellae are those involving the
polymerase chain reaction (PCR). Such techniques are
particularly suitable for fastidious, slow growing patho-
gens such as B. pertussls. With primers directed to the
pertussis toxin gene promoter, discrimination between
B. pertussis, B. parapertussls, and B. bronchiseptica is
possible (Reizenstein et al. 1993). A PCR assay
targeting multicopy species-specific insertion sequences
allows the simultaneous detection and discrimination of
B. pertussis and B. parapertussis and is sensitive enough

to detect a single cell of either pathogen (van der Zee
et al. 1993). With knowledge of the Bordetella genomes,

new species-specific and genus-specific targets could be
identified. With the advent of real-time PCR technology,
identification can be completed within t h after extrac-
tion of the DNA from a swab sample (Sloan et aL.2002).
A real-time PCR method targeting the IS481 insertion

sequence was able to detect and discriminate between B.
pertussis and B. holmesii (Poddar 2003). PCR assays
allow a much greater detection rate for B. pertussis

infection than culture, particularly in vaccinated indivi-
duals, in patients given antibiotics, and in patients with
mild or atypical symptoms (Schmidt-Schliipfer et al.
1997). As with culture, the methods of sample collection

and processing are crucial as is the choice of primers,

PCR conditions, and detection system (Meade and
Bollen 1994; Miiller et al. 1997). Hewleu (2000) has
cautioned that efforts to culture B. pertussis should
continue, to detect strain variation, antibiotic resistance,
and other properties of the organism that could be
missed by a PCR-based system. Others have highlighted
the dangers of false positives with PCR methods and the
need for fully validated methods (Lievano et al.2002).

TYPING METHODS

Serotyping has long been used for epidemiological inves-
tigations of B. pertussls isolates and depends on the
presence or absence of speciflc AGGs on the bacterial
cell surface. These are detected by slide agglutination
tests traditionally with antisera raised in rabbits and
made monospeciflc by absorption with heterologous

strains. In an early definitive study, Elderinget al. (1957)

described 14 heat-labile AGGs amongst B. pertussis, B.
parapertussis, and B. bronchiseptica. AGGs L-6 were
specific for B. pertussis. AGG 1 was common to all
strains. and AGGs 2-6 were found in various combina-
tions on different isolates. Currently, only AGGs 1, 2
and 3 are widely recognized. Thus, the four serotypes of
B. pertussis are 1.,2,3;1,2; I,3; and 1. AGG 1 is common
to all fresh isolates and is thought to be located on the
lipo-oligosaccharide component of the cell envelope.
The antigenic determinants of AGGs 2 and 3 are
located on fimbriae. Monoclonal antibodies to the sero-
type antigens are now available and have been suggested
for adoption as standard serotyping reagents (Guiso et al.
2001; Xing et al.  2001).

A variety of much more discriminating DNA finger-
printing methods has now been applied to the various
bordetellae. For example, pulsed-fleld gel electrophor-
esis (PFGE) has proved to be useful for epidemiological
studies and numerous DNA types have been identifled
amongst B. pertussis isolates even in individual
outbreaks (de Moissac et al. 1994; Hardwick et al. 2002).
PFGE has also been used to discriminate between
isolates of B. bronchiseptica (Binns et al. 1998), B. para-
pertussis (Mastrantonio et al. 1998). and B. holmesii
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(Mazengia et al. 2000). Ribotyping and restriction endo-

nuclease analyses have been used to differentiate

between B. avium and B. hinzii, and to distinguish

numerous types within each species (Register et al.

2003). Multilocus sequence typing (MLST) methods

based on virulence genes encoding surface proteins have

detected potentially important polymorphisms in the

B. pertussis population (van Loo et al. 2002). With

advances in sequencing technology, such information is

readily obtainable and more easily transferable between

laboratories and databases than results of other methods

based on whole-genome comparisons. To facilitate the

comparison of B. pertussis populations between different

countries and for investigation of the effectiveness of

different vaccination regimes used, a standardized meth-

odology for epidemiological typing of B. pertussis has

been proposed, based on serology, PFGE, and gene

typing (Mooi et al. 2000).

BIOCHEMICAL ACTIVITIES AND
METABOLISM

Studies on the metabolic activities of the bordetellae

have been concerned mainly with defining nutritional

requirements or with biochemical tests for identiflcation,

and for taxonomic and phylogenetic purposes. Biochem-

ical activity, as usually determined in the laboratory, is

generally regarded as weak in that none ferments sugars.

Other metabolic studies have been concerned with

vaccine development and virulence mechanisms. As a

step towards constructing live attenuated bordetellae as

vaccine strains for mucosal delivery, the aroA gene of B.

pertussis and B. bronchiseptica has been targeted. This

gene encodes an enzyme essential for the biosynthesis of

aromatic amino acids and other aromatic compounds

and aroA mutants are highly attenuated in mrce

(Roberts et al. 1990; Stevenson and Roberts 2002).

Leucine and methionine auxotrophs of B. pertussis

generated by transposon mutagenesis were also atte-

nuated in a mouse model (Weiss and Goodwin 1989).

The enzymes catalase, superoxide dismutase, and perox-

idase, which are important in oxygen metabolism and

for survival of some bacteria within phagocytes, are

present in B. pertussis, B. parapertussls, and B. bronchi-

septica, and the other five species are known to produce

catalase. A catalase-deficient construct of B. pertussis

was more sensitive to killing by hydrogen peroxide than

the wild-type strain but its ability to survive within

human polymorphs was unchanged (DeShazer et al.

1994). B. bronchiseptica has potent urease activity and,

with some other pathogens, this enzyme is thought to be

important in host colonization and disease production.

Surprisingly, Monack and Falkow et al. (1993) found

that a urease deletion mutant of B. bronchiseptica was

better able to colonize the respiratory tract of guinea

pigs than the parent strain. They suggested that urease

may be more important to B. bronchiseptica in a possi-

ble environmental niche rather than in pathogenicity.

The whole-genome sequences of B. pertussis, B. para-

pertussis, and B. bronchiseptica have revealed that all

three appear to encode complete pathways for the

biosynthesis of nucleotides, co-factors, and amino acids

(except cysteine), consistent with their ability to grow on

defined media. Their inability to utilize sugars as carbon

sources is explained by the absence of genes encoding

glycolytic enzymes such as glucokinase, phospho-

fructokinase, and fructose 1-6 bisphosphatase (Parkhill

et al. 2003). With the availability of the genome

sequences, it should be possible to elucidate every meta-

bolic pathway of these organisms and, with the aid of

transcriptome analysis and proteomics, to determine

how they respond to different environmental conditions

(Preston and Maskell 2002).

Iron is an essential nutrient for bacteria and successful

pathogens must be able to cope with the iron-restricted

environment found in host tissues. Here, the level of

free iron is kept low by the iron-binding proteins lacto-

ferrin and transferrin. Some pathogens produce high-

affinity iron chelators (siderophores) to remove iron

from these proteins and others have surface receptors

that bind the host proteins directly to facilitate iron

transport into the cell. Yet others can utilize iron from

other sources, such as heme. There is evidence, suppor-

ted by the genome sequences, that B. pertussis and other

bordetellae possess all of these types of iron uptake

mechanism and their expression appears to be contro-

lled, as in other gram-negative bacteria, by the repressor

protein Fur with ferrous iron as the co-repressor

(Vanderpool and Armstrong 2001; Murphy et at.2002;

Parkhill et al. 2003). Hydroxamate siderophores have

been purified from B. pertussis, B. parapertussls, and B.

bronchiseptica, and shown to be identical to alcaligin,

the iron chelator of Alcaligenes (now Achromobacter)

denitrificans. They also have receptors, such as the

ferric-enterobactin receptor BfeA, for siderophores that

are produced by other microorganisms. A mutant of

B. pertussis, defective in the inner membrane proteins

required for the transport of the various iron complexes

into the bacterium had a reduced ability to colonize the

lungs of mice, indicating the importance of such iron-

uptake systems for growth in vivo (Pradel et al. 2000)

SUSCEPTIBI LITY TO ANTIMICROBIAL
AGENTS

The effectiveness of antibacterial agents against borde-

tellae in vitro does not necessarily reflect their useful-

ness against the bacteria localized on the ciliated epithe-

lium of the respiratory tract due to the difficulty in

maintaining suitable concentrations of the drugs at this

site (Hoppe 1998). Antibiotic treatment in the early

(catarrhal or early paroxysmal) stages can ameliorate

the symptoms of pertussis and eliminate the infection.
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Later treatment may have no clinical benefit for the
patient but may help to limit the spread to susceptible
contacts (Cherry et al. 1988). Several antibiotics
including erythromycin, tetracycline, choramphenicol,
and trimethoprim-sulfamethoxazole are effective in vivo,
but erythromycin is generally the drug of choice for
treatment of pertussis patients and for post-exposure
prophylaxis of close contacts; erythromycin estolate is
reported to reach higher concentrations than other
formulations. Short-term treatment with clarithromycin
or azithromycin, because of their improved absorption
and longer half-life, has been shown to be at least as
effective as standard erythromycin treatment (Aoyama
et al. 1996; Bace et al. 1999; Lebel and Mehra 2001).
These agents, or trimethoprim-sulfamethoxazole, may be
appropriate for treatment of adult pertussis patients
who cannot tolerate erythromycin (Hoppe 1996).
Routine antibiotic susceptibility testing of B. pertussis, a
slow growing and nutritionally fastidious organism, is
cumbersome and is usually unnecessary. However,
erythromycin-resistant isolates have been reported and
have prompted the development of standardized testing
methods. An agar-dilution method has been recom-
mended, using Mueller-Hinton agar plates supple-
mented with 5 percent horse blood and containing
different concentrations of antibiotic. A dense inoculum
(c. 104 cfu) of each isolate is applied with a multipoint
inoculator to a small spot on the plates. Minimum inhi-
bitory concentration (MIC) values are determined after
incubation for 72 h at 36'C in a humid atmosphere. The
E-test method, based on the diffusion of a concentration
gradient of the antibiotic from a plastic strip into a
spread-inoculated agar plate, is simpler but poor growth
of some isolates from a low inoculum may cause
problems (Hoppe 1998; Hill et al. 2000).

Early attempts to modify the course of pertussis ill-
ness by passive immunization were of doubtful value but
newer preparations of anti-pertussis immunoglobulin have
shown some promise. High-titer immunoglobulins prepa-
red from adults immunized with either pertussis toxoid
(PTd) or PTd plus FHA gave a signiflcant reduction in
the number of whoops, but not cough or vomiting, when
administered intramuscularly to pertussis patients in a
double-blind, placebo controlled trial (Granstrom et al.
1991). Similarly, a high-titer serum from donors immuni-
zed with PTd reduced the paroxysmal coughing in chil-
dren with severe pertussis (Bruss et al. 1.999). Further
studies on pertussis immunotherapy are clearly warranted.

There is little information on the most appropriate
clinical treatment for parapertussis patients. B. para-
pertussis is reported to be generally more resistant to
most antimicrobials than ,B pertussis but they are
equally susceptible to trimethoprim-sulfamethoxazole
and fluoroquinolones in vitro and these agents are likely
to be effective in vivo (Hoppe 1999).In the treatment of
animal bordetellosis, delivery of standard amounts of
antimicrobial agents by the oral or parenteral routes

may be insufficient to reduce bacterial numbers in the
respiratory tract and to alleviate symptoms (Bemis 1992).
Increased dosage or local administration of the agent by
aerosol or intratracheal injection may be beneflcial.
Another difficulty is the frequent development of resis-
tant strains of B. bronchiseptica. In surveys on the in
vitro susceptibility of B. bronchiseprlca (Woolfrey and
Moody 1991; Bemis 1992), isolates were generally

susceptible to aminoglycosides, anti-pseudomonal penici-
llins, chloramphenicol, tetracyclines, imipenem, quino-
lones, and polymyxins. Those that were generally

ineffective were erythromycin, some cephalosporins,
streptomycin, clindamycin, and nitrofurans. In some cases,
treatment failure has been shown to be due to R factors.
Plasmids encoding multiple drug resistance have been
described and some are capable of conjugal transfer to
other organisms. Antibiotic resistance plasmids are also
commonly encountered in B. avium but have not been
described in B. pertussis. In a survey of Australian
isolates of B. avium, all were resistant to erythromycin
and most were resistant to sulfonamides and strepto-
mycin (Blackall et al. 1995). B. hinziihas been described
as a multidrug resistant organism with MICs of different
antimicrobials resembling those for strains of B. bronchi-
septica (Funke et al. t996; Kattar et al. 2000).

VIRULENCE FACTORS

Bordetella spp. produce an array of toxins, aggressins,
and adhesins that are presumed to be important in colo-
nization of their respective hosts and ensuring their
survival and propagation. The best characterized species
is the human pathogen B. pertussis and many of its
products have been rigorously purified and assessed for
their protective activity in experimental animals.
Following the pioneering work of Weiss, Falkow and
coworkers (Weiss et al. 1983, 1984; Weiss and Falkow
1984), genes encoding the putative virulence factors
have been identified by transposon mutagenesis and
many have been cloned and sequenced and expressed in
other bacteria to investigate their properties. Strains
engineered with precise mutations have been used to
determine the effect of the loss of individual factors on
virulence-related properties. With B. pertussis, however,
the role of these factors in pathogenesis has been diffi-
cult to define since reliance has to be placed on in vitro
assays or animal models of the human infections, parti-

cularly in the mouse, in which different conditions may
prevail. Nevertheless, further information has been
provided by studies of B. bronchiseptica and B. avium in
their natural hosts. With this in mind, the putative viru-
lence factors of the bordetellae will now be described. A
summary of the expression of these factors in four
species is shown in Table 69.2. The more recently
described species, B. hinzii, B. holmesii, B. trematum,
and B. petrii have been investigated for production of
PT, ACT, dermonecrotic toxin (DNT), FHA or PRN by
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genetic and immunological analysis but
that they do not possess these factors
2001; von Wintzingerode et al. 2001).

Tracheal cytotoxin

results suggest
(Gerlach et al.

Tracheal cytotoxin (TCT) is produced by at least four

species of bordetellae. It was discovered by Goldman

and colleagues from its ability to cause ciliostasis and cili-

ated cell extrusion in hamster tracheal organ cultures and

inhibition of DNA synthesis in hamster trachea epithe-

lial (HTE) cell cultures. The destruction of ciliated cells

is similar to that seen in necropsy material from human

pertussis and in turkey coryza (Goldman 1988). Such

effects could well account for some of the pathological

events of Bordetella respiratory infections such as accu-

mulation of mucus, coughing, and predisposition to secon-

dary infections. TCT is an unusual toxin, with a low

molecular weight (MW) of 921 Da. It is a disaccharide

tetrapeptide (N-acetylglucosaminyl-L,6-anhydro-N-acetyl-

muramyl- (t-) -alanyl-y- (o ) - glutamyl- m e s o-diaminopimelyl-
(n)-alanine), equivalent to a monomeric subunit of

the bacterial peptidoglycan derived from the normal

turnover of peptidoglycan during growth of the cell

envelope. Unusually in bacteria, this subunit is released

by the bacterium rather than recycled (Cookson et al.

1989). Another bacterium known to release such a

toxin is Neisseria gonoruhoeae, which causes a similar

cytopathology in fallopian tubes. These toxins belong

to a family of muramyl peptides with diverse biolo-
gical activities such as pyrogenicity, adjuvanticity,

arthritogenicity, induction of slow-wave sleep, and

stimulation of IL-1 production. Nitric oxide, synthe-

sized in response to IL-1, appears to be the actual

cytotoxic factor (Heiss et al. 1994). In a study of

hamster tracheal organ cultures infected with B.

pertussis, Flak and Goldman (1999) showed that the

production of cytokine-inducible NO synthase (iNOS)

was induced in nonciliated cells and mucus-secreting

cells but not in ciliated cells. Moreover. the effect was

reproduced by a combination of TCT and B. pertussis

lipo-oligosaccharide (LOS), but not by either agent alone

(Flak et al. 2000). A similar synergistic response,

resulting in induction of IL-1, iNOS, NO production,

and inhibition of DNA synthesis was shown in HTE

cells. It has been suggested that the production of

inflammatory mediators by mucosal epithelial cells in

response to molecules such as muramyl peptides and

lipopolysaccharide (LPS) or LOS is part of a normal

innate response to infecting bacteria. The abnormal

release of large amounts of TCT by Bordetella spp.,

in combination with LOS, causes an exaggerated host

response that results in respiratory tract pathology

(Flak et al. 2000). Although the effects of purifled

TCT and LOS can be demonstrated on ciliated

epithelia, Bvg strains of B. pertussis, which produce

both of the toxins but none of the usual adhesins,
cause little damage when incubated with respiratory

epithelia. It may be that during infection, adhesins are

required to bring B. pertussis into close contact with

target cells for their toxic effect to be induced.

DNT

DNT activity is found in the four species listed in

Table 69.2. Genetic studies have supported earlier find-

ings that B. pertussis, B. parapertussls, and B. bronchi-

septica produce DNTs which are essentially indis-

tinguishable in their physicochemical, serological, and

biological properties whereas that of B. avium is similar

(Walker and Weiss 1994). The products of the dnt getes

of B. pertussis and B. bronchiseptica are 1464 amino

acids in length with a MW of 160.6 kD and there are

only 11 residues different between the two polypeptides

(Pullinger et al. 1996). DNT is a cytoplasmic component

of the bacteria and not normally released by actively

growing cells.

DNT has also been known as heat-labile toxin

because its activity is destroyed by heating to 60'C for c.

10 min. It was the first bordetella toxin to be described

and yet its role in disease has not been clearly defined'

DNT is largely responsible for the mouselethal toxicity

of freshly harvested B. pertussis cells and the mouse

toxicity test for pertussis vaccine was introduced

primarily to ensure that DNT is destroyed during

vaccine manufacture. It has potent vasoconstrictive

activity and in experimental animals causes death or loss

of normal weight gain, spleen atrophy, and ischemic

lesions or necrosis of skin. The dermonecrotizing activity

appears to be due to a specific constrictive effect on

vascular smooth muscle. Such an effect on the highly

vascularized tissues in the respiratory tract could induce

a local inflammatory reaction and thus account for some

of the pathology of pertussis (Nakase and Endoh 1988).

Despite its potency in various bioassays, B. pertussis

mutants deficient in DNT production were unaltered in

their ability to cause a lethal infection in mice. However,

from studies of other Bordetella species in their natural

hosts, DNT appears to have a role both in disease and in

colonization. DNT in B. bronchiseptica seems to have a

role in producing the turbinate atrophy associated with

atrophic rhinitis in pigs by causing degenerative changes

in osteoblasts and impairing bone formation (Horiguchi

et al. 1994). A B. bronchiseptica strain deficient in DNT

production was associated with considerably less turbi-

nate atrophy and pneumonia in pigs compared to the

wild-type parent and also had reduced ability to colonize

the nasal cavity (Brockmeier et al. 2002). Similarly, a

DNT-deflcient strain oI B. avium was less virulent and

persisted for a shorter time than the parent strain in

young turkeys, and had reduced ability to adhere to

turkey ciliated tracheal cells in vitro (Temple et al. 1998).
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The various effects of DNT on target cells include
stimulation of DNA and protein synthesis and formation
of actin stress fibers and focal adhesions. These effects
are thought to be mediated by its activity as a transglu-
taminase catalyzing the deamidation or polyamination of
the guanosine triphosphate (GTP)-binding protein Rho
and other members of the Rho family involved in regu-
lation of the cytoskeleton. This results in constitutive
activation of the Rho proteins (Masuda et al. 2002). In
this respect, it resembles cytotoxic necrotizing factor 1 of
Escherichia coli, with which it shares some structural
homology. The receptor-binding or cell-internalization
domain of DNT resides at the N-terminus of the mole-
cule whereas the catalytically active domain lies at the
C-terminus (Matsuzawa et al. 2002).

Endotoxin

Despite the close genetic relatedness of the bordetellae,
their endotoxins are different. The endotoxin of B.
pertussis (LOS) can be resolved elecrrophoretically into
a slow-moving band, band A, and a fast-migrating band
B (Peppler 1984). Band B (LPS-B) is composed of lipid
A linked via a single ketodeoxyoctulosonic acid residue
to a branched core consisting of glucose, heptose,
glucuronic acid, glucosamine, and galactosaminuronic
acid. Addition of a trisaccharide (2-N-acetyl-4-N-methyl-
fucosamine, 3-di-N-acetylmannosaminuronic acid and N-
acetlyglucosamine) to LPS-B produces LPS-A (Band A)
(Chaby and Caroff 1988; Caroff et al. 2000). B. pertussis
endotoxin, like that of some other bacterial pathogens, is
generally referred to as a LOS (Brodeur et al. 1993). By
contrast, B. parapertussls and B bronchiseptica endo-
toxins usually consist of a smooth-type LPS with high
MW O-polysaccharide components, usually with the O-
antigen comprising a homopolymer of 2,3-dideoxy-2,3-
di-N-acetylgalactosaminuronic acid, although differences
in O antigen structure between B bronchisepllca strains
have been noted (Vinogradov et al. 2000). B. pertussis
lacks the wbm genetic locus for O-antigen biosynthesis
tn B. bronchiseptica and ,8. parapertussis. B. avium, B.
holmesii, and B hinzii have different O-antigen repeat
structures whereas B. trematum expresses only a single
O antigen unit. The lipid As of the bordetellae have
some unusual structural features. For example, B.
pertussis and B. parapertussis lipid A is hypo-acylated
(penta-acylated) compared to enterobacterial lipid As
whereas B. bronchiseptica and B. hinzii are fully hexa-
acylated. There are also species-specilic differences in
the fatty acyl components of the lipid As of the borde-
tellae (Zarrouk et al. 1997; Preston and Maskell 2001).

There is no clear understanding of the role of endo-
toxin in Bordetella infections although it may act in
concert with other bordetella toxins, as described above
for TCT. B. pertussis LOS has the usual properties of
endotoxins such as general toxicity, pyrogenicity, and

adjuvanticity as well as some unusual properties such as
the ability to induce antiviral activity, B cell mitogeni-
city, and polyclonal B cell activation (Chaby and Caroff
1988). LOS may be responsible for the mild fever in
early pertussis. In addition, it probably causes much of
the reactogenicity of whole-cell vaccine and a main aim
in pertussis acellular vaccine development has been to
eliminate this toxin. Nevertheless, LOS may have a role
in immunity to pertussis infection. Pertussis vaccine that
has been boiled to destroy all but the heat-stable LOS
antigens still protects mice against lethal intranasal chal-
lenge with B. pertussis. Anti-LOS antibodies may be
bactericidal for B. pertussis in the presence of comple-
ment and some anti-LOS monoclonals were able to
passively protect mice from lethal (Shahin et al. 1994)
and sublethal (Mountzouros et al. 1992) challenge with
B. pertussis irrespective of their bactericidal activity in
vitro. The presence of smooth LPS in B. bronchiseptica
correlated with resistance to killing in vitro by antibody
and complement (Byrd et al. 1991) and antimicrobial
peptides (Banemann et al. 1998) whereas B. pertussis,

lacking the O-polysaccharide side chains, was more
sensit ive to these agents.

Mutagenesis of the LPS/LOS biosynthesis genes has
been done to obtain mutants expressing a range of
delined LPS molecules. For example, when the w/b
locus, which is required for addition of the trisaccharide

to the core region to form LPS-A, was deleted from B.
pertussis, B. bronchiseptica, and B parapertussis,

mutants of each were defective in their ability to colo-
nize different sites of the mouse respiratory tract
(Harvill et al. 2000). Mutants in the wbm locus of B.
bronchiseptica and B. parapertussis that were deficient in
O-antigen biosynthesis both lacked the complement
resistance associated with the wild type, but only the B.
parapertussis mutant had reduced ability to colonize the
mouse respiratory tract (Burns et al. 2003). It thus
appears that LPS structures play roles in infection that
are specific to each organism. There is evidence that the
main regulator of virulence gene expression, the bvg
locus, influences LPS structure in B. bronchiseptica b:ut
not in -8. pertussis (van den Akker 1998). In the Bvg*
mode, the lipid A is modified by palmitoylation and this
modification was shown to be important for long-term
persistence of B bronchiseptica in the mouse respiratory
tract (Preston et al. 2003).

ACT

The adenylate cyclase (AC) of B. pertussis was flrst
shown to be associated with toxic activity by its ability to
attenuate neutrophil superoxide production and bacter-
icidal capabilities. Subsequently, ACT was shown to
penetrate and intoxicate a wide range of cell types.
However, immune effector cells such as neutrophils,
monocytes, macrophages, dendritic cells, and natural
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killer cells, necessary for combating infection, are

thought to be the primary targets (Hewlett and Gordon

L988; Guermonperez et al. 2001). B. parapertussis and B.

bronchiseptica have ACT activity similar to that of B.

pertussis but the toxins are antigenically distinct. ACT or

CyaA, the product of lhe cyaA gene, is a bifunctional
protein of 1 706 amino acids with both AC and hemo-

Iytic activities. It is a member of the repeats in toxin
(RTX) family of calcium-dependent, pore-forming cyto-
lysins, of which the prototype rs E. coli hemolysin
(Coote 1992). The AC domain is located in the N-term-

inal 400 amino acids and the C-terminal portion, of

1 306 amino acids, has homology to the other RTX cyto-

lysins, confers weak hemolytic activity and provides a

means of entry into the target cell for the N-terminal

AC moiety (Ladant and Ullmann 1999). It is this moiety

that is responsible for the weak B-hemolysis seen around

colonies of B. pertussis, B. parapertassls, and B. bronchi-

septica on Bordet-Gengou agar plates. ACT is exported

by a type I secretion pathway that requires a nonpro-

cessed signal sequence at the C-terminus of the toxin

and also the products of the accessory genes cyaB, cyaD,
and cyaE. It is synthesized as an inactive protoxin and is

converted to the active form by palmitoylation of

Lys983 catalyzed by the product of another accessory
gene cyaC.

Although at high concentrations ACT can bind to and

enter a variety of cell types including red blood cells,

only cells expressing CD11b are intoxicated by low,
presumably more physiological, levels of the toxin. ACT

binds with high affinity to the CD11b moiety of the CR3

receptor (CD11b/CD18) and such binding may explain

its primary action on immune effector cells. Both ACT

and FHA bind to the integrin CD11b/CD18 and it has

been suggested that they may act cooperatively to

deplete CD11b/CDl8-expressing leukocytes (Guermon-

petez et al. 2001). A direct physical association between

ACT and FHA has also been demonstrated and may
play a role in the efficient delivery of the toxin to target

cells (Zaretsky et al. 2002). ACT monomers are suffl-

cient to deliver the AC domain to the target cell interior

and to form cation-selective channels in the target cell

membrane. With red blood cells however, hemolysis

requires oligomerization of the toxin monomers in the

cell membrane (Gray et al. 1998). Although the AC

domain can gain access to the cytosol of target cells by
direct translocation across the plasma membrane,
processes involving vesicular trafflcking appear to contri-

bute to cytotoxicity for macrophages (Khelef et al.
2001).

Once inside the cell, the AC moiety is activated by

the endogenous eukaryotic protein calmodulin, a prop-

erty it shares with the edema factor of Bacillus anthracis.

It then causes unregulated synthesis of cyclic AMP from

adenosine triphosphate (ATP), thus interfering with
normal cell functioning, before it is degraded (Hanski

1989). Purified ACT is also able to induce apoptosis in

target cells, a property shared with some other RTX

toxins. For example, ACT is able to induce apoptosis in

mouse alveolar macrophages in vitro and in vivo (Khelef

and Guiso 1995; Gueirard et al. 1998). Studies with

Bordetella mutants deficient in ACT activity in mouse

models have confirmed its importance as a virulence

factor and that phagocytic cells are the primary target.

Such B. pertussis mutants have reduced ability to cause

lethal infection in infant mice and to colonize the lungs

of older mice (Weiss et al. 1984; Weiss and Goodwin

1989; Khelef et al. 1994). After comparing the effects of

wild-type and ACT B. bronchiseplica strains in normal

and immunodeficient mice, it was concluded that neutro-

phils were critical for early defense against infection and

that ACT was responsible for overcoming this arm of

the innate immune system (Harvill et al. 1999b). Other

work has shown that expression of ACT inhibits uptake

of B. pertussls by human respiratory epithelial cells

(Bassinet et al. 2000) and Fc receptor-mediated attach-

ment and opsonophagocytosis by human neutrophils

(Weingart et al. 2000).

ACT has been shown to be a protective antigen for

mice against B. pertussis challenge. Immunization with

native ACT or recombinant active ACT promoted more

rapid clearance of B. pertussis from the respiratory tract

than in controls or in mice immunized with inactive

(nonacylated) recombinant ACT (Betsou et al. 1993;

Hormozi et al. 1999). Apart from any potential use in

new pertussis vaccines, ACT may have other important

applications in vaccinology (Ladant and Ullmann 1999).

Genetically detoxified, recombinant ACT has been

shown to be an effective vehicle for delivery of hetero-

logous epitopes and induction of cell-mediated immu-

nity. A variety of CD8* T cell epitopes has been

inserted into the catalylic domain of AC. The resulting

AC toxoids are still cell-invasive and deliver these

epitopes into the cytosol of MHC class I antigen-

presenting cells with subsequent priming of cytotoxic T

lymphocytes. Both protective antiviral and therapeutic

anti-tumor responses have been stimulated in this way

(Saron et al.1997; Fayolle et al. 1999).

PT

PT is generally considered to be expressed only by B.

pertussis and is actively secreted. Structural genes for

toxin subunits and toxin export are present it B. para'

pertussis and B bronchiseptica, but they appear to be

transcriptionally silent due to defective promoters or

activator (BvgA) binding sites (Arico and Rappuoli

1987; Parkhill et al. 2003). However, two atypical strains

of B. bronchiseptica have been described that appeared

to have produced the toxin during infection (Stefanelli

et al. 1997). PT has attracted wide interest not only

because of an assumed central role in the pathogenesis

of whooping cough and as a proven vaccine antigen but
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also because of its remarkable range of biological activ-
ities and its use as a probe of eukaryotic cell signaling
processes (Wardlaw and Parton 1988b; Ui 1990; Krueger
and Barbieri 1995; Ryan et al. 1998). Some of the in
vitro and in vivo activities of PT are listed in Table 69.3.

PT is a complex protein of 105 kDa with an enzymic
moiety, the A or 51 subunit, and a heteropentameric B
subunit responsible for binding to target cells and
inserting the S1 subunit into the cytoplasm. The B
oligomer is made up of four different polypeptides 52-
55, in the molar ratio t'.1'.2:1, in the form of two dimers
S2-S4 and S3-S4 held together by 55. Carbohydrate-
recognition domains on 52 and 53 target PT to eukary-
otic cells by binding preferentially to glycoproteins and
glycolipids. The hemagglutinating, T cell mitogenic, and
at least some of the adjuvant activities of PT are due
solely to the B subunit binding to cell surfaces (Ui 1988;
Roberts et al. 1995; Ryan et al. 1997). The 3D crystal
structure of PT has been resolved (Stein et al. 1994;
Hazes et al.1996).

PT is actively secreted by B. pertussis. Each polypep-
tide is synthesized with an N-terminal signal sequence
and translocated to the periplasm through the inner
membrane by a sec-mediated process. The holotoxin is
assembled here and transported across the outer
membrane via a mechanism involving nine pertussis
toxin liberation (Ptl) proteins. These are believed to
form a complex spanning the inner and outer
membranes and passing through the peptidoglycan layer
(Burns 1999). This process is known as type IV secretion
and is similar to systems used by other pathogens to
export effector proteins. Although secreted, some PT
remains surface-associated and may participate in the
adhesion of B. pertussis to cells such as human ciliated
cells and macrophages. Thus, PT may be unusual as

Tabf e 69.3 Some activities of peftussis toxin

Activity

Demonstrated at the cellular level in vitro:
ADP-ribosylat ion of G proteins

H emagg lut ination
Adhesion/invasion
Inhibit ion of neutrophi l  oxidative burst
Inhibit ion of monocyte migration
Inhibit ion of histamine release from mast cel ls
T cel l  mitogenicity
Demonstrated in experimental animals and *in humans:
Protective antigen ( in toxoided form)"
Induction of leukocytosis*
Enhancement of insul in secretion*
Inh ib i t ion  o f  adrena l ine  hyperg lycemia*
Sensit izat ion to histamine
Sensit izat ion to anaphylaxis, anoxia, endotoxin
Adjuvantici ty
Enhancement of vascular permeabil i ty
Acute toxicity/lethal ity

both a toxin and adhesin (Tuomanen 1988). Others have
questioned the role of PT as an adhesin and have

suggested that it is the enzymic activity and resulting
pharmacological effects of PT that aid the bacterium in
colonizing the mouse respiratory tract, even in the
absence of FHA (Alonso et al. 2001). Nevertheless, both
PT and FHA are required for efficient binding to target

cells such as human ciliated cells and they also act coop-

eratively in the uptake of B. pertussis by macrophages.
PT upregulates the function of the macrophage integrin

CR3 and thereby promotes attachment and uptake of
B. pertussis via FHA (Tuomanen 1993). Activation of

CR3 and augmentation of FHA binding has also been

described for fimbriae and the Arg-Gly-Asp (RGD)

domain of FHA.

Upon receptor binding, PT is taken into the eukar-
yotic cell by receptor-mediated endocytosis and under-
goes vesicular trafflcking and membrane translocation to
reach its target proteins on the inner surface of the
plasma membrane. PT needs to be activated to exert its
toxic effects. This requires ATP and the reduction of a
disulflde bond in the 51 subunit to liberate it from the B
pentamer (Xu and Barbieri 1995; Hazes et al. 7996).
Many of the activities of PT depend on the enzymatic

activity of the 51 subunit which is an adenosine dipho-
sphate (ADP)-ribosyltransferase that catalyzes the trans-

fer of the ADP-ribose moiety of nicotinamide adenine

dinucleotide (NAD) to target proteins. In this way, PT
resembles cholera toxin and E. coli heat-labile toxin. PT
ADP-ribosylates the s subunits of eukaryotic GTP-
binding regulatory (G) proteins (Krueger and Barbieri

1995). The modifled G proteins are unable to function

in normal signal transduction processes across the
membrane and, because different cell types and
signaling systems are affected, the ensuing biological

effects are numerous (Table 69.3). One such effect, the

leukocytosis induced by PT, may be explained by its
inhibition of L-selectin expression by leukocytes,
preventing their migration to areas of infection and
homing of blood lymphocytes to peripheral lymphoid

tissues (Hudnall and Molina 2000; Hodge et al. 2003).
PT is important for virulence of B. pertussis in mouse

models of infection. One probable target is the phago-

cytic cells, in limiting their migration to the site of infec-

tion in the respiratory tract and in reducing their phago-

cytic potential and killing mechanisms (Weiss and

Hewlett 1986; Schaeffer and Weiss 2001). Some of the

systemic effects of pertussis infection or pertussis vacci-

nation in man, such as leukocytosis, enhancement of
insulin secretion, and inhibition of adrenaline hypergly-

cemia (Table 69.3), can be reproduced in animals by
injection of PT and some of the effects are long lasting.

Because of this, PT has been proposed as having a
central role in the pathogenesis of pertussis and being in
some way responsible for the prolonged course of the

disease and for the symptoms which persist after the
infection has been cleared (Pittman 1984a). Its actual
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role, however, and its main site of action in the host,
whether locally in the respiratory tract or systemically,
perhaps in the central nervous system, remain obscure
(Hewlett 1997). In view of the many common features of
bordetella diseases and the fact that PT is unique to B.
pertussis, it is difficult to assign a preeminent role to PT
in either pathogenesis or host specificity. Nevertheless,
immunization with PT, in toxoided form (PTd), protects

mice against both intracerebral and respiratory chal-
lenges with B. pertussis (Sato and Sato 1988). Mono-
component acellular vaccines containing PTd have been
shown to be somewhat efficacious in a number of field
trials in children and chemically detoxifled PTd has been
a major component of acellular pertussis vaccines in use
since 1981 (Sato et al. 1984). Such chemical toxoiding
however, is known to reduce immunogenicity and fully
immunogenic, recombinant PTd, has been developed
(Rappuoli et al. 1992). One such molecule (PT-9K/

129G) produced by site-directed mutagenesis of the
active site of the enzymic moiety, has been included in
acellular vaccines tested in larse scale field trials and
shown to be efficacious.

Fimbriae

B. pertussis produces two types of fimbriae (pili) which
carry the antigenic determinants of the serotype 2 and 3
agglutinogens and individual strains may express one,
both or neither. Serotype 2 and 3 fimbriae are composed
predominantly of protein subunits of Fim2, 22.5 kDa,
and Fim3, 22 kD4 respectively (Mooi 1994). Serologi-
cally cross-reactive flmbrial subunits of different mole-
cular weights are found in other bordetellae. A gene

fimA, which is homologous to the genes for Fim2 and
Fim3, is not expressed in B. pertussis because of a dele-
tion at its 5' end. In contrast, intact fimA genes are
present in B. bronchiseptica and B. parapertussis, and

fimA is expressed in B. bronchiseptica. It has been
proposed that fimA represents the primordial Bordetella
fimbrial gene. Other gene products, FimB and FimC, are
required for the secretion and assembly of these
fimbriae. Additional fimbrial genes have now been iden-
tified in the whole-genome sequences, including an
operon for type IV pilus biosynthesis that is present in
B. bronchiseptica but not in B. pertussis or B. para-
pertussis (Parkhill et aI.2003).

Bacterial fimbriae are usually involved in adhesion but
the exact role of bordetella fimbriae has not been clearly
defined. They do not appear to play a role in attachment
of B. pertussis in its usual location, on human respiratory
ciliated cells (Tuomanen L988). However, binding to
other cell types, including monocytes and a human
laryngeal epithelial cell line, but not a human bronchial
epithelial cell line, has been reported (Van den Berg
et al. 1999). Type 2 and 3 flmbriae of B. pertussis, in
addition to the maior fimbrial subunits. also contain

FimD, a protein of 40 kDa, as a minor component

located at the tip of the flmbrial structures. This protein

enables the bacterium to bind to cells via their cell-

surface integrin VLA-5. Binding of FimD to VLA-5

activates the monocyte CR3 receptor and significantly

enhances FHA-mediated attachment of B. pertussis to

these cells (Hazenbos et al. 1995). Both the major and

minor fimbrial subunits can also mediate binding to

glycosaminoglycans, structures ubiquitous on many

mammalian cell surfaces and in the respiratory tract

(Geuijen et al. 1998). This property is shared with FHA.

Other evidence suggests that fimbriae are important in

both pathogenesis and immunity. Of the four recognized

serotypes (I,2,3; 1,2;1,3; and 1) of B. pertussis, only the

first three (possessing fimbriae) infect man. Mutants of

B. pertussis and B. bronchiseptica, unable to produce

fimbriae, had reduced ability to colonize the tracheas of

mice and rats, respectively (Geuijen et al., \9971' Mattoo

et al. 2000). Purified flmbriae have been shown to

protect mice against respiratory infection with B.

pertussis and, with challenge strains of different sero-

types, protection was found to be serospecific. More-

over, infection of mice that were immune to one flmbrial

type led to selection of B. pertussi,s strains that produced

the other type (Robinson et al. 1989). These findings are

consistent with suggestions that protection of children

with whole-cell pertussis vaccine is to some extent seros-

pecific (Preston 1988). For these reasons, it is recom-

mended by WHO that strains expressing both types of

fimbriae are included in whole-cell pertussis vaccines

(WHO 1979; Fry et al. 2001). Purified type 2 and 3

fimbriae are also included in some multicomponent acel-

lular pertussis vaccines.

FHA

FHA appears to be the major adhesin of B. pertussis and

one of the two hemagglutinins (the other being PT), and

its primary role appears to be in colonization of the cili-

ated respiratory epithelium. Similar, but not identical,

proteins are present in B. paraperlussis and B. bronchi-

septica and B. avium also produces an FHAlike protein

(Spears et al. 2003). Genes encoding other FHAlike

proteins have been identified in the genome sequences

of B. pertussis, B. parapertussis, and B. bronchiseptica

and await further characterization for their possible role

in host-parasite interactions (Parkhill et aI.2003).

FHA is synthesized as a large precursor protein of

367 kDa. The precursor protein is exported to the

bacterial surface where it forms filamentous (4 x 50 nm)

appendages and is thought to be anchored by its C-term-

inal moiety. Transport across the inner membrane is

directed by a7I amino acid signal sequence which is then

removed. Transport across the outer membrane requires

an accessory outer membrane protein FhaC (Jacob-

Dubuisson et al. 2000). Eventuallv, the C-terminal
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portion is cleaved by the surface-bound serine protease
SphBl (Coutte et aI.2001) and the N-terminal 220kDa
'mature' FHA is released. Release of FHA from the
surface of B. pertussis may facilitate transmission of the
organism within the respiratory tract or from host to host
(Arico et al. 1993). A B. pertussis mutant defective in the
SphBl protease had a reduced ability to colonize the
mouse respiratory tract, suggesting that release of FHA
allows the bacteria to disperse and colonize new sites
(Coutte et al. 2003). It has also been proposed that FHA
(and PT) released from B pertussis in the respiratory
tract could bind to other bacteria by a process which has
been called 'piracy of adhesins', allowing them to effi-
ciently adhere to cilia and promoting secondary bacterial
infections (Tuomanen 1988).

As an adhesin, FHA is unusual in having multiple
binding activities. These allow B. pertussis to adhere to
different cell types, including ciliated epithelial cells and
macrophages, possibly at different stages of infection
and in conjunction with other adhesins (Locht et al.
1993; Mooi 1994). FHA has a CR3 recognition domain
that allows adhesion to macrophages and other cell
types Another of its binding activities is due to an RGD
domain that binds to leukocyte response integrin in
concert with integrin-associated protein and causes upre-
gulation of CR3 (Ishibashi et al. 1994). In the absence of
opsonizing antibodies, such FHA-mediated binding of B.
pertussis to macrophages via CR3 leads to phagocytosis

that does not result in subsequent killing and may be
critical in the intracellular survival of this organism.
FHA has also been reported to mediate attachment of
B. pertussis to neutrophils but in a way that fails to
promote phagocytosis (Weingart and Weiss 2000). FHA
also has a carbohydrate recognition domain specific for
binding lactosylceramides (Prasad et al. 1993). This is
responsible for attachment of FHA to respiratory cilia
and to some extent to macrophages, although it is not
important for uptake of B. pertussis into macrophages.
Recognition of lacotsylceramides is also a property of
the 52 subunit of PT. In addition, FHA, has a binding
activity for glycosaminoglycans, substances ubiquitous in
the respiratory tract, with similar, but not identical,
speciflcity to that of the fimbrial subunits (van den Berg
et al. 1999). With FHA, this specificity is responsible for
its hemagglutinating activity (Hannah et al. 1994). By
electron microscopy, FHA filaments can been seen to
have a globular head, a long shaft of c. 35 nm and a
small flexible tail. Molecular modeling suggests that the
shaft is composed of three parallel p sheets with the
CR3, RGD, and carbohydrate recognition domains
located near the middle. The hemagglutinating/glycosa-
minoglycan binding domain is located at the head
(Kajava et al. 2001).

Infection experiments have shown that FHA mutants
of B. pertussis (Kimura et al. 1990) and B. bronchiseptica
(Cotter et al. 1998) have a reduced ability to colonize and
persist in the upper respiratory tract of mice and rats,

respectively. Immunization with FHA alone will protect

mice against aerosol challenge with B pertussis and FHA

enhances the protective activity of PTd in mice against a

lethal intracerebral (i.c.) challenge. This i.c. challenge

test is a standard test of pertussis vaccine potency. In

view of its adhesive and mouse-protective activities,

FHA is one of the prime antigens in acellular pertussis

vaccines. FHA also has immunomodulatory properties. It

can inhibit the production of IL-12 by macrophages in

response to LPS and y-IFN, by stimulating the produc-

tion of IL-10 (McGuirk and Mills 2000).

PRN

PRNs are surface-associated and secreted proteins

produced by the three closely related Bordetella spp.
(Table 69.2). PRN from B. pertussis (P.69) has an

apparent MW of 69 kDa. Homologous proteins, of

slightly different size, are found in B. parapertussis

(P.70) and B. bronchiseptica (P.68). They are encoded as

large precursor proteins. The precursor of B. pertussis

PRN is 93.5 kDa, from which a 3 kDa N-terminal signal

sequence and a 30 kDa C-terminal portion are cleaved
proteolytically to yield mature PRN of 60 kDa. This

molecule migrates anomalously in sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE),

with an apparent MW of 69 kDa, hence its descriptor

P.69. The signal sequence is responsible for sec-mediated

transport of the pertactin precursor across the inner

membrane. The C-terminal 30 kD of the precursor is

necessary for translocation of pertactin from the peri-

plasm through the outer membrane to the cell surface
(Charles et al. 1989, 1994).

P.69 has been shown to mediate attachment of B.

pertussis to, and invasion of, some tissue culture cell

lines (Roberts et al. 1991; Leininger et al. 1991,1992)

although other evidence suggests that expression of
pertactin by B. pertussls may actually impede its inva-

sion of human tracheal epithelial cells (Bassinet et al.

2000). Like FHA, PRN has an RGD, integrin-binding

domain but there is conflicting evidence on the role of

this domain in attachment and invasion (Arico et al.

1993; Everest et al. 1996). The position of the RGD site

in the tertiary structure of pertactin indicates that it is

unlikely to function in eukaryotic cell binding (Emsley

et al. 1.996). Nevertheless, PRN and FHA may act in

concert for efficient cell binding. Studies with a B.

bronchiseptica prn mutant show that PRN is involved in

attachment of the organism to porcine ciliated respira-

tory cells and alveolar macrophages (Forde et al. 1999).

B. pertussis prn mutants, however, were unaffected in

their ability to colonize the lungs of mice (Roberts et al.

1991; Khelef et al.1994).

Despite the uncertainty on the exact role of PRN in

pathogenicity, it is an important protective immunogen

of Bordetella spp. and, when given parenterally or
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intransally, P.69 is protective in mice against aerosol

challenge with B. pertussis. The related molecule P.68
has been reported to protect mice and pigs from B.
bronchiseptica infection (Roberts et al. 1992, 1,993).
There has been much interest, therefore, in PRN as a
vaccine component. It was shown to be present in a
significant amount in one of the early Japanese acellular

vaccines and it is now included as a main constituent in

some of the newer acellular formulations. A B-cell

epitope, recognized by both humans and mice, has been

identified in a particular region, region 1, of the PRN

molecule and shown to be important in immunity to B.
pertussis. Region 1 is composed of amino acid repeats
(GGxxP) and is adjacent to the RGD motif. Variation

in region 1 (giving types prnL, 2, 3 etc.) has been

detected in circulating strains of B. pertussis. In an intra-
nasal challenge model in mice, a whole-cell vaccine
prepared from strains expressing prnl afforded less
protection against prn2 and prn3 strains than against
prnl strains (King et al. 2001).

Other vi ru lence-associated factors

PRN and a number of other related, Bvg-regulated
proteins in bordetellae are now recognized as members

of the family of autotransporter proteins found in gram-

negative pathogens. They consist of a secreted, N-term-

inal (passenger) domain and a C-terminal domain that is

thought to oligomerize in the outer membrane to form a
p-barrel pore to allow secretion of the passenger protein.

At the cell surface, the passenger domain may be
proteolytically cleaved and released or it may remain

associated with the cell (Henderson and Nataro 2001;

Veiga et al. 2002). In addition to PRN, four such
proteins, SphB1, BrkA, TCF, and Vag8 have been char-
acterized. The genome sequences of the bordetellae

have revealed the presence of a number of genes

encoding other autotransporters but each of the three

species contains a different complement of such proteins

(Parkhill et al. 2003). Thus, the autotransporter

mechanism appears to be common in the bordetellae for

transport of functionally different proteins to the cell

surface.

Bordetella resistance to killing (BrkA) is synthesized
as a large precursor, of 103 kDa, and is processed into

the mature 73 kDa surface protein and a 30 kDa outer
membrane protein (Fernandez and Weiss 1994). A B.
pertussis mutant deflcient in BrkA was less virulent for

mice than the parent strain, less adherent to HeLa cells,

less invasive for these cells and at least lO-fold more
susceptible to killing by normal human serum. Posses-

sion of BrkA by B. pertussis inhibits the antibody-

dependent classical pathway of complement activation

by preventing the deposition of C4 on the bacterial

surface. B. pertussis does not activate the antibody-
independent branches of the classical pathway BrkA,

therefore, protects the bacterium against all of the

effects of complement activation such as upregulation of

the immune system and opsonization, as well as against

direct killing via the membrane attack complex. Such a

resistance mechanism is useful even for pathogens of the

respiratory tract where significant levels of complement

do occur and increase during inflammation (Barnes and

Weiss 2003). Antibodies to BrkA can neutralize this

resistance (Oliver and Fernandez 2002). Sequences

homologous to the brkA gene are present in

B. parapertussis and B. bronchiseptica and the protein

has been detected in some strains of B. bronchiseptica

by immunoblotting with a monoclonal antibody to

BrkA. However, loss of BrkA from B. bronchiseptica

does not render the organism sensitive to complement

killing (Rambow et al. 1998) presumably due to the

resistance conferred by its smooth LPS. BrkA also

confers resistance to killing by antimicrobial peptides

(Fernandez and Weiss 1996)

Tracheal colonization factor (TCF) is expressed only

tn B. pertussis and a mutant lacking this protein had

reduced ability to colonize mouse trachea compared

with the parent strain (Finn and Stevens 1995). It is

expressed as a precursor of apparent MW 90 kDa and

cleavage releases the mature protein of apparent MW

60 kDa, leaving the 30 kDa C-terminal fragment in the

outer membrane. Intranasal immunization of mice with

an attenuated Vibrio cholerae strain expressing TCF

reduced the ability of B. pertussis to colonize the trachea

(chen et al.  1998).

An autotransporter protein, Vag8, flrst described in B.

pertussis (Finn and Amsbaugh 1998), appears to be

involved in Type III secretion in B. bronchiseptica.

Genes encoding components of Type III secretion

systems and potential translocated proteins have been

identilied in B. bronchiseptica, ovine B. parapertussis,

human B. parapertussls, and B. pertussis, but appear to

be expressed only in the first two (Yuk et al. 1998a,

2000). Such systems are responsible for translocating

effector proteins directly from the bacterial cytoplasm to

the cytoplasm of eukaryotic cells. In B. bronchiseptica,

its expression is Bvg-regulated and it appears to be

involved in secretion of at least three polypeptides.

These products enable long-term persistence of B.

bronchiseptica in the tracheas of rodents. They appear to

interfere in various ways with the action of both the

innate and acquired immune systems and are cytotoxic

for macrophages and epithelial cells (Harvill et al.

1999a; Heininger et al. 2002; Stockbauer et al. 2003).

VIRULENCE REGULATION

Serotype variation

The major serotype antigens or AGGs 7,2, and 3 occur
in various combinations on different strains of B.
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pertussis and thereby differentiate the four widely recog-
nized serotypes 1,2,3; 1,2; 1,3;1. The AGGs are al l  lost
during phase variation (see below), but AGGs 2 and 3
can also be lost or regained independently in vitro and
in vivo. Such changes occur at about one in every 103-
104 cell divisions (Willems et al. 1990). AGGs 2 and 3
are located on fimbriae and serotype variation appears
to be due to spontaneous frameshift mutations in the
promoter region of the fimbrial subunit genes.

Phase variation and phenotypic
modulation

Phase variation in B. pertussis was first described by
Leslie and Gardner (1931) as a stepwise degradative
process from phase I, with the characteristics of fresh
isolates, to phase IV, with the different phases being
distinguished by colony morphology, hemolysis, and
serology. Phases I and II were toxic for guinea pigs
whereas phases III and IV were not. It is now clear that
degradation of B. pertussis strains is even more compli-
cated than the above four stages but the spontaneous
occurrence of phase IV or 'avirulent-phase' mutants is
well known. Such strains no longer express the above-
mentioned virulence factors associated with fresh
isolates (Wardlaw and Parton 1988b; Stibitz and Miller
1994), with the exception of TCT and endotoxin. Phase
variation occurs at a frequency of one per 103-106
organisms and is occasionally reversible. Intermediate
phase variants of B pertussis, expressing different
combinations of virulence factors, have also been
reported (Cotter and DiRita 2000).

Expression of virulence factors in bordetellae is also
regulated in response to growth conditions in vitro. The
term 'antigenic modulation' was introduced by Lacey
(1960) to describe the freely reversible phenotypic
changes that occur when B pertussis is grown with high
levels of certain salts, organic acids or at low tempera-
tures. The so-called C (cyanic) mode or avirulent pheno-

type was originally distinguished from the X (xanthic)
mode or virulent phenotype by serology and cultural
characteristics. A serologically distinct intermediate or I
mode, produced under submodulating conditions, was
also identified. Subsequent work has shown that many of
the virulence factors are lost during the X to C transi-
tion, as are certain outer-membrane proteins, adhesive-
ness, and hydrophobicity (Wardlaw and Parton 1988a).

The similar loss of virulence factors during phenotypic
modulation and phase variation suggested that a
common regulatory mechanism was involved and that
phase variation was the genotypic equivalent of pheno-
typic modulation. Thus, phase I and X mode are essen-
tially the same, as are phase IV and C mode, although
the ability of phase IV strains to grow on nutrient agar
(Leslie and Gardner 1931; Peppler and Schrumpf 1984)
suggests that additional changes may occur upon repe-

ated subculture. The difference is that the X to C

change is environmentally regulated, affects all cells in

the population and is freely reversible, whereas the
phase I to IV change is an infrequent, mutational event

that requires subsequent clonal selection for recognition,

and reversion is equally infrequent or impossible. Weiss

and colleagues (Weiss et al. 1983; Weiss and Falkow

1984) demonstrated that a single Tn5 insertion in the B
pertussis chromosome abolished the expression of the
virulence factors such as PT, ACT, FHA, and DNT.

They had thus identifled a virulence regulatory locus

which they designated vir, and which was later renamed

bvg (bordetella virulence gene). Thus the organism may

undergo phenotypic modulation between the virulent
(Bvg*) or avirulent (Bug-) phase or mode according to
growth conditions in vitro but the actual signals that

modulate the Bvg system in vivo/ex vivo are unknown.

Phase variation is caused by spontaneous mutations in

the bvg locus and both reversible, frameshift mutations

and irreversible deletions have been found in avirulent
phase strains. Sequences homologous to bvg are present

in B. bronchiseptica, B. parapertussls, and B. avium and

they are related to so-called two-component signal trans-

ducing systems in other bacteria.

A number of virulence-repressed genes (vrg) have

now been identified but, in most cases their functions

are unknown. They are regulated by the bvg-locus in a

reciprocal fashion to the virulence-activated genes (vag)

encoding the virulence factors described above. Some

vrg gene products in B. bronchiseptica have metabolic

functions and are additionally regulated by growth

phase, with maximal expression in the late log or

stationary phase (Schneider et al.2O02). The regulation

of virulence expression via the bvg locus (Cotter and

DiRita 2000; Coote 2001; Bock and Gross 2001; Cotter

and Jones 2003) is summarized in Figure 69.2. Transcrip-

tion analysis has revealed that the vdg genes are turned

on sequentially. Activation of the genes encoding the

adhesins FHA and fimbriae (early vags) occurs immedi-

ately after the shift to Bvg* growth conditions whereas

expression of those encoding PT and ACT (late vags)

begins after 2 h. Expression of PRN occurs at an inter-

mediate time. The timing of activation of the vag genes

appears to depend on the affinity, the number and orien-

tation of BvgA binding sites upstream of vag genes and

the concentration of BvgA within the cell.

Significance of virulence regulation

The chameleon-like potential for change in B. pertussis

and other bordetellae is thus apparent (Figure 69.3) but
its significance in the life-style of these organisms is less

clear. There is evidence that flmbrial (serotype) varia-

tion in B. pertussis occurs in animal models of infection

and in human infections. This type of variation and

variation in other surface comoonents that arise
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s igna ls

Figure 69.2 Bvg-mediated virulence regulation Ihe bvg locus encodes two proteins BvgS and BvgA with homology to 'two-

component' signal-transducing proteins in other bacteria and which function as dimers BvgS is a sensor protein spanning the inner
membrane and BvgA is a cytoplasmic response regulator protein able to bind to the DNA lncoming (Bvg*, virulent mode) signals are
transmitted to the cytoplasmic portion of BvgS which autophosphorylates and then, via a phosphorelay system, activates BvgA
Phosphorylated BvgA allows transcription of the virulence-activated genes (vags) and causes repression of other, virulence-repressed
genes (vrgs) Llnder modulating @vg , avirulent mode) growth conditions, BvgS and BvgA are inactive and only the vrgs are expressed

BvgS
active

BvgA
active

Viru lence-repressed
genes

spontaneously could be useful in evading the host

immune response and could be selected for in vivo due

to natural or vaccine-induced immunity. With regard to

phenotypic modulation, it may be that the ability of a B.

pertussis population to respond rapidly to environmental

influences is more than just a laboratory artifact or an

evolutionary remnant from the ancestral, environmental

bordetellae. There has been speculation that it may

undergo modulation, not only to evade the host immune

response, but to aid transmission, to prolong survival

between hosts or to colonize some site other than the

ciliated surface of the human respiratory tract. The idea

of a significant role for the coordinate regulation of viru-

lence is strengthened by the knowledge that this process

also occurs rn B. bronchiseptica, B. parapertussis, and B

avium. Rappuoli (1994) has suggested that the bvgAS

system evolved to enable the bordetellae to distinguish

between the external environment, at a low tempera-

ture, from the host environment at a higher tempera-

ture. Temporal control of virulence factors, so that

adhesins are expressed first and toxins later, would be

appropriate if a Bvg phase organism was transferred to

a new host or to a new site within the host where it had

to combat host defenses.

Outer membrane

l nne r  membrane

BvgS
inact ive

BvgA
inactive

V i ru le
genes expressed

Viru lence-activated
9enes

However, it is now clear that different sets of genes

are controlled by bvgAS in these species. For example,

tn B. bronchiseptica, but not in B. pertussri, Bvg-actt-

vated factors include a type III protein secretion system,

possibly involved in combating the host immune system,

and LPS modification. Bvg-activated factors unique to

B. pertussis include PT and TCF. Some factors that are

expressed only in the Bvg phase of B. bronchiseptica

and not in that of B. pertussis include an adhesin

(Register and Ackermann 1997), flagella (Akerley and

Miller 1993), and urease (McMillan et al. 1996). Thus,

bug-regulation appears to control different functions in

these two species and this may be related to their

different life-styles. B. bronchiseptica, but not B.

pertussis, is capable of environmental survival and

growth in nutrientJimited conditions. The Bvg- phase

of B. bronchiseptica appears to be necessary for this.

However, studies with Bvg" and Bvg phase-locked

mutants in animal models have shown that the Bvg*

phase of both species is necessary and sufficient for

respiratory infection and that expression of bvg--

repressed factors in the Bvg* phase hinders the infection

process (Martinez de Tejada et al. 1998; Merkel et al.

1998). In B. bronchiseptica, bvg regulation could allow

Vi ru lence-activated
genes expresseo
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phase-specific protein BipA, that may be involved in the
transmission process, has been identified in B. bronchi-

septica and the bipA gene is present in B. pertussis
(Antoine et al. 2000; Cotter and DiRita 2000). BipA is a
large outer-membrane protein that has a region of
homology with the intimin protein of enteropathogenic

E. coli and invasin oI Yersinia spp. and therefore may be
involved in adherence (Stockbauer et al. 2001). For
further speculation on the role of bvg regulation in
Bordetella species, see Cotter and DiRita (2000),

Coote (2001), Bock and Gross (2001), Cotter and Jones
(2003).

A second two-component system named regulator of
intracellular stress (Ris) has been described in B.
bronchiseptica and ris genes are present in all eight
Bordetella species (Jungnitz et al. 1998; von

Bvg-
signal

Bvg*
s igna l

Bvg- mode/phase
(avirulent)

Figure 69.3 Variation ln B pertussis The combined processes of serotype variation, phenotypic modulation, and phase variation make
B pertussis and other bordetellae highly variable and, potentially, highly adaptable organisms Ihese processes may be involved in
evasion of host immune responses, transmission or survival at different sites in vivo or ex vivo Phenotypic modulation affects all cells in
the population and is freely reversible whereas serotype and phase variation are infrequent, mutational events

the organism to adapt to the very different conditions in
vivo (perhaps in different hosts) and ex vivo between
hosts (Cotter and Miller 1994, 1997).

The role of the Bvg phase of B. pertussis may not be
clear but it has been suggested that an intermediate phase
(Bvg'), between Bvg* and Bvg , is important for sensing
location within the respiratory tract and perhaps for
transmission to new hosts. Such a phase has been
reported for B. bronchiseptica and ,8. pertussis and rs
characterrzed by the absence of vrg products, the
presence of some but not all vag products, and some
products unique to the Bvg' phase (Cotter and Miller
1997; Cotter and DiRita 2000). Organisms in the nasal
cavity, at a signiflcantly lower temperature than those
deeper in the respiratory tract, may be in the Bvgi phase
and primed for transmission to a new host. A Bvg'



Bacteriophages 1805

Wintzingerode et al. 2001). The risAS locus is regulated
by environmental conditions but independently of
bvgAS and appears to be optimally expressed af 37"C
and in the absence of magnesium. Ris-regulated
products include an acid phosphatase and they appear to
play a role in persistence in mouse lungs and also in
intracellular survival, by conferring resistance to phago-
somal acidification and reactive oxygen intermediates.
Thus, Ris may be important in the chronic progress of
B. bronchiseplica infections (Jungnitz et al. 1998; Zrmma
et al. 2001).

GENOME ORGANIZATION

The whole-genome sequences of representative strains

of B. pertussis, B. paraperlussls, and B. bronchiseptica

are now available (Parkhill et al. 2003). The strains

chosen for sequencing were B. pertussis Tohama I, a

strain widely used for laboratory studies, B. parapertussis

strain 12822, a human isolate, and B. bronchiseptica

RB50, a rabbit isolate. The final assembly of the B.

pertussis sequence was verified by comparison with a
physical map of its genome constructed by Stibitz and

Garletts (1992). These workers had used PFGE to locate

the positions of the virulence genes and some 'house-

keeping' genes. Apart from the close proximity of fha,
bvg, and of some genes involved in fimbrial assembly,

they had found no significant linkage of the virulence
genes. Comparison of the genome sequences has

supported earlier suggestions that B. pertussis and B.

parapertussis have evolved independently from a B.

bronchiseptica-like ancestor. The B. bronchiseptica RB50

genome is 5 338 400 bp with 5 007 predicted genes,

whereas that of B. parapertussis 12 822 is 4 773 551 bp

with 4 404 genes and that of B. pertussis Tohama I is

4 086 186 bp with 3 816 genes. Relatively few genes are

unique to either the B. pertussls or B. parapertussis

strains and few, if any, of these are thought to be

involved in pathogenicity. In contrast, B. bronchiseptica

RB50 has over 600 genes not present in the either of the

other two species. B. pertussis has 358 pseudogenes, B.

parapertussis 220, and B. bronchiseptica 19. Many of the
genes that are missing or inactivated in B. pertussis and

B. parapertussis are thought to be involved in transport

and metabolism, regulation of gene expression, and

synthesis of surface structures. It thus appears that the

characteristics of B. pertussis and B. parapertussis that

distinguish them from each other and from B. bronchi-

septica, i.e. biochemical properties, virulence factor

expression, and host range, are due predominantly to

large scale loss of genes and gene function rather than to

acquisition of new genes.

There is a high degree of colinearity between the

genomes of B. bronchiseptica and B. parapertussis,

whereas that of B. pertussis shows major differences in

gene arrangement that is unusual with closely related

species (Parkhill et al. 2003). Insertion sequence (IS)

elements are abundant in the B. pertussis Tohama I

genome, with 238 copies of 15481, I7 copies of 151663

and six copies of 151002. B parapertussls contains 22

copies of 151001 and nine copies of 151002 whereas .8.

bronchiseptica has none of these particular IS elements.

The genome rearrangements in B. parapertussis arrd

especially in B. pertussls appear to have been caused

mainly by recombination between IS elements. Marked

differences in genome organization between different

strains of B. pertussis noted by Stibitz and Yang (1997)

were presumed to be due to such IS-mediated events.

Pseudogene formation has also resulted from this

process of rearrangement and from in-frame stop codons

and frameshifts. Weiss (1992) had speculated that the

growth deficiencies and fastidious nature of B. pertussis

was caused by the presence of such IS elements in the

genome. IS481 is also present in 8-10 copies, in B.

holmesii (Reischl et al.2002)

Antoine et al. (2000) have searched the genome

sequence of B. pertussls for new potential virulence

factors by screening for genes that were regulated posi-

tively or negatively by the bvg locus using a transcrip-

tional fusion reporter plasmid. The genes identified

include more putative toxins, adhesins, and iron-uptake

systems. Further investigation of the bordetella genome

sequences will no doubt help to identify other virulence

factors and protective antigens, and provide a bettel

understanding of their mechanisms of virulence regula-

tion and pathogenic potential.

BACTERIOPHAGES

Bacteriophages have been described in various Borde-

tella specres and bacteriophage genes have been identi-

fied in the genome sequences (Parkhill et aI.2003). B.

avium-specific temperate phages have been character-

ized and phage resistance was associated with changes in

LPS composition of the bacterium (Shelton et at.2002).

Rauch and Pickett (1961) isolated a number of bacter-

iophages from B. bronchiseptica strains and each strain

showed a unique phage sensitivity pattern. Some of the

phages were lytic for B. parapertussis, but not for B.

pertussis. An unusual group of temperate bacteriophages

was recently identifled in B. bronchiseptica (Liu et al.

2002). The viral particles had icosahedral heads and

short necks with six tail fibers ending in unusual globular

structures. Their genomes consisted of 42.5 kb of

double-stranded DNA. The original isolates had a

marked tropism for Bvg* rather than Bvg- bordetellae

and PRN was identified as one of the phage receptors.

From these bacteriophages, variants could be derived

that had switched tropism to Bvg -phase or could form

plaques on either Bvg* or Bvg strains. The three types

of variants were capable of converting between the

different tropisms. A reverse transcriptase-mediated

mechanism was shown to be responsible and capable of

generating a vast repertoire of phage specificities.
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HABITAT AND PATHOGENICITY

Until recently, the bordetellae were considered to be
obligate, noninvasive parasites of the respiratory tracts
of warm-blooded animals, including birds, with a predi-
Iection for the respiratory ciliated epithelium (Wardlaw
1990). This definition has been confounded by more
recent observations. First, most strains of the newly
described species B holmesii and ,8. trematum were
isolated from human blood or wounds, respectively, and
were not associated with respiratory infection. There are
also reports of the isolation of B. pertussis, B. bronchi-
septica, and B. hinzii from human blood. These isola-
tions appear to have been mainly from immunocompro-
mised patients and so an increasing number of such
findings is perhaps inevitable. Second, it has become
apparent that B. pertussis, B. parapertu,ssls, and B.
bronchiseptica have mechanisms for attachment to, inva-
sion of, and survival in, both epithelial cells and phago-
cytes. The significance of this habitat is not yet clear as
none appears to replicate intracellularly. B. pertussis
may be capable of only short-term survival whereas B.
bronchiseptica is better able to survive in the acidic
environment of the mature phagolysosome (Schneider
et al. 2000). However, an intracellular phase may be
significant in the protracted course of bordetella infec-
tions or in establishment of a quiescent or chronic stage.
The importance of cell-mediated immunity to B.
pertussis infection, demonstrated in animal models, may
be due in part to destruction of such infected cells (Mills
et al. 1998). Third, although the bordetellae were gener-
ally regarded as having little capability for growth and
survival outside their hosts, B. petrii, an environmental
isolate, has now been described. Moreover. it has
been shown that B. bronchiseptica and. B. avtum are
able to survive and grow in low nutrient conditions
such as natural waters (Porter and Wardlaw 1993;
Porter et al. 1994; Cotter and Miller 1994). Phenotypic
modulation appears to be required for this survival.
Finally, the ability of at least folr Bordetella species to
regulate virulence factor expression in response to
external signals via the bvg and ris loci strongly
suggests that they could have alternative habitats,
either in vivo or ex vivo. where such resulation would
be an advantage.

In considering the pathogenicity of members of the
genus, the range of virulence factors produced by each
species (Table 69.2) should be examined. This may
provide clues as to which factors are responsible for the
unique or common features of the diseases. Such evidence
has been used by Goldman (1988) to propose that TCT,
produced by at least the first four described species, has
a central role in the pathogenesis of bordetella infec-
tions. The common features of the diseases in their
natural hosts caused by these species include age-related
susceptibility to infection, adherence of organisms to

ciliated epithelium and loss of ciliated cells from the
respiratory tract, reduced weight gain of the host, exces-
sive mucus production, and some form of cough.
Secondary infections also appear to be common and
increase the mortality rate in untreated cases (Wardlaw

and Parton 1988a).

Despite their common features and close genetic rela-
tionship, B. pertussis and B. bronchiseptica have clearly
different pathogenic mechanisms. B. pertussis causes a
severe, acute, potentially life-threatening disease in
humans, whereas B. bronchiseprica establishes a persis-

tent, often asymptomatic infection in its animal hosts. In
a direct comparison of the strains of B. pertussis and ,8.
bronchiseptica chosen for the genome sequencing
project, Harvill et al. (1999a) showed that B. bronchi-
septica was more persistent in colonizing the respiratory
tract of immunocompetent mice, grew to greater
numbers, caused grealer lung pathology, and stimulated
a greater antibody response than -8. pertussis.It was also
more aggressive in immunodeficient mice and more
cytotoxic for a mouse macrophage cell line. In a subse-
quent study which included the B parapertussis genome

strain, this organism resembled B bronchiseptica in
some of these properties and B. pertussis in others
(Heininger et al. 2002).

There is no completely satisfactory explanation for the
different host specificities of the bordetellae (Table 69.4),
although adhesion mechanisms to host ciliated cells
seem to be influential. B. pertussis has been shown to
adhere best to human ciha, B. bronchiseptica and B.
parapertussis adhered best to non-human mammalian,
but not avian, cilia and B avium adhered speciflcally to
avian ciliated cells (Tuomanen 1988). To determine
whether host specificity of the bordetellae might be
related to different nutrient conditions in their respec-
tive hosts, Porter and Wardlaw (1994) collected tracheo-

bronchial washings (TBW) from seven vertebrate
species. B. bronchiseptica and B. avium grew well in
most of the TBW samples, B. parapertu.ssr grew in
TBW from man, sheep, and certain other species but,
surprisingly, B. pertussis did not grow in any sample,

Table 69.4 Host specificities of Bordetella speoes

Species Host

B. pertussis Man
B. parapertussls Man, sheep
B. bronchiseptica Mammals,

inc lud ing  man
B. avium Birds

B. hinzii Birds, man

Source of human
isolates

Respiratory tract
Respiratory tract
Respiratory tract

Respiratory tract,
b lood
Blood, respiratory
tract
Wounds, ear

B. holmesii Man

B. trematum Man
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including that from man. Considering the genomic

differences between three species, Parkhill et al. (2003)

have suggested that the limited host range of B. pertussis

and B. parapertussis compared to their B. bronchi-

septica-like ancestor can be explained by their loss of

host interaction mechanisms. The virulence of B.

pertussis for humans could be due to overexpression or

constitutive expression of virulence factors that are

subject to regulatory processes in the other species. With

the high rate of transmission that occurs in the human

population, the loss of ability to cause only limited

damage to the host and for environmental survival is no

longer a selective disadvantage for B. pertussis.

Bordetella pertussis

The pathogenicity of B. pertussis has been studied in

various models in vivo and in vitro, in cell and organ

cultures. In vivo studies with B. pertussis have been, of

necessity, in various unnatural animal models of infec-

tion and the relative merits of each of these models have

been reviewed (Sato and Sato 1988; Shahin and Cowell

1994). Mouse models are used most often but a

coughing rat model has the potential for investigation of

the mechanisms of cough production and immunity in

pertussis (Parton et al. 1994; Hall et al. 1998). The

results of such studies, particularly with mutants defi-

cient in individual virulence factors, have clearly shown

that pertussis pathogenesis is complex and multifactorial.

Loss of any one of a number of toxins and adhesins has

been shown to affect the organism's ability to colonize

the host or cause pathological changes. Based on the

information in the preceding and following sections, a

possible sequence of events in pertussis is shown in

Figure 69.4.

In a model using human nasal turbinate tissue in an

air-interface organ culture, bacteria bound initially to

mucus, cilia, and areas of epithelial damage. Bacterial

replication led to a great increase in the number of B.

pertussis attached to the cilia and was associated with

the loss of ciliated and non-ciliated cells and increased

secretion of mucus (Soane et al. 2000). New insights into

the host response to B. pertussis infection are now being

obtained by using the human genome sequence informa-

tion and DNA microarrays to measure gene transcrip-

tion from human cells exposed to the organism. For

example, when a bronchial epithelial cell line was

infected with B. pertussis, expression of a very large

number of genes was altered (Belcher et al. 2000). Some

were up-regulated but many more were down-regulated.

Those up-regulated included genes for proinflammatory

cytokines and chemokines and anti-apoptotic factors.

This was in spite of the fact that B. pertussis components

are known to inhibit chemotaxis of leukocytes and to

induce their apoptosis. This study also revealed

increased mucin gene expression and the ability of

B. pertussis to bind to mucin. With human peripheral

blood monocytes, exposure to B. pertussis appeared to

cause an active suppression of the induction of TNFo

that normally is induced in response to bacterial

stimulation (Boldrick et al. 2002).

Before widespread vaccination, pertussis was primarily

a disease of young children in that the majority of

typical cases occurred in the age group 1-5 years with

the most severe disease and most fatalities in early

infancy. Passive protection is only poorly passed on from

the mother to the newborn. All ages are susceptible,

however. Pertussis is highly communicable with attack

rates ranging from 50 to 100 percent, depending on the

intensity of exposure. Transmission can mostly be attrib-

uted to droplet infection from active cases. Asympto-

matic, culture-positive carriers have been detected (De

Schutter ef aL.2003), but their role in transmission of the

disease, in the absence of coughing, is unknown. There

is no known non-human host, vector or environmental

reservoir of B. pertussis.

The clinical features of pertussis tend to vary with age'

general health, and immune status, and adults and older

children often show mild or atypical symptoms. Typical

pertussis can be divided into the catarrhal, paroxysmal,

and convalescent stages. After an incubation period of

7-14 days, the catarrhal stage resembles a non-distinc-

tive, upper respiratory tract infection with a mild cough,

excessive mucus production, and sometimes mild fever.

The cough becomes increasingly severe and, after 7-I0

days, the patient enters the paroxysmal stage. This is

characterized by bouts of uncontrollable coughing, up to

20 or more in 24 h, when the patient is attempting to

clear the tenacious mucus from the airways. The parox-

ysms are often followed by the distinctive, inspiratory

whoop. Vomiting and hypoxia may also ensue. A typical

feature of the late catarrhal and early paroxysmal phases

of pertussis is a pronounced leukocytosis with a predo-

minant lymphocytosis. The paroxysmal stage may last

for 1-6 weeks or more, then the cough gradually

subsides over a prolonged convalescent period. A high

percentage of all reported cases of pertussis require

hospitalization, especially those in infants <6 months of

age. Secondary infections, such as otitis media and pneu-

monia, are relatively frequent, especially in infants, and

may result from impairment of clearance mechanisms by

the bacterium. Complications resulting from pressure

effects of the coughing paroxysms include subconjunc-

tival hemorrhage, pneumothorax, epistaxis, subdural

hematomas, hernias, and rectal prolapse. Central

nervous system disturbances, in the form of seizures and

encephalopathy, may also occur and are thought to be

due to the hypoxia or, possibly, to bacterial toxins.

Further information on clinical aspects of pertussis may

be found elsewhere (Cherry et al. 1988; Hodder and

Mortimer 1992; Cherry 1996; Hewlett 2000).

Pertussis or whooping cough is responsible for

severe morbidity and mortality world wide, mainly in
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Stage of disease Event Bacterial components
involved

INVASION
of macrophage
and other cel ls?

I

*

Combating
immune
effector
cells and
clearance

mechanisms

Figure 69.4 The sequence of events in peftussis The postulatd roles for the various bacterial components at the different clinical
stages of disease are based on evidence from in vitro and in vivo models of infection.

such as the UK, and the associated decline in vaccine
uptake, resulted in recurrences of pertussis epidemics.
As vaccine uptake recovered, control was once again
established. There is no doubt that vaccination, where
practiced, has greatly reduced the incidence and severity
of pertussis but it also appears to have changed the age
distribution of the disease. Most cases in vaccinated
communities occur in adolescents and adults with
waning immunity and in infants too young to have been

unvaccinated communities. Each year, there are some
20-40 million cases, 90 percent of which occur in devel-
oping countries, and an estimated 200 000-300 000 fatal-
ities (WHO: www.who.inUvaccines-diseases/diseases/
pertussisvaccine.htm). Fortunately, global immunization
schemes are steadily reducing these figures. In some
vaccinated communities, the problems have been rather
different. In the mid-1970s, concern about the possible
harmful effects of whole-cell vaccines in some countries
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vaccinated (Edwards et al., 1999; Van Buynder et al.

1999). It is now recognized that adults may constitute an

important reservoir of infection and that pertussis is the

cause of a high percentage of cases of persistent coughs

in adults (Black 1997; Cherry 1999). Reports of re-infec-

tion of adults, diagnosed with pertussis as children, have

also been documented, suggesting that immunity

induced by infection, like that induced by vaccination, is

not solid. When most adults had pertussis as children

and then were regularly re-exposed to infection, there

was a high level of adult immunity. In well-immunized

populations, the opportunity for this boosting of vaccine-

induced immunity is limited. Serological studies on

vaccinated and unvaccinated populations have suggested

that, whether immunization is practiced or not, the

disease is endemic (Cherry 1999). Also, in populations

vaccinated or not, epidemics occur every 3-4 years,

presumably due to the number of susceptible individuals

in the population. A lack of effect on this frequency by

introduction of vaccination or changes in vaccine uptake

rates seems to indicate that whole-cell vaccines provide

better protection against disease than against infection

and that vaccination has little effect on the prevalence of

B. pertussis in the population (Fine 1988). This may be

partly because the vaccines are administered parent-

erally and as such are unlikely to stimulate mucosal

immunity in the respiratory tract.

Despite the proven efficacy of whole-cell vaccines, the

real and perceived problems associated with their use

prompted the development of acellular pertussis

vaccines, fully characterized in terms of their antigenic

components and in which the toxic components of B.

pertussis are absent or inactivated (Hewlett and Cherry

1997; Edwards et al. 1999; Decker and Edwards 2000;

Roberts and Parton 2001). Two such vaccines, a mono-

component PTd and a two-component PTd + FHA

vaccine, were used in a large-scale, double-blind,

placebo-controlled field trial in 1986-87 in Sweden

where pertussis was prevalent (Ad Hoc Group 1988).

Their reactogenicity was low, as expected, but efficacy

values against culture- or serologically-confirmed

pertussis (54 percent for the monocomponent PTd and

69 percent for the two-component vaccine) were lower

than would have been expected for a whole-cell vaccine,

although such a vaccine was not included in this trial.

Both vaccines, however, gave better protection (c. 80

percent) against severe pertussis.

As a result of the outcome of the Swedish trials, plans

were made for further field trials of other acellular

pertussis vaccine formulations and, where possible, to

compare them with whole-cell vaccines and placebo

controls. A number of vaccines were selected, containing

from one (PTd alone) to five components: PTd (chemi-

cally or genetically toxoided), FHA, pertactin and

fimbrial antigens 2 and3. Large-scale trials of these acel-

lular preparations were carried out in the early-mid

1990s in various countries. The desisn and outcomes of

these trials. and their limitations, have been reviewed

extensively (Decker and Edwards 2000; Edwards et al.

1999; Halperin 1999; Hewlett and Cherry 1997; Plotkin

and Cadoz 1997). All of the acellular preparations were

efficacious, with estimates of efficacy against severe

pertussis ranging from 59-93 percent. In general, the

multicomponent vaccines (containing three to five anti-

gens) were better than the one- and two-component

products. However, the best whole-cell vaccines were as

good or better than the acellular vaccines with efficacy

estimates from 94-98 percent. In all trials where whole-

cell vaccines were included, the acellular vaccines were

significantly less reactogenic in terms of both local and

systemic reactions. On the basis of the above results, all

of the acellular vaccines used in the trials have now been

licensed and are in use in some countries, but the less

expensive whole-cell vaccines will remain in use in many

countries for some time to come. Whole-cell pertussis

vaccines are considered to be too reactogenic for use rn

adults so, in view of the lower reactogenicity of acellular

preparations, it has been recommended that they are

used to boost immunity in older children and adults

(Olin 1997; Plotkin and Cadoz 1997; Campins-Marti et al.

2002). Despite the proven efficacy of acellular and

whole-cell vaccines, the mechanisms by which they

produce immunity in humans remains uncertain. It is

still not clear which are the most important components

or what the optimal composition might be, although

serological data from the most recent vaccine trials indi-

cated that antibodies to PRN, Fim2 and Fim3, and to a

lesser extent PT, were associated with clinical protection

(Cherry et al. 1998; Storsaeter et al. 1998; Hewlett and

Halperin 1998). Future pertussis vaccine developments

may involve the creation of stable, genetically defined,

attenuated B. pertussis strains suitable for use as live

vaccines and possibly for delivery of heterologous anti-

gens (Stevenson and Roberts 2003). Intranasal delivery

of these or other, non-living antigen formulations would

avoid the need for injection and would help to stimulate

effective mucosal immunity.

In recent years, a resurgence of pertussis has been

reported in some countries, including US, Australia,

Canada, and the Netherlands, even though they have

maintained high vaccination rates (Crowcroft and Britto

2002).The reasons for this are unclear but the increasing

number of susceptible adults, as mentioned above,

improved diagnosis and reporting in this age group, as

well as lower vaccine efficacy, have been suggested' The

recent discovery of structural variants of PRN and the

SL subunit of PT in circulating B. pertussis strains may

also be a factor. In the Netherlands, when the prn and

ptx genotypes of contemporary, historical, and vacclne

strains were compared, non-vaccine types were found to

have gradually replaced the types included in the whole-

cell vaccine. This led to the suggestion that a process of
'vaccine-driven evolution' may have selected for strains

that are antigenically distinct from the vaccine strains
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(Mooi et al. 1998,2000; van Loo and Mooi 2002). Similar,
but not identical, antigenic shifts have been reported in
other countries (Mooi et al. 1999; Mastrantonio et al.
1999; Cassiday et al. 2000), perhaps reflecting the use of
vaccines of different composition, but not all are asso-
ciated with a resurgence of pertussis (Fry et al. 2001).
However, such findings may have implications for the
efficacy of both whole-cell and especially acellular
vaccines with their more limited antigenic repertoire.
There is therefore a need for continued surveillance and
typing of circulating strains and there may be a future
need to adjust the composition of these vaccines to
contain several pertactin and PT types (Mooi et al. 1998).

B o rdetel I a pa ra pertu ss i s

B. parapertussrs is generally considered to cause a milder
form of disease than B. pertussis. Although it may be
true that it is isolated less frequently than B. pertussis
and that many parapertussis infections are asympto-
matic, this organism is capable of causing typical
whooping cough (Hoppe 1999). In two studies of
coughing illness in Germany, paroxysmal coughing,
whooping, and vomiting were all features of para-
pertussis infections, with frequencies approaching those
in pertussis cases (Heininger et al. 1994; Wirsing von
Konig and Finger 1994). The main difference was that
lymphocytosis, due to PT which is produced only by B.
pertussis, was not a feature of parapertussis. These find-
ings suggest that PT may play a role in exacerbating the
typical symptoms of whooping cough but that other
toxins are primarily responsible. In both studies, the
percentage of patients who had received pertussis
vacclne was greater in the parapertussis group than in
the pertussis group. This observation supports previous
evidence that there is little cross-immunity between the
two infections. For example, Lautrop (197i) showed
that, over a 2l-year period in Denmark, the epidemics
of pertussis and parapertussis both occurred in 3-4 year
cycles but were out of phase with each other. In view of
the close relationship between B. pertussis and B. para-
pertussis, and their similar range of virulence factors, the
lack of cross-immunity is remarkable. Khelef et al.
(1993) showed that FHA, PRN, and ACT from B.
pertussis given parenterally, were protective antigens for
mice against intranasal challenge with B. pertussis bttt
not against B parapertussls suggesting that their viru-
lence factors have important antigenic differences.
However, broncho-alveolar washes from mice convales-
cing from respiratory infection with one of these r-rrgan-
isms gave some reciprocal protective immunity to subse-
quent challenge with the other. It was suggested that
mucosal immunity, including FHA-specific secreted IgA,
were important for this reciprocal protection (Watanabe
and Nagai 2001).

Until recently, B. parapertussls was considered to be a
purely human parasite, llke B. pertussls, but its isolation

from healthy and pneumonic lambs in New Zealand and
Scotland (Porter et al. 1994) has changed this view. Human
and ovine strains, although closely related, are phenotypi-
cally and genetically distinct (van der Zee et al.1997).
Thus, there is no evidence for transmission of B. para-
pertussis between humans and sheep. Ovine isolates have
been shown to cause pneumonia in experimentally infected
lambs and, when administered with Pasteurella haemoly-
tica, to cause more severe disease than either agent alone.
This situation parallels that with B. bronchiseptica and
Pasteurella multocida in atrophic rhinitis in pigs.

Bordetel la b ro nch i septica

This organism is an important pathogen of domestic and
laboratory animals and it is often carried asymptomati-
cally. Its broad host range includes dogs, cats, pigs,
guinea pigs, rats, mice, rabbits, horses, turkeys, monkeys,
humans, and numerous wild animals. B. bronchiseptica rs
one of the causes of atrophic rhinitis, an economically
important disease of swine, characterized by inflamma-
tion of the nasal turbinates, turbinate atrophy, snout
deformation, and retarded growth (Rutter 1985; Wool-
frey and Moody 1991). Although B. bronchiseptica alote
is capable of causing mild to moderate turbinate
atrophy, the severe, progressive disease appears to be
caused by a subsequent colonization by toxigenic P.
multocida and an interaction between the two species.
Both produce a heat-labile, dermonecrotizing toxin that,
on repeated local or parenteral administration, causes
progressive turbinate atrophy. It is thought that TCT
released by B. bronchiseptica enhances colonization by
P. multocida by inducing ciliostasis and mucus accumu-
Iation. Another less common disease of pigs due to B.
bronchiseptica is bronchopneumonia in piglets. Clinical
signs include coughing, sometimes with whooping and
dyspnea. B. bronchiseptica also causes infectious
tracheobronchitis, or kennel cough, in dogs (Goodnow

1980; Bemis 1992). This is a highly contagious disease
characterized by various degrees of coughing, sometimes
paroxysmal, and purulent nasal discharge. Some pneu-
monia-related deaths occur but infection is generally
limited to the tracheobronchial tree and the resulting
pathological changes are similar to those described for
whooping cough. The role of B. bronchiseptica in
humans has been reviewed by Woolfrey and Moody
(1991). They concluded that, despite the considerable
exposure to animal sources of the organism, it is isolated
only rarely from humans. It may be found as a respira-
tory tract commensal and as an opportunist, sometimes
associated with septicemia in compromised patients.

Bordetella avium

This is the causative agent
rhinotracheitis, although

of turkey cotyza, or turkey
other birds are affected
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(Kersters et al. 1984). Turkey coryza is a highly conta-
gious disease of turkey poults and symptoms include
oculonasal discharge, tracheal mucus production,

coughing, loss of appetite, and decreased weight gain. It
is sometimes a mild disease but conditions of stress and
secondary infections, for example by P multocida, can
result in a high mortality rate. Histopathological exam-
ination shows attachment of the bacteria to the ciliated
epithelium resulting in inflammation, loss of ciliated
cells, and distortion of the mucosa and tracheal rings.
The clinical features similar to those of other bordetella
diseases suggest that the virulence factors, such as TCT
and DNT, common to these species, have a central role
in bordetellosis (Spears et al. 2003). Alternatively, B.
avium may possess other virulence factors. For example,
a protein toxin, osteotoxin, has been described that is
cytotoxic for mammalian cells, including osteogenic and
tracheal cells. The toxin is distinct from DNT and has B-
cystathionase activity (Gentry-Weeks et al. 1993).

Bordetella hinzii, Bordetella holmesii,
Bordetella trematum

There is little information on the pathogenic potential of
these recently described species and they do not appear
to contain the range of virulence factors in the above-
mentioned species. The first strains of B. holmesii to be
described were isolated from human blood cultures and
several of these patients were known to have had an
underlying condition that may have enhanced their
susceptibility to infection (Weyant et al. 1995). More
recently, B. holmesii has been isolated from sputum
(Tang et al. 1998) and, with increasing frequency, from
nasopharyngeal secretions of patients, mainly young

adults, with pertussisJike symptoms (Mazengia et al.
2000). With strains of B. hinzii isolated from the respira-
tory tracts of turkeys and chickens, attempts to produce

disease experimentally were unsuccessful (Vandamme

et al. 1995). However, strains have been obtained from
humans including from the blood of an AIDS patient
(Cookson et al.1994) and from the sputum of a patient
with cystic fibrosis. In this latter patient, the isolations
were made after periods of pulmonary exarcerbations of
the disease (Funke et al. 1.996). B. hinzii has also been
identified as the cause of a case of fatal septicemia
(Kattar et al. 2000). B. trematum has been associated
only with human wound and ear infections and not with
respiratory tract disease (Vandamme et al. 1996). Like
B. bronchiseptica, these three strains appear to be
opportunists in man. No hosts other than man have been
reported for B. holmesii and B trematum.
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1857, and they showed that the disease was transmitted

by the tick Ornithodoros moubata. S. duttonil was

named after Dutton. who observed the disease some

years earlier, together with Todd in Kenya (Dutton and

Todd 1907). For these spirochetes, Swellengrebel

created the genus Borrelia in 1907, in honor of the

French physician, A. Borrel. At the beginning of the

twentieth century, Sergent and Foley first established

the role of lice in the transmission of Spirochaeta recur-

rentis. Whereas the role of different species of Ornitho-

doros as vectors of tick-borne relapsing fevers was first

demonstrated by C. Nicolle (Rodhain 1989) and then by

Balthazard, major advances in the field of Borrelia

would not have been possible without the development

of an artificial culture medium by Kelly rn 1971, further

modified by Stoenner and Barbour and finally named

BSK medium (Barbour 1984).

In 1982, W. Burgdorfer, who studied Rickettsia in

Ixodes scapularls, formerly I. dammini ticks, found spiro-

chetes in the midgut of these ticks which had been

collected on Shelter Island, New York (Burgdorfer et al.

1982). The responsibility of these spirochetes was

demonstrated (Steere et al. 1983) in the epidemic of

arthritis that occurred in children and adults some years

earlier in the county of Lyme in Connecticut (Steere

et al. 1977). The spirochete was identified as a new

species of Borrelia and named Borrelia burgdorferi
(Johnson et al. 1984) in honor of W. Burgdorfer. With

B. burgdorferl, many clinical manifestations, described

as early as the 1880s in Europe, found an etiologic

Borrelia
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INTRODUCTION

The genus Borrelia is associated with two distinct
diseases, Lyme borreliosis (LB) and relapsing fevers. As
they belong to the same genus, the bacteria responsible
for each kind of disease share various phenotypic and
genetic properties. However, the mechanisms of trans-
mission, geographic distribution, physiopathology of
infection, and the course of the diseases are very
different. They have transmission by arthropods in
common. Whereas relapsing fevers and some of their
etiologic agents were known as early as the ninetenth
century, Borrelia species related to LB have only been
known since the 1980s. This chapter will focus mainly on
Borrelia species associated with LB.

HISTORY

A review of the historical perspective of arthropod-
borne spirochetoses has been given by W Burgdorfer
(Burgdorfer 2001).

The term 'relapsing fever' was used for the first time
at Edinburgh in 1843. However, it was during an
epidemic of recurring fevers in 1867-1868 that Ober-
meier observed the agent of the louse-borne relapsing
fever. First it was named Spirochaeta recurrentis by
Lebert in 1874, and then Spirochaeta obermeieri in 1875.
In 1906, in East Africa, Novy and Knapp (1906)
described Spirochaeta duttonii as the agent responsible
for the human tick disease described bv Livinsstone in
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1818 bacter ia
1819 Cul tura l  character is t ics and growth
1819  requ i remen ts
1822 Metabolism
1823 Laboratorydiagnosis

References



Taxonomy and genetic diversity 1819

agent. The association was established with the dermato-

logic manifestations of erythema migrans (Afzelius 1910;

Lipschiitz 1913) and acrodermatitis chronica atrophicans
(Buchwald 1883; Herxheimer and Hartmann 1902), as

well as with the neurologic manifestations described by

Garin and Bujadoux (1,922) and Bannwarth (194I).

Erythema migrans was first described in the USA in
1970 (Scrimenti 1970). The multisystem illness named

Lyme disease and now Lyme borreliosis, was then
described by Steere (Steere et al. 1986; Steere 1989).
Borrelia burgdorferi became the subject of extensive
research, and the genome of B. burgdorferl sensu stricto
was sequenced in 1997 (Fraser et al. 1997).

MORPHOLOGY

Borrelia are spirochetes of 0.2-0.5 pm in diameter and
10-30 pm long (Figure 70.1). Their size. as well as the
number of spires, varies depending on the physiological

state of the bacteria and the age of the culture. They
are irregularly twisted and their spires are easily visi-

ble. Borrelia stain poorly, if at all, with Gram stain.

Therefore, they are usually observed using dark-field
mlcroscopy.

They share the same basic ultrastructural features as
other members of the Spirochaetaceae. An outer

membrane encloses the protoplasmic cylinder, which

consists of a peptidoglycan layer and an inner membrane

enclosing the internal components of the cell. Seven to 1l
periplasmic flagella are subterminally attached at each
end of the cell cylinder and overlap at the center. They lie

between the outer membrane sheath and the cell cylinder.
These flagella propel the spirochetes by rotation (Gold-

stein et al. 1994). They are involved both in the motility of

spirochetes and in their shape. Mutants lacking flagella
become rod-shaped without wave-like structure (Motaleb

et al. 2000). Flagella are crucial for spirochetes surviving
in ticks as well as in mammalian hosts.

Figure 70.1 Electron micrograph of a Borrelia burgdorferi ce//
negatively stained with ammonium molybdate

TAXONOMY AND GENETIC DIVERSITY

Borrelia burgdorteri sensu lato

The etiological agent of LB was recognized in 1982 by

Willy Burgdorfer. Two years later, this spirochete was

named Borrelia burgdorferi (Johnson et al. L984). Since

that time, 11 related species have been identified on the

basis of DNA relatedness, which are gathered together

under the term B. burgdorferi sl. However, many related

strains from both North America and Europe (Postic

et al. 1999; G.Q. Wang et al. 1999b) are still not assigned

to any established species. These species are not equally

distributed throughout the world, and only three of them

are known to cause LB in humans. B. burgdorferu sensu

stricto (8. burgdorferi ss) is the sole species to cause LB

in the USA, whereas B. burgdorferi ss, B. garinii

(Baranton et aL.1992), and B afzelii (Canica et al. 1993)

are the causative agents of LB in Europe. Finally, B.

garinii and B. afzelii are the two pathogenic species

present in Asia, where B. burgdorferi ss is absent

(Table 70.1).

With regard to the nonpathogenic species, some of

them are restricted to a speciflc tick vector and host, and

have a limited geographic spread. This is the case with

B. andersonii specifically isolated on the western coast of

the USA from the cottontail rabbit and its tick, L

dentatus (Anderson et al. 1989; Assous et al. 1994;

Marconi et al. 1995). It is also the case with the Japan-

ese species B. tanukii and B. turdi isolated from their

respective ticks, L tanuki and L turdus (Fukunaga et al.

1996a). B. japonica (Kawabata et al. 1993) is the only

Borrelia species isolated in Japan from L ovatus, a tick

common and widely distributed in this country. B. sinica

was isolated from Niviventer confucianus and L ovatus in

Sichuan and Anhui provinces and seems to be restricted

to China (Masuzawa et al. 2001). B. lusitaniae is

restricted to Europe (De Michelis et al. 2000; Gern et al.

1999; Le Fldche et al. 1997) and, surprisingly, to North

Afr ica (Younsi et aI.2001), where i t  is by far the predo-

minant species also transmitted by L ricinus.

In contrast, B valaisiana (Wang et al. 1997) is a

species widely distributed in Europe and Asia (but not

in America) and offers a huge genetic diversity (Masu-

zawa et al. 2000; Wang et al. 2000; Derdakova et al.

2003). There is no association between this species and a

tick species, since ,8. valaisiana has been isolated from L

ricinus in Europe, I. columnae in Japan, I. nipponensis in

Korea, and L granulatr.rs in China and Korea (Miyamoto

and Masuzawa2002).

In the USA, B. bissettii (Postic et al. 1998) has been

isolated from L pacificus and I. spinipalpls in California

and Colorado (Norris et al. 7997; Schwan et al. 1993;

Schneider et al. 2000). The usual host is the woodrat

Neotoma fuscipes. Only one strain has been isolated

from L scapularis in upstate New York (Anderson et al.
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Tabf e 70.1 Characteristics of Borrelia species

Species Disease

American relapsing fever species
B. hermsii

B. turicatae

B. parkeri

B. mazzottii

B. venezuelensis American tick-borne O. rudis
relapsing fever

African relapsing fever species

East Afr ican t ick-borne O. moubata
relapsing fever
Hispano-Afr icantick-borne O.errat icus
relapsing fever

B. crocidurae, B. merionesi, North African tick-borne O. erraticus
B. microti, B. dipodilli relapsing fever
Asian relapsing fever species
B. persica

B- caucasica

B. latyschewii

Relapsing fever species of veterinary significance
B. anserina

B. theileri

B. coriaceae
B. burgdorteri sensu lato
B. burgdorferi sensu stricto Lyme borreliosis

B. recurrentis

B. duttonii

B. hispanica

B. garinii

B. afzelii

B. valaisiana

B. lusitaniae
B. andersonii
B. bissettii

B. japonica

B. turdi
B. tanukii
B. sinica
f ntermediate Borrelia species
B. miyamotoi
B. Ionestari

Asiat ic-Afr icantick-borne O.tholozani
relapsing fever

Caucasian tick-borne O. verrucosus
relapsing fever
Caucasian tick-borne O. tartakovskvi
relapsing fever

5outhwestern USA

Western USA

Southern USA, Mexico, Central
and South America

Central and South America

Midwestern and eastern USA
Western USA
Europe

Europe

Russ ia ,  Ch ina ,  Japan
Europe

Russia, China, Japan
Europe

Japan

Europe, North Afr ica
Western USA
Western U5A
Southeastern USA
Japan
Japan

Japan

China

Japan
Southern USA

Geographical distribution

American tick-borne Ornithodoros hermsi Western USA. Canada
relapsing fever
American tick-borne O. turicata
relapsing fever
American t ick-borne O. parkeri
relapsing fever
American t ick-borne O. talaje
relapsing fever

Louse-borne relapsing fever Pediculus humanus humanus Worldwide. Endemic in Sudan,
Eth iop ia ,  Somal ia

Central,  eastern, and southern
Africa

Spain, Portugal, Morocco,
Algeria, Tunisia, Greece
Morocco, Libya, Egypt, l ran,
Turkey, Senegal, Kenya

Middle East, Central Asia

lraq, southwestern former
USSR

Southcentral,  southwestern
former U55R, lraq, lran,
Afghanistan

Avian borrel iosis Argas persicus and Worldwide
other Argas spp.

Bovine borrel iosis Boophilus microplus, South Afr ica, Austral ia, Brazi l ,
B. annulatus. B. decoloratus. Mexico
Rhipicephalus evertsi

Epizootic bovine abortion (?) Ornithodoros coriaceus California

Lyme borrel iosis

Lyme borrel iosis

Lyme borreliosis? L ricinus

lxodes scapularis

l. pacificus

l. ricinus

l. ricinus

l. persulcatus

I. ricinus
l. persulcatus

l. persulcatus

l. ricinus

L dentatus

Non pathogen ic

Non pathogenic

Non pathogenic

Non pathogenic

Non pathogenic

Non pathogenic

Non pathogenic? L spinipalpis
L pacificus

L ovatus
L turdi

L tanuki
L ovatus

Non pathogenic? L persulcatus

Mild Lyme borrel iosis? A. americanum
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1990). B. bissettii also occurs in southeastern USA (Lin
et al. 2001).

Genetic diversity proceeds from molecular mechan-
isms such as mutations, deletions, insertions, substitu-
tions, plasmid gene rearrangements, as well as natural
selection that controls the rate of accumulation of
genetic variability. Either the whole genome or limited
targets on the genome have been used to evidence the
overall inter- or intraspecies diversity. Pulsed-field gel
electrophoresis (PFGE) (Iyer et al. 2001), ribotyping
(Fukunaga et al. 1993; Postic et al. 1990), random ampli-
fied polymorphic DNA (RAPD) (Wang et al. 1998), and
multilocus enzyme electrophoresis (MLEE) (Boerlin
et al. 1992) are current detection tools to differentiate
species and also genotypes within each species of the B.
burgdorferi sl complex. Polymerase chain reaction
(PCR)-based methods, species-specific PCR, PCR-RFLP
analysis (Postic et al. t994; Postic et al. 1999), SSCP-
PCR (Guttman et al. 1996; Norris et al. 1991), and AP-
PCR (Welsh et al. L992; Foretz et al. 1997) have been
successfully used for nucleic acid sequence analysis. The
most extensive targets studied to access the genetic
diversity of B. burgdorferi sl are plasmidic genes coding
for outer surface proteins such as ospA (Qiu et al.1997;
Wilske et al. 1993; Masuzawa et al. 1996), ospC (Livey
et al. 1995; Theisen et al. 1995, Baranton et al. 2001;
Dykhuizen and Baranton 2001; Marti Ras et al. 1997;
Seinost et al. L999; I.N. Wang et al. 1999c), erp (Akins
et al. 1999; Stevenson et al. 2002; Sung et al. 1998), and
p66 (Bunikis et al. 1998; Norris et al. 1997). However,
chromosomic genes such as the rrs gene (Le Fldche et al.
1997; Schneider et al. 2000; Ciceroni et al. 2001), the

fla gene (Fukunaga et al. 1996b), the hbb gene
(Valsangiacomo et al. 1997), as well as noncoding inter-
genic spacers (Liveris et al. 1995; Postic et al. 1994;
Postic et al. 1998), are other widely used targets for
classifying Borrelia strains. Plasmid content has
been used as a tool for demonstrating phenotypic diver-
sity (Barbour 1988; Schwan et al. 1988; Simpson et al.
1eeO).

LB is a multisystemic disorder characterized by skin,
joint, cardiac and neurological involvement (Steere

2001). Evidence suggests that each species of pathogenic

B. burgdorferl sl is preferentially associated with a

distinct clinical form of the disease (Assous et aI.19931.
Van Dam et al. 1993). B. burgdorferi ss is the agent of

Lyme arthritis, and it is the reason why this clinical
manifestation is the most frequently encountered in the

USA. B. garinii and B. afzelii are mainly, but not exclu-

sively, involved in the neurologic manifestations of the

disease and in the late cutaneous manifestation of acro-

dermatitis chronica atrophicans (ACA), respectively.

The three species cause the primary lesion of erythema
migrans (EM). It is not known why the majority of
untreated patients with EM recover, whereas only a few
patients will develop late neurologic or arthritic manifes-

tations. Moreover, some patients acquire the disease but

show these secondary manifestations only, without initial

EM. It is likely that differences in the pathogenic poten-

tial of strains could be an explanation. Factors leading to

the pathogenicity are multiple and the fact that they

belong to a pathogenic Borrelia species is not sufficient

to predict the course of the disease. Indeed, no ACA

has ever been reported in Japan, although B. afzelii is

one of the most abundant pathogenic species there. In

addition, some Borrelia strains are responsible for clin-

ical manifestations other than the expected ones (Busch

et al. 1996; Rijpkema et al. 1997). B. valaisiana DNA

has been detected in the skin of patients with EM, but

bacteria belonging to this species have never been

isolated from any patients' material (Rijpkema et al.

1997). Whether this species is pathogenic for man

remains questionable.

There is strong evidence that the genetic diversity of

B burgdorferi sl extends beyond the species level.

Heterogeneous ecological and clinical data might be

explained by species differences, but also by strain varia-

tions within a species. Therefore, the main interest of

improved molecular tools to evaluate the genetic diver-

sity of B. burgdorferi sl lies in the interrelationships that

are apparent between some genotypes and clinical and

epidemiological features. Interestingly, mixed popula-

tions of genetically and antigenically distinct B. burgdor-

/eri clones may infect mice and infections can be

acquired either by coinfection or by sequential infection.

The lack of crossimmunization may play a role in the

maintenance of the genetic heterogeneity of B. burgdor-

feri sl in nature (Hofmeister et al. 1999). It has been

shown that some different genotypic characteristics were

not independent, resulting in predominant genotypes

(Iyer et al. 2001). Moreover, a positive correlation has

been found between some genotypes and the ability of

corresponding strains to invade and disseminate into the

host leading to late manifestations of LB (Baranton et al.

2001; Seinost et al. 1999; Wormser et al. 1999). Although

the mechanisms of pathogenicity of B. burgdorferi sl are

not yet known, easy and rapid methods should be used

as markers to facilitate further study of determinants of

virulence.

B. miyamotoi and B. lonestari

While they are associated with hard ticks, B. miyamotoi

and B. lonestari appear to be more closely related to

relapsing fever species than to the B. burgdorferi sl

complex (Marti Ras et al. 1996).

B. miyamotoi has been isolated from L persulcatus

and a rodent Apodemus argenteus in Japan and indivi-

dualized as a new species on the basis of DNA related-

ness studies (Fukunaga et al. 1995). The pathogenic

potential of this species is unknown.

The evidence of an erythema migrans-like rash in the

southern USA led Barbour et al. (1996) to further study

the lone star tick Amblyomma americanum, a hard tick
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that frequently bites humans. The geographic range of
this tick coincides with that of the atypical disorder. A
spirochete was identified in approximately 2 percent of
ticks by immunofluorescence and PCR methods.
However, this organism could not be cultivated in BSK
medium used for B burgdorferi and relapsing fever
Borrelia. This new Borrelia species was named B. lone-
stari, on the basis of phylogenetic analysis of genes
encoding the flagellin and the 165 rRNA. B. lonestari
DNA has been amplified from the skin of a patient with
erythema migrans (James et al. 2001), but whether B.
lonestari is the actual etiologic agent of Lyme disease-
Iike illness remains to be elucidated.

Recently, a new Boruella species was identified for the
first time from L scapularis ticks in the northeast of the
USA. This novel Borrelia clustered with relapsing fever
group and was much more related to B. miyamotoi than
to the North American B. lonestari or B. theileri (Scoles
et al. 2001). Similarly, two DNAs closely related to B.
miyamotoi were identified from I. ricinus ticks in
Sweden (Fraenkel et aL.2002). Ecological and biological
characteristics of these B. miyamotor-like orsanism are
not yet known.

Relapsing fever Borrelia

Taxonomy of relapsing fever Borrelia was initially based
on the concept of cospeciation, each Borrelia species
being associated with its specific vector (Felsenfeld
1965). Despite some advances in cultivation methods
and molecular analysis of the diversity, the classification
of this group of species has not undergone significant
changes. B recurrentis, the first spirochetal agent
observed in the blood of a patient suffering a louse-
borne relapsing fever by Obermeier in 1868, is now
easily cultivable (Cutler et al. 1994). Successful isolation
of B duttonii was also achieved (Cutler et al. 1999).

Most of the phylogenetic relationships between these
related spirochetes were based on analysis of the L6S
rRNA sequences, despite its weak resolving power due
to its high level of conservation (Marti Ras et al. 1996).
Phylogenetic trees derived from the analysis of align-
ments of flagellin sequences also provide useful data for
delineating species, consistent with those inferred from
165 rRNA gene analysis (Cutler et al.1997; Scoles et al.
2001).

The North American species B. hermsii, B. parkeri,
and B. turicatae usually cluster together, although ,8.
hermsii is located on a separate branch within this
cluster. According to DNA relatedness data, these three
species belong to only one (Hyde and Johnson 1984).

B. crocidurae, B. duttonii, B. recurrentis, and B. hispa-
nica, the tick-borne group transmitted by argasid ticks of
the species Ornithodoros, cluster together, distantly
related to the 'Spain' relapsing fever strain (Anda et al.
re96).

A third group consists of B. miyamotoi and related

species, B. lonestari and B. theileri. B. coriaceae is
Iocated closely but separate to this group. B. anserina is

deeply separated from other Boruella species. The

species status of B. anserina and B. coriaceae, the etiolo-
gical agents of avian borreliosis, and epizootic bovine

abortion respectively, have been established by DNA-

DNA homology (Hyde and Johnson 1984; Johnson et al.

1987).

EPIDEMIOLOGY

LB is one of the most common tick-borne diseases in

temperate regions of the northern hemisphere. B. burg-

dorferi sl is an obligatory parasite, maintained in nature

within a complex enzootic cycle involving arthropod
(Ixodes ticks) and vertebrate hosts. B. burgdorferi sl is

transmitted to humans by ticks of the complex lxodes

ricinus. The main species responsible for transmission of
LB are I. ricinus in Europe, I. persulcatus in Asia, L

scapularis in the central and eastern United States, and

I. pacificus in the west part of the USA. Large variations

in the life cycle of ticks occur according to climatic

conditions and host availability. After egg-laying, larvae

become abundant, usually at the beginning of summer.

Larvae feed on small mammals (essentially rodents) and

then molt into nymphs. After nymphs find an appro-
priate host, small mammals, birds, or even humans, they

molt into adults. Lastly, adult females take a blood meal

on larger animals and then will lay eggs that will enter a

new cycle. This cycle may take 1,2, or sometimes more

years to complete, depending on environmental condi-

tions. Apart from the roles of vector and reservoir, the
role of amplifier has been also suggested for I. scapularis
(Hodzic et al. 2001). Considerable variation in the infec-

tion rates among Ixodes ticks was observed between

different geographic regions. Mixed infections have been
documented in ticks (Misonne et al. 1998; Postic et al.
1997) and in reservoirs.

However, the geographic range of LB and even that

of B. burgdorferi sl never coincide with the range of

Ixodes ticks. Actually, the behavior of ticks towards

humans and the presence and diversity of vertebrate

hosts also play a critical role in the maintenance of B

burgdorferi sl and in the prevalence of the disease.

Hence, if a particular tick species harbors a particular

Borrelia species, but never or seldom bites humans, the
prevalence of the disease will be low. Besides, it has

been demonstrated that the infection prevalence of
nymphs drastically declines with the increase in host

diversity (LoGiudice et aL.2003). This fact is particularly

important since the infection of ticks is directly corre-

Iated with the disease risk to humans.

A large range of animals act as reservoirs for B. burg-

dorferi sl species. However, a strong association has

been described in Europe between specific hosts and B.

burgdorferi sl species, such as B. afzelii and small
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rodents (Hu et al. 1997; Humair et al. 7999), as well as
B. garinii and B. valaisiana and birds (Humair et al.
1998; Olsen et al. 1995). However, Apodemus mice have
been identif,ed as reservoirs of B. garinil OspA serotype
4 in Switzerland (Huegli et al. 2002). In contrast, B.
burgdorferi ss seems to be less specialized. It has been
hypothesized that a complement-mediated selection in
the midgut of the feeding tick could be a component of
the host specificity of B. burgdorferi sl (Kurtenbach et al.
2002a, b). The Erp protein family could be involved in
the binding to host-derived complement proteins which
confers resistance to the complement of the host species
(Hellwage et al.2O0l; Alitalo et al.2O02; Stevenson et al.
2002). Those Borrelia that are sensitive to the comple-
ment of a given species are immediately killed in the
tick midgut before transmission (Kurtenbach et al.
2002a). Thus, surface-exposed lipoproteins upregulated
in mammalian hosts would be involved in a strategy for
evading the host-immune response. However, coinfec-
tions with different Boruelia species are frequently
observed in ticks and particularly in nymphs (Christova

et al. 2001; Liebisch et al. 1998; Misonne et al. 1998;
Pichon et al. 1995; Jenkins et al.200l). As nymphs have
taken only one blood meal, it is likely that these mixed
infections have been acquired on the same animal. This
is in contradiction with the previous hypothesis. It is
likely that several mechanisms contribute to the persis-

tence of B. burgdorferi sl in nature.

Clearly, climate influences the LB incidence. A signifi-
cant correlation has been reported between LB inci-
dence and moisture levels occurring during the 2
preceding years (Subak 2003). The recent climate
change scenarios could contribute to a different reparti-
tion of the disease throughout the globe in the future.

Tick-borne relapsing fever Borrelia are transmitted by
soft bodied ticks belonging to Ornithodoros species. B.
duttonii, transmitted by O. moubata, is responsible for
an endemic relapsing fever in sub-Saharan East Africa.
B. crocidurae transmitted by O. erraticus sonrai rs the
cause of endemic relapsing fever in western Africa
(Trape et al. 1991). The mode of transmission, either by
the way of saliva, or by the coxal fluid, varies according
to the stage of the tick. Interestingly, argasid ticks take
numerous blood meals lasting some minutes compared
to several days for Ixodes ticks. In North America,
endemic relapsing fever occurs mainly in western
regions. O. hermsii speciflcally transmits B. hermsii, as
O. turicata and O. parkeri speciflcally transmit B. turi-
catae and B. parkeri, respectively.

The louse-borne species B. recurrentis caused wide-
spread severe epidemics in the nineteenth century with a
high mortality rate. Epidemic relapsing fever is currently
associated with poor living conditions and social disrup-
tion. Now, the disease persists in a few isolated foci in
Ethiopia (Sundnes and Haimanot 1993), Somalia, and
Sudan (de Jong et al. 1995). The vector is the human
body louse, which harbors B. recurrentis in the

hemolymph. Contamination of man occurs through

crushing of the infected louse on abraded skin.

Man is considered as the sole reservoir for B. duttonii

and B. recurrentis. Some species only have veterinary

significance. B. theileri, transmitted by Boophilus mtcro-

plus, the cattle tick, and B. coriaceae transmitted by O.

coriaceus cause borreliosis in livestock.

GENETICS

The entire sequence of the genome of B. burgdorferi ss

has been available since 1997 (Fraser et al. 1997). The

genome of B. burgdorferi ss strain B31 consists of a

910 kb linear chromosome, and 2l extrachromosomal

elements comprising 12 linear plasmids and nine circular

plasmids (Casjens et al. 2000). Genetic maps of the three

pathogenic species are highly conserved, contrasting

with physical maps which show significant differences

(Ojaimi et al. 1994) (Figure 70.2). An unusual organiza-

tion of ribosomal genes occur in B. burgdorferi sl, with

only one copy of the 165 rRNA gene (rrs) and two

copies tandemly repeated of 23S rRNA (rrl) and 55

rRNA (rrfl genes (Fukunaga and Sohnaka 1992; J.J.

Schwartz et al. I992b).

Coding sequences represent 93 percent of the chromo-

some, 59 percent code for biological functions, L2

percent matched with sequences coding for hypothetical

functions, and 29 percent are new genes. The G + C

content of the chromosome is 28.6 percent. The chromo-

somes of several isolates are very similar except in the

right-end DNA which could be plasmid derived (Casjens

et al. 2000). Authors have speculated that analysis of B.

burgdorferi ss was consistent with a single copy of the

chromosome per bacterium, in bacteria colonizing the

mouse (Morrison et al. 7999). This contrasts with B.

hermsii which has multiple copies of both chromosome

and plasmids (Hinnebusch and Barbour 1992).

The plasmids comprise 610 kb and thus represent >40

percent of the total genome. The overall G + C content

of plasmids ranges from 20.7 to 31.6 percent, but large

variations in the G + C content occur according to their

positions, mostly in lpl7,lp28-1, and 1p56. The linear

elements have covalently closed termini or telomeres,

characterized by short hairpin loops of DNA (Barbour

and Garon 1987; Hinnebusch and Barbour 1991).

No less that t6l paralogous gene families have been

identified, among which 107 contain at least one plasmid

gene (Casjens et al. 2000). Casjens et al. identifled 670

potentially functional genes and L67 pseudogenes on the

B31 strain plasmids. Of the 670 plasmid genes, 5.8

percent are similar to previously sequenced genes of

known function and 2.1 percent are similar to genes of

unknown function. Most of the pseudogenes appear to

be mutationally damaged genes, and their actual signifl-

cance remains unknown. A very high degree of genetic

redundancy occurs in B. burgdorferl plasmids, which is

not yet completely understood. Multiple similar, but
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slightly different, copies of various sequences lie on the
plasmids. For example, up to nine very homologous cp32
plasmids can be maintained in a single B. burgdorferi
isolate (Casjens et al 2000). Interestingly, Eggers et al
speculated that cp32 plasmids are packaged by a lyso-
genic bacteriophage, suggesting a role in lateral gene

transfer within a strain. as well as between strains
(Eggers and Samuels 1999; Eggers et al.2001).

The large number of plasmids raises issues concerning
the repl icat ion and segregation mechanisms of the
various repl icons. I t  has been demonstrated that the
central region of the chromosome was the site of a
switch in polarity of GC skew, from which the replica-
tion could proceed bidirectionally (Picardeau et al.
1999). The same mechanism seems to occur rn some
plasmids (Picardeau et al. 2000). The sequence of the
candidate replication origin is unique for each plasmid
as experimentally demonstrated for cp32 and cp9

(Eggers et al. 2002; Stewart et al. 2001). A gene cluster

containing soj/parA homolog is closely linked to the

candidate origin of replication and suggests that these

genes and other paralogous gene families could be

involved in partitioning of both circular and linear plas-

mids (Casjens et al. 2000; Picardeau et al. 2000).

Compared to the chromosome, plasmids contain a

few coding sequences. The larger fraction (14.5

percent) of plasmid genes code for lipoproteins or

putative lipoproteins potentially involved in interac-

tions between bacteria and host, whereas only approxi-

mately 5 percent of chromosome genes code for such

putative lipoproteins. In contrast, only a few, if any,

putative virulence genes have been identifled (Fraser

et al. 1997). Genes encoding major outer surface

proteins are located on plasmids: ospC gene on the

cp26 plasmid. ospA and ospB organized in a single

operon and thus cotranscribed, are located on the
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largest linear plasmid. They play an important role in

bacteria-host interactions.

Most of the plasmids can be lost during culture or
mouse passage procedures. The loss of specific plasmids

has often been correlated with the attenuation or loss of

infectivity (Schwan et al. 1988; Xu et al. 1996). Purser

et al. determined the association between individual
plasmids and infectivity. In particular, linear plasmids

lp25 and lp28-l are associated with infectivity for mrce.

The clones that lacked lp28-1 but contained Ip25

expressed an intermediate-infectivity phenotype (Purser

and Norris 2000). It has been speculated that these two
plasmids encode proteins required for colonization and
short-term maintenance in the skin and bladder, whereas

lp28-1 is not required for colonization of the joint

(Labandeira-Rey and Skare 2001). In contrast, circular

and linear plasmids cp9, cp32-3,lpZl,lp28-2, lp28-4, and
lp56 were not required for infectivity in the mouse

model used (Purser and Norris 2000).

Up until recently, no efficient system was available
to study the function of genes in pathogenic Borrelia.

Major advances have been made by P. Rosa and her

team (Rosa et al. 1996). They first developed a
method of gene inactivation by allelic exchange. using

a mutated allele of the endogenow gyrB that confers

coumermycin resistance (Rosa et al. 1996), and then a
kanamycine cassette (Bono et al. 2000) as selectable
markers. Alternatively, Sartakova et al. (2000) intro-

duced a wide host range plasmid pGK12 into a nonin-

fectious B31 strain, using the erythromycin resistance

as a selective marker. This plasmid was propagated in

B31 without recombination or integration to the chro-

mosome. Recently Stewart et al. (2001) constructed a
shuttle vector, pBSV2, derived from a 3.3 kb fragment

of the circular plasmid cp9 containing three ORFs,
which was able to replicate autonomously in the high
passage B. burgdorferi B3L strain. The three ORFs are

required to confer autonomous replication. The trans-
formation efficiency of the noninfectious strain is high

1.8 x 10-6 and pBSV2 is extremely stable with 100
percent colonies retaining the plasmid after 25 genera-

tions of B. burgdorferl. However, a lower transforma-
tion eff,ciency was obtained with the infectious strain

N40, which was more refractory to genetic manipula-

tions. This may be due to an incompatibility of the
shuttle vector with the resident cp9, which is lost in

the high passage strain. In order to analyze phenotypes

of mutant B. burgdorferi ss in an infectious cycle, Elias

et al. (2002\ derived several wild clones from the B31

strain infectious for mice. By using carefully optimized

electrotransformation conditions, they demonstrated
transformation with a shuttle vector and gene inactiva-

tion by allelic exchange. However, gene inactivation

was successful in only one infectious clone. A similar

approach was used by Eggers et al. (2002) to construct
a cp32-based shuttle vector. Complementation studies

are now feasible and, despite potential caveats in

in vivo studies, open the way to access the role of
numerous putative virulence genes in B. burgdorferi st.

PATHOGENICITY AN D RELATIONS
HOST-VECTOR BACTERIA

The causative agents of LB and relapsing fevers have to

undergo considerable physiological adaptations during

the life cycle between their two niches, arthropods and

mammals. Differential gene expression. up- or down-

regulation of outer surface proteins, and starting of regu-

latory pathways are some adaptive changes developed in

response to various environmental factors.

B. burgdorferl sl adapt to the environment during the

different steps of their life cycle, within unfed ticks,

during the blood meal, and then in the reservoir host or

in humans. The pathogenesis of LB is multifactorial.

Mechanisms that may contribute to dissemination and

pathogenicity are poorly understood. Positive correla-

tions have been reported between some B. burgdorferi sl

genotypes and pathogenicity (Seinost et al. 1999) and

severity of the disease in a murine model (Wang et al.

2002). Moreover, the success of tick transmission and

therefore the pathogenicity for the host, appears to be

more isolate-dependent than species-dependent (Crippa

e t  a 1 . 2 0 0 2 ) .

The sequential events leading to human infection

involve first the acquisition of Borrelia by the vector and

then the transmission to the host (Humair and Gern

2000).

First, the acquisition of B. burgdorferi sl by ticks at

the tick attachment site is an active phenomenon, which

involves tick saliva and requires an active participation

of B. burgdorferi s\ (Gern and Rais 1996; Hodzic et al.

2001). Transmission to the host is linked to the

frequency of contacts between the vector and the host

(Humair and Gern 2000). When the tick attaches to the

host, spirochetes migrate from the midgut of the tick to

the salivary glands, and are inoculated with the tick

saliva. Transmission generally occurs from 17 ro 48 h

alter I. ricinus attachment (Kahl et al. 1998) and is

extremely efficient during the third day of I. scapularis

nymphal feeding (Piesman 1993). The efficiency of

cofeeding transmission increases the probability for ticks

to acquire infection from the host (Randolph et al.

1996), facilitating the transmission cycle. The nymphal

developmental stage is the most efficient for transmitting

most human infections.

During tick feeding and transmission to the host,

several changes take place it B. burgdorferi sl. First,

there is a pronounced multiplication of spirochetes in 1.

scapularis ticks (de Silva and Fikrig 1995), although this

phenomenon has never been evidenced in L ricinus

ticks. Simultaneously, whereas spirochetes in unfed ticks

express the protein OspA at their surface, as ticks start

to feed on the host, the repression of OspA synthesis is

concomitant with the upregulation of OspC (Pal et al.
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2000; Schwan and Piesman 2000). It has been demon-
strated that the protein OspA specifically binds to
proteins of the gut of I. scapularls and therefore plays a
determinant role in colonization of the vector (Pal et al.
2000). The downregulation of this protein during tick
feeding permits Boruelia to migrate towards salivary
glands. Diverse factors such as temperature, cell density,
and pH (Schwan and Piesman 2000; Carroll et al. 1999)
are involved in the switch that allows spirochetes to
migrate from the midgut to the salivary glands. OspC is
involved in the transmission from tick to mammal. but
not from mammal to tick (Schwan and Piesman 2000).

Invasion of host tissues is due to the expression of a
number of surface proteins and associated with changes
in several genes, mostly plasmid-encoded genes
including ospEF homologues, ospC, dbpAB, p21, and
bbk32 (de Silva and Fikrig 1997; Suk et al. 1995;
Anguita et al. 2000; Probert et al. 1995), which are
preferentially expressed in vivo. The processes of adap-
tation and immune evasion involve modifications in gene
expression and recombination events. Crystal structure
of proteins OspA, OspC, and VlsE involved in these
mechanisms have been outlined (Li et al. 1997: Eicken
et aI.200\,2002).

DNA microarrays have been developed to identify the
adaptive responses to different experimental conditions
of temperature, pH or environment that mimic the
different steps of the B. burgdorferi sl life cycle (Liang
et al. 2002b; Ojaimi et al. 2003; Revel et al. 2002).
Among 215 ORFs differentially expressed at 23 and
35"C, 134 have unknown function, 63 percent of these
genes are plasmid encoded. Genes encoding proteins of
known function are mostly cell envelope genes upregu-
lated at 35'C. Genes involved in intermediary metabo-
lism are more highly expressed at 23'C than at 35'C.
Genes encoding for putative hemolysins are significantly
more expressed at 35"C. These data emphasized the role
of several cp32 lipoprotein-encoded genes in the
enzootic cycle of B. burgdorferi (Ojaimi et al. 2003).

A gene conversion mechanism has also been evidenced
in VlsE antigenic variation (Zhang and Norris 1998a).
The high level of conservation of the v/s locus, the
vmp-l1ke sequence locus, among various B. burgdorferi sl,
but not present in an in vitro-passaged B. burgdorferi ss
isolate, suggests a role in the physiology and pathogenesis
of Lyme disease spirochetes (Anguita et al. 2000; Wang
et al. 2001). A vlsE recombination would be induced by
mammalian host factors, independently of adaptive
immune response (Zhang and Norris 1998b).

ospEF-related genes, also designated erp locus, result
in antigenic variants (Nguyen et al. 1994; Sung et al.
2000), which may contribute, together with VlsE anti-
genic variation, to the establishment of mammalian
infection. Infected mice produce antibodies that also
recognize Erp proteins within 4 weeks of infection, sera
from LB patients also recognize several of these
proteins. Not all the Erp proteins are essential for

mammalian infection, as spirochetes lacking the plasmid

cp32-2, encoding ErpC and ErpD proteins, remain infec-

tious and can be transmitted from ticks to mammals

(Stevenson et al. 1998).

OspC expression is upregulated in the feeding tick,

while the DbpA expression is only detected in the
mammalian host early after infection. The expression of

these two proteins is regulated by the sigma factors

RpoS and RpoN (Hiibner et al. 2001). OspC is a very

antigenically variable molecule (Fung et al. 1994; Wilske

et al. 1996) and the ospC gene offers huge diversity
(Livey et al. 1995; Seinost et al. 1999; Theisen et al.

1995), with a comparable variation within a local popu-

lation (I.N. Wang et al. 1999). The immunodominant

OspC antigen elicits protective antibodies (de Silva and

Fikrig 1997). Liang et al. (2002a) demonstrated that

anti-OspC antibodies are both necessary and sufficient
to select spirochetes not expressing OspC during infec-

tion. However, no variation was observed in the

sequence of ospC gene 6 months after infection of

OspC-immunized mice with clonal Borrelia strains. The

authors concluded that variation in ospC gene does not

seem to be a crucial mechanism for immune evasion

during chronic infection of a given patient (Hodzic et al.

2000). However, a strong diversifying selection is applied
to this gene as revealed by inter- and intraspecies trans-

fers (Baranton et al. 2001; Jauris-Heipke et al. 1995;

Livey et al. 1995; G.Q. Wang et al. 1999). Recently,

Grimm et al. (2004) demonstrated that B. burgdorferi ss
strictly required OspC to infect mice.

Anguita et al. (2000) characterized the pathogenicity

of derivatives of a clonal population of B. burgdorferi ss

N40. They showed that spirochetes passaged 75 times in

vitro remained infectious, but did not cause arthritis or

carditis. This was not due to a loss of genes since

sequences could be readily amplified. In fact, the high-
passage strain was defective in the upregulation of genes
preferentially expressed during mammalian infection,

including dbpAB, bba64, and genes that map the cp32

family of plasmids. This defect in differential gene

expression resulted in the inability to colonize and disse-

minate within the host.

Pathogenicity is often facilitated by the expression of

surface protein that adhere to extracellular ligands.

From the B. burgdorferl ss B31 strain, Probert et al.
identified a 47 kDa peptide encoded by the bbk32 gene

and which speciflcally binds fibronectin. This may be a

mechanism for establishing persistent infection.

However, other B. burgdorferi ss or B. garinii strains do
not express any fibronectin-binding activity, whereas

some -8. afzelii express a protein 45 kDa in size (Probert

and Johnson 1998). Similarly, B. burgdorlerl ss binds
plasminogen at its surface, and the OspA protein has

been identified as a binding site (Fuchs et al. t994;

Coleman et al. 1995).

B. burgdorferl sl does not produce lipopolysaccharide
(LPS) and no gene codes for LPS synthesis (Fraser et al.
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1997). Lipoproteins activate inflammatory cells through
Toll-like receptor 2 (-lLRz). These TlR2-dependent
signaling pathways are facilitated by CD14 (Hirschfeld

et al. 1999). They play a critical role in the innate host
defense. However, they are not necessary for inflamma-
tory and acquired humoral responses (Lien et al.7999;
Wooten er al.2002).

Relapsing fevers may range from subclinical, with
mild spirochetemia, to severe forms leading to a high
mortality level. The pathogenesis is diverse and depends
on the Borrelia species and the host. The epidemic
louse-borne fever caused by B. recurrenlls is the most
severe. It.is characterrzed by one to five acute recur-
rences of fever with febrile episodes for 2 to 9 days and
an afebrile interval of about 9 days. Recurrences are
sometimes complicated by cardiac, neurologic, ocular
manifestations, or bleeding associated with thrombocyto-
penia. Mortality is high in untreated cases. Tick-borne
relapsing fever due to B. duttonii and B crocidurae are
usually less severe, although they can cause neurologic
or meningoencephalitic, hepatic or cardiac complica-
tions.

Relapses depend on the ability of Borrelia to undergo
an antigenic variation. Similarly to B. burgdorferi sl,
relapsing fever Borrelia catry genes homologous to the
ospC gene, encoding the variable surface antigens of
Vmp families. These proteins are the target of the
immune host response leading to the mechanism of anti-
genic variation, now well understood in B. hermsii and
B. turicatae. Each of the 40 vmp related genes in B.
hermsii, now reclassified, in vsp/vlp for genes encoding
small (Vsp) and large proteins (Vlp), respectively
(Cadavid et al. 1.997), can be found either in a silent or
an expressed version. Only one gene is expressed at a
time. Antigenic variation occurs by the switch of a gene
previously located in a silent site towards an expression
site that contains the promoter element allowing the
transcription (Kitten and Barbour 1990; Plasterk et al.
1985). This switch involves interplasmidic recombination
between two linear plasmids and occurs at the frequency
of 10-3-10 a per generation. Therefore, the Vmp
proteins are the determinants of serotype (Barbour

1990; Marti Ras et al. 2000) and undergo antigenic varia-
tion. After infection, Borrelia actively multiply in the
bloodstream and the fever occurs. When the immune
response against a prominent outer surface lipoprotein
develops, spirochetes disappear from the blood. A new
population coated with a new lipoprotein appears in the
blood causing the febrile recurrence. Each change in
Vmp synthesis allows a new serotype to establish in the
host, leading to bacteremia and a relapse of fever. This
mechanism allows the infection to be prolonged in
mammals and increases the likelihood of transmission.

Moreover, the Vsp proteins are also associated with
tissue tropism (Zuckert et al. 2001,; Pennington et al.
1999). It has been shown that different serotypes of B.
turicatae were associated with different severitv and

different clinical manifestations. For example, infection

with the serotype B is associated with a greater spiro-

chete burden in the joints of infected mice, a greater

inflammatory response, and finally, more severe arthritis.

Conversely, infection with the serotype A is predomi-

nantly associated with invasion of the central nervous

system (Cadavid et al. 1994; Pennington et al. 1997). Irl

the same way, a tissue tropism directed to the brain of

infected mice was observed for the serotype 2 of B.

crocidurae, causing more severe neurologic manifesta-

tions than did serotype 1 (Shamaei-Tousi et al. 1999).

A role in the stimulation of human monocytes to

produce tumor necrosis factor has been attributed to the

Vmp of B. recurrentis (Vidal et al. 1998). Therefore,

another consequence of the antigenic variation could be

the modulation of the host inflammatory response.

Another mode of immune evasion has been proposed

for B. crocidurae, consisting of an aggregation of

erythrocytes by spirochetes (Burman et al. 1998). This

erythrocyte-rosetting mechanism allows the erythrocyte-

covered spirochetes to avoid the cells of the host's

immune system. Therefore, the onset of the specific

immune response is delayed. Moreover, histopathologic

changes in the lungs, kidneys, and brain of infected

mice, with inflammatory response and cell death, and

microemboli in vessels, explain the clinical symptoms

observed in relapsing fever in humans (Shamaei-Tousi

er al. 1999).

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Borrelia are microaerophilic, slow-growing spirochetes.

They grow best in liquid media at 3G-35'C with cell

yields of 107-108 per ml. The generation time at 35"C

varies from 72 to 24 h. Growth occurs in soft solid media

(1 percent agar) with a 50-100 percent plating efficiency.

The colonies are subsurface and do not have distin-

guishing characteristics. The nutritional requirements

have not been fully defined, but are complex. Boruelia

spp. have the unusual requirement for N-acetyl-

glucosamine (Kelly 1971). They are similar to Trepo-

nema, reqluiring long-chain saturated and unsaturated

fatty acids. Other nutritional requirements include

glucose and amino acids. Serum proteins, such as bovine

serum albumin, are a component of the medium and

probably function primarily as a nontoxic source of fatty

acids.

METABOLISM

Carbohydrates, such as glucose, serve as a major energy

source and the predominant metabolic endproduct is

lactic acid (Livermore et al. 1978; Pickett and Kelly

1974). The majority of the outer proteins of B. burg-

dorferi are covalently modified with lipids (Brandt et al.

1990). These lipoproteins are synthesized by the
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pathway common for bacterial lipoproteins and contain
the tricyl-S-glycerylcysteine structural moiety. B. burg-
dorferi is catalase-negative (Kelly 1976).

LABORATORY DIAGNOSIS

Samples

Borrelia can be isolated from diverse sources. human
specimens, but mostly vector ticks and animal hosts.

The best suitable human specimens are cutaneous
tissues obtained by punch biopsies from early erythema
migrans and late acrodermatitis lesions. Biopsy frag-
ments are placed into BSK medium supplemented with
antibiotics. After 7 days of incubation at 34C, the skin
biopsy specimen is transferred to BSK medium without
antimicrobial agents. Both the tube of isolation medium
from which the skin biopsy was removed and the tube of
antibiotic-free BSK containing the skin biopsy are
further incubated and examined for spirochetes over 2
months.

Ticks collected by dragging vegetation can be marn-
tained alive over several weeks in optimal conditions of
relative humidity and saturation deficit (Perret et al.
2003). Before cultivation, ticks are dropped in 70
percent ethanol for 1 min and rinsed with sterile water.
Ticks are cut into two pieces, triturated, and placed in a
tube containing 4 ml of medium.

E,ar skin biopsies (approximately 2 x 2 mm by
0.4 mm thick) are aseptically collected from anesthe-
tized rodents or birds with a sterile dermal punch, and
placed directly into BSK medium. Rodents are sacrificed
with pentobarbital and dissected under sterile condi-
tions. Blood and tissue samples from urinary bladder,
heart, and spleen are aseptically removed and each
organ placed into BSK medium.

Bory9la ;sof 
Stiol and ]den-tlficatlon

The culture medium is derived from Kelly medium
(Kelly 1971) which was the first medium developed for
isolation and growth of B hermsij. The medium was
then modified, basically by adding a component for cell
culture, CMRL, which contains amino acids, vitamins,
various growth factors, and yeast extract (Barbour 1984).
N-acetylglucosamine, a constituent of peptidoglycan, is
essential for growth. The medium is now known by the
acronym BSK for Barbour, Stoenner and Kelly, and
commercialized as BSK-H (Pollack et al. 1993). Some
authors have proposed minor modifications to the
medium (Preac-Mursic et al. 1986; Sinsky and Piesman
1e8e).

The medium can be made selective by adding anti-
biotics such as kanamycin (8 pg/ml), neomycin (30 pgl
ml), nalidixic acid (100 pg/ml), rifampicin (50 pglml),
5-fluorouracil (100-250 pg/ml), fosfomycin (20-100 pg/

ml), or amphotericin B (2.5 pg/ml). These modifications

may be suitable for cultivation of infected skin samples

or ticks.

Cultures are incubated at 34'C. The optimal growth

temperature lies between 30 and 37"C. Cultures must be

examined weekly using a dark field microscope. The

generation time varies from 12 to 24h at 35"C. There-

fore, cultures are examined weekly over 2 months.

Genus identification is based on the analysis of pheno-

typic characteristics such as morphology, size, and moti-

lity. Species identification is based on molecular PCR-

based methods performed on culture thermolysates.

Among these methods, the restriction polymorphism of

the amplification product of the intergenic rrf-rrl region

is simple and efflcient (Postic et al. 1994). This is a

method allowing amplification of DNA from all Borrelia

species within the complex B. burgdorferj sl, the identifi-

cation lies on the species-specific pattern after enzymatic

restriction. Alternative methods consist of ampliflcation

of conserved genes followed by hybridization with

probes specific for each species (Assous et al. 1994;

Jaulhac et al. 1996; Luft et al. 1992a; Picken 1992;

Demaerschalck et al. 1995: Kawabata et al. 1994; Nocton

et al.  1996).

Results

The early cutaneous manifestations of LB are often

typical, the diagnosis is easy and does not need any

biological confirmation. In contrast, due to the large

spectrum of late, nonspecific manifestations, there is a

need for complementary diagnosis laboratory tests.

However, the cell density of B. burgdorferi sl in tissues

is extremely low, particularly in the bloodstream. This is

the reason for the low rates of cultures usually reported

from clinical samples.

The best success rates are obtained from skin biopsies

with a sensitivity ranging from 56 percent (Robertson

et al. 1.999), or 60 percent (Wormser et al. 1992;

Nadelman et al. 1996) to 80 percent (Berger et al. \992).

Culture from other sites are not usually successful and

the sensitivity varies considerably between studies.

Successful cultivation from blood has rarely been

reported. The rate of recovery is significantly greater

from plasma cultures than from serum cultures

(Wormser et al. 2000, 2001). Karlsson et al. (1990)

isolated B. burgdorferi sl from CSF of 11 percent of

patients who fulfilled the criteria for neuroborreliosis.

This rate is in the range generally reported.

In contrast, B burgdorferi sl can be easily isolated

from ticks and host animals. The urinary bladder and

the ear are the major source sample of B. burgdorferi sl

isolation from mammals.

In contrast, a high level of bacteremia in relapsing

fevers allows easy recognition of spirochetes on blood

smears colored with Giemsa. Moreover. successful isola-

tion of clinical isolates of B. recurrentis and B. duttonii
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from patients is now possible (Cutler et al.1994,1999).

Molecular tools are also available to identify these spir-

ochetes (Marti Ras et al. 1996). However, no extensive

studies have been undertaken for formal evaluation and

comparison of techniques used for the diagnosis of

relapsing fevers.

Detection of Borrelia DNA by PCR

In this context, PCR-based methods were expected to

provide a solution. More than 20 different targets have

been used either on the chromosome or the plasmids.

The most commonly reported are rrs and rrl ribosomal

genes, ospA, fla genes, and the ribosomal spacers rrf-rrl

and rrs-ru|. The sensitivity of DNA detection in skin

samples ranges from 50 to 90 percent (Lebech et al.

2000; I. Schwartz et al. 1992). A wide range of PCR

success rates is reported in CSF samples. Diagnosis

sensitivity of PCR in European patients with neuro-

borreliosis ranged from 12 to 25 percent (Lebech 2002),

whereas in US patients, the sensitivity ranged from 28

percent (Nocton et al.1996) to 80 percent (Keller et al.

1992). The outcome of PCR in diagnosis is also depen-

dent of the duration of the disease. The rate of PCR

positive CSF samples would be higher when the disease

duration is <L4 days (Lebech 2002). Amplification of B.

burgdorferi sl DNA from synovial fluid is an important

diagnostic tool. By using the ospA gene as a target for

molecular diagnosis of Lyme arthritis, Nocton et al.

(1994) reported a sensitivity of 85 percent. By using the

fla gene, Jaulhac et al. reported the detection of B. burg-

dorferi DNA in 10 of 11 patients with Lyme arthritis
(Jaulhac et al. 1996,2000; Nocton et al. 1.994; Priem et al.

1997). Detection of chromosomal B. burgdorferl DNA

would be more efficient in synovial tissue than in syno-

vial fluid (Jaulhac et al. 1996). Although urine is an

easily available source for PCR, the low sensitivity and

overall lack of reproducibility led to this method being

abandoned. In using PCR methods for molecular diag-

nosis of LB, the importance of sample preparation has

been emphasized. An improved method could allow a

substantial increase in the rate of detection (Bergmann

et al'.2002). Otherwise, the hypothesis of target imbal-

ance, suggesting increased sensitivity by using a target

with multiple DNA copies such as the plasmidic gene

ospA (Lfit er al. 1992b), has not been confirmed by

comparative studies between plasmid-borne and chro-

mosomal genes (Priem er al. 1997).

PCR methodologies have also been proposed in

evaluating the effect of antibiotherapy in neurologic

manifestations (Nocton et al. 1996) or in cutaneous

lesions of EM and ACA (Muellegger et al. 1996). Lastly,

since DNA detection does not provide evidence of the

viability of spirochetes, Limbach et al. (1999) developed

a reverse transcriptase PCR method in a mouse model.

To sum up, results of PCR as diagnostic tools for LB

are somewhat disappointing. Despite the method's high

sensitivity, the extreme paucity of bacteria in biological

samples, particularly in blood samples, is too close by far

to the threshold oI PCR.

Serology

Whereas diagnosis of EM does not require any serologic

confirmation, serological tests are recommended in both

the USA and Europe to corroborate the diagnosis of

disseminated LB. However, the lack of sensitivity during

the early stage of the disease, the lack of speciflcity, and

the inter- and intralaboratory variability of the tests are

among the many diff,culties that hamper the efflciency

of the approach.
To improve speciflcity, a two-tiered approach has

been recommended by the Center for Disease Control

composed of an initial test comprising either ELISA or

IFA, followed by an immunoblot when the results of the

first test is indeterminate or positive (CDC 1995). This

two-step strategy also gained wide acceptance in

Europe. Specimens negative by a sensitive EIA or IFA

need not be tested further.
More detailed serologic criteria have been recom-

mended by the European consortium EUCALB. They

are given in Table 70.2. The minimum standard of at

least 90 percent specificity in quantitative assays is

recommended.
Considering the geographic pattern of B' burgdorferi

sl species distribution and strain variability, distinct

interpretation criteria of Western blots were proposed

for European patients (Hauser et al. 1997; Robertson

et al. 2000) and American patients (Dressler et al. 1993;

Engstrom et al. 1995). According to the CDC (1995)'

when Western immunoblot is used during the flrst 4

weeks of disease onset (early LD), both IgM and IgG
procedures should be performed. A positive IgM test

result alone is not recommended for use in determining

active disease in persons with illness greater than 1

month's duration. If a patient with suspected early LD

has a negative serology, serologic evidence of infection

is best obtained by testing of paired serum samples.

Serum samples from persons with disseminated or late-

stage LD almost always have a strong IgG response to

B. burgdorferi antigens. The immunoblot positivity

criteria according to the CDC are given in Table 70.3. In

Europe, several studies have been conducted to formu-

Iate the best interpretation rules for the blots (Hauser

et al. 1997. 19991 Robertson et al. 2000; Norman et al.

1996; Ryffel et al. 1998). Although no single European

rule resulted from these studies, the most discriminatory

bands identified were OspC and p41' fot IgM, and p83/

100, p58, and p39 for IgG (Robertson et al. 2000).

Recently, a C6 peptide ELISA has been developed,

based on the conserved region 6 of VlsE lipoprotein
(Marques et al. 2002). In humans, the anti-IR6 of VlsE

is detected with a very high sensitivity in patients with

late LB (Liang and Philipp 1999). The high level of
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Table 70.2 Serologic dtagnosis guidelines according to EUCALB

Clinical manifestations

E M

Early neuroborrel iosis

Lymphadenosis benigna cutis

Chronic neuroborrel iosis

Lyme arthri t is

Lyme cardit is

ACA

Diagnostic Auidelines according to EUCALB

Specif ic lgG and/or lgM found in only 40-60% of untreated cases
Serology for EM diagnosis not essential
Necessary to demonstrate intrathecal antibody production
A signif icant change in t i ter of specif ic lgG and/or lgM between paired blood samples are
support ive for the diagnosis, but serum antibodies can be absent in early cases
A high t i ter lgM test result or a signif icant change in t i ter of specif ic lgG and/or lgM
between paired blood samples are essential for the diagnosis
Intrathecal antibody production demonstrated by determining the t i ters of specif ic
antibody in simultaneously drawn blood and CSF samples
A posit ive lgM test without the presence of lgG antibodies argues against the diagnosis of
chronic neuroborrel iosis
Specif ic lgG antibodies (usually high levels)
A posit ive lgM test in the absence of lgG antibodies argues against the diagnosis of Lyme
arthri t is

High t i ters of lgM or lgG antibodies or a signif icant change of specif ic lgG antibody t i ter in
paired serum samples
Specif ic lgG antibodies (usually high levels). lgM antibodies may or may not be present.
A posit ive lgM test in the absence of lgG antibodies argues against the diagnosis of ACA

Source: vie dis strath ac uk/vie/LymeEU/diagnosis serology-diagnostic-guidelines html

sensitivity and speciflcity of this new test could circum-
vent the problems mentioned above and could exempt
the two-tiered approach. Results seem promising both in
European and American patients.

Due to a lack of sensitivity and specificity, no serolo-
gical test was available for diagnosing relapsing fevers.
However, a serodiagnosis has recently been proposed,
based on the glycerophosphodiester phosphodiesterase
(Porcella et al. 2000; Schwan et al. 1996), absenr from B.
burgdorferi sl, and which could be useful in the serolo-
gical survey of louse-borne disease as well as tick-borne
relapsing fevers.

Susceptibility to antimicrobia! agents

Many studies have been performed to evaluate the
susceptibility of B. burgdorferi sl to various anti-
microbial agents. A macro- or microdilution broth
method was commonly used to determine the minimal

Table 70.3 lmmunoblot positivity criteria according to the CDC

lgM tgG

Two bands among:
24 kDa or 21 kDa: OspC
39 kDa: BmpA
41 kDa:  F la

Five bands among:
1 8  k D a

24 or 21 kDa: OspC
28 kDa

30 kDa
39 kDa:  BmpA
41 kDa:  F la
45 kDa

58 kDa (not GroEL)
55 kDa

and 93  kDa

inhibitory concentration (MIC). However, different
methods were used for MIC determinations. Unfortu-
nately, standard methods for determining the minimal
bactericidal concentrations (MBC) for slow-growing
bacteria such as the Borrelia have not been established.
thus the methodology must be adapted.

In spite of different methodologies and different
species or strains used in different studies, there is
general agreement on the in vitro activity of most of the
commonly used antimicrobials against B. burgdorferi sl
(Table 70.4). These spirochetes are susceptible to the
macrolides, tetracyclines, semisynthetic penicillins, and
the late second- and third-generation cephalosporins. ,8.
burgdorferi sl is moderately sensitive to penicillin G and
chloramphenicol and relatively resistant to the amino-
glycosides, trimethoprim, sulfamethoxazole, quinolones,

and rifampin.

Clarithromycin has been shown to be an effective
agent for the treatment of early Lyme disease, but
warrants further study (Dattwyler et al. 1996).

However, there are a few documented studies
concerning the susceptibility in vivo. Despite good
activity in vitro, erythomycin is less effective clinically
than doxycycline or tetracycline (Rahn and Malawista
1991; Steere et al. 1980; Preac-Mursic et al. 1987). Simi-
larly, penicillin G showed poor activity in vivo (Johnson
et al. 1990; Preac-Mursic et al. 1987). Due to its long
halflife, its ability to penetrate in inflamed joints and
synovial fluid, ceftriaxone is considered effective for the
treatment of late Lyme borreliosis.

Only few data are available on the putative sensitivity
differences between different species within ,8. burgdor-

feri sl. Recent studies (Sicklinger et al. 2003) reveal
significant differences between MIC and MBC of
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different antibiotics against the three main species. -8.
afzelii is more susceptible to ceftriaxone, B. garinii is
more susceptible to azithromycin, whereas B. burgdor-

/erl ss showed the best susceptibility to amoxicillin (Sick-
linger et aI.2003). For other authors, B. garinii appeared
to be more susceptible to antibiotics (Hunfeld et al.
2000; Preac-Mursic et al. 1996). Moreover, the persis-
tence of B. garinii and B. afzelii was described in
patients despite adequate antibiotherapy (Preac-Mursic
et al.  1996).
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INTRODUCTION

Venereal syphilis. the most common of the treponema-
toses, is caused by Treponema pallidum (Smibert 1984)
(Table 71.1). The Spirochetales, to which i t  belongs,
form a distinctive group of bacteria that are commonly
given division status. This is based on a number of
unique features to be discussed below, as well as sequen-
cing of ribosomal RNA, which shows them to be a
unique clade in the Eubacteria (Woese 1987). They have
a spiral morphology unique to the group, with a double
limiting membrane. The flagella are enclosed between
the inner and outer membranes. hence the name "endo-
flagella" for these structures. Because the endoflagella
are enclosed between the two membranes, they are not
exposed to the external medium and result in a unique
torm of motility in which the spirochetes are able to
move through highly viscous medium (Harwood and
Canale-Parola 1984) This allows the members of the
family to utilize niches not available to other motile
bacteria and may even be of utility for pathogenic spiro-
chetes in penetrating host tissues (Harwood and Canale-
Parola 1984). Spirochetes are found in a wide variety of
habitats, including environmental samples (especially

anaerobic), the termite gut, the rumen of hoofed
mammals, and the oral and gastrointestinal cavit ies of
mammals (Smibert 1984). The species that have
attracted the most research interest, though, are the
human pathogenic members of the genera Leptospira,
B o rrelia. and Treoonema.
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The taxonomy of the Spirochetales (or spirochetes)

has generally lagged behind that of most other groups

of bacteria because of the severe restraints placed on

their research because the type species of many of the

genera, as well as many of the pathogens, cannot be

grown in sustained culture. Even the type species of

the free-living genus Spirocheta has never been grown

in vitro (Spirocheta plicatis). Taxonomic trees have

been constructed for the Spirochetales, usually based

on ribosomal RNA sequences (Woese 1987). The

other genera of spirochetes are generally either micro-

aerophilic or anaerobic and inhabit a wide variety of

habitats.

Despite these problems, a considerable amount is now

known about the causative agent of syphilis, Treponema

pallidum. The sequencing of the entire genome (Fraser

et al. 1998) has helped resolve some of the problems

raised by previous research as well as open up new

venues for dissecting the biology of this spirochete. The

genome is approximately one mega base in size and

contains about 1000 open reading frames; no plasmids or

insertion sequences are present. There is no evidence in

the genome sequence for any active method of genetic

exchange or lateral transmission of DNA sequences

from other microorganisms. An excellent review of the

biology of T. pallidum in light of the completed genome

sequence has been published (Norris et al. 2001). The

following discussion will look at the more important

conclusions about the biology and pathogenesis of 7.

oallidum that can be drawn from the recent data rather
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Tabf e 71.1 Characteristics of the human treponematosef

T. pallidum subsp.
pallidum

Syph i l i s

Worldwide

Adolescents, adults
Sexual contact
Yes

Disease

Distr ibution

Age of onset

Transmission

Congenital infect ion?

T. pallidum subsp.
pertenue

Yaws (frambesia, pian)

Tropical areas of both
hemispheres

Chi ld ren

Skin contact

No

T. pallidum subsp.
endemicum

Endemic  syph i l i s
(bejel,  dichuchwa)

Arid areas, Afr ica,
Middle East, former
Yugoslavia

Children to adults

Mucous membrane

Rarely

T. carateum

Pinta
(carateum)

Semiarid areas,
Central America

Children, adults

Skin contact

No

a) See US Publ ic  Heal th Service (1968),  Per ine et  a l  (1984, 1985),  and Enqelkens et  a l  (1991a, b)

than the considerable amount of detailed information
that is now available.

Previous work had indicated an aerobic nature for
T. pallidum based on oxygen consumption and had
demonstrated the presence of a complete respiratory
chain (Lysko and Cox 19'77,1979). This work is almost
certainly artifactual, probably due to contaminating
mitochondria from the host in the treponemal prepara-

tions that were isolated from rabbit testes. The complete
sequencing of the 7. pallidum genome has shown that
no genes are present for cytochromes or other compo-
nents of the respiratory chain. Energy production

appears to be due to substrate-level phosphorylation

using the acetate kinase pathway, which is also
suggested by the fact that acetate is a major end product

of treponemal metabolism (Nichols and Baseman L975).

Since there is ample evidence for the high sensitivity of
T. pallidum to the products of oxygen reduction such as
hydrogen peroxide and the superoxide anion (see

below), what the utility of oxygen may be for trepo-
nemal metabolism must still be considered an open
question. T. pallidum is viable and capable of growth

only in the presence of host cells that do require oxygen;
this fact greatly complicates the argument that Z.
pallidum is directly dependent on oxygen. Many ques-

tions are still unanswered on the oxygen problem

despite many decades of work on this subject.
In contrast to the work on energy metabolism,

previous work showing the absence of enzyme activities
for oxygen protective enzymes such as catalase (Steiner

et al. 1984a) and superoxide dismutase (Austin et al.
1981) was confirmed by the absence of these genes in
the l pallidum genome (Fraser et al. 1998). The
absence of catalase or other enzymes capable of
removing hydrogen peroxide would seem to account for

the high sensitivity to this metabolic byproduct seen rn

several studies (Steiner et al. 1984a, b) and for the
requirement for reducing agents, which has been known
for many decades (see Fitzgerald 1981a for an extensive
discussion of the reducing agent requirement). The only
oxygen protective enzymes present are a possible alkyl
hydroperoxidase (Fraser et al. 1998; Norris et al.2001,)
and a recently discovered enzyme with superoxide

reductase activity (Jovanovi'c et al. 2000; Lombard et al.

2000); the latter enzyme is normally found only in anae-

robes. At present the role of these two enzymes,

including their regulation and role in the treponemal

cell. is unknown.

An interesting hypothesis has been put forward

suggesting that T. pallidum limits oxygen toxicity by

having a paucity of iron-containing protein (Posey et al.

1999). Although interesting, this hypothesis is only

weakly supported by the data since a number of poten-

tial iron-containing proteins appear to be present in the

genome, including a probable bacterioferritin or iron-

binding protein (Evans et al. 1995). The absence or

presence of free iron in the treponemal cell is of consid-

erable importance in terms of the high sensitivity to

oxygen of T. pallidum, which has been known for close

to a century. Hydrogen peroxide, to which T. pallidum is

highly sensitive, produces the hydroxyl radical in the

presence of free iron (Liochev 1996), which would be

expected to produce significant genomic damage when

generated inside the cell (Imlay and Linn 1988). Consid-

ering the extremely slow rate of DNA repair shown in at

least one study (Steiner et al. 1984b), iron in the trepo-

nemal cell would be expected to be very deleterious and

lead to the rapid death of the treponemes. Bacterial

catalase would normally be expected to limit the level of

hydrogen peroxide in the cell but since T. pallidum

contains no catalase (Steiner et al. 1984a; Fraser et al.

1998), sequestration of free iron may be the only way to

limit the production of hydroxyl radicals in the cell and

prevent genomic damage.

One obvious fact shown by the genome sequence is

the heavy dependence on the host for essential small

mofecules of anabolism (Fraser et al. 1998). T. pallidum

depends on the host for all purines and pyrimidines as

well as all amino acids with the possible exception of

proline (Gherardini et al. 1990). T. pallidum is missing

all of the tricarboxylic acid cycle, which is the source for

the carbon skeletons for the majority of these molecules

(Moat and Foster 1988), and thus has no capacity for

producing them de novo. This is a common factor seen

in the completely sequenced genomes from a number of

obligate host-associated microorganisms (Andersson
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et al. 1998; Cole et al. 2001). T. pallidum appears to use
only glucose, mannose, and maltose in catabolism with
the production of acetic acid through the acetate kinase
pathway as its final waste product (Nichols and Baseman
1975; Norris et al. 2001). The presence of this pathway
would explain the apparent sensitivity of T. pallidum to
metronidazole (Wilkinson et al. 1961), although the high
Ievel required for inhibition by this antimicrobial drug
would suggest it has a limited ability to penetrate the
external membranes of the treponeme. All of the small
molecules produced by the missing anabolic enzymes
have to be provided from the host; genomic analysis of
T. pallidum indicates it contains a large number of trans-
port systems that would appear to make up for these
metabolic deficiencies (Fraser et al. 1998). The impor-
tance of individual transport systems (or in some cases
even their presence), as well as their relative contribu-
tion to treponemal nutrition, still needs to be verifled
since this work is totally dependent on genomic analysis.

The ability of antimicrobial drugs to penetrate the
membranes of T. pallidun brings up two important
areas of research in syphilis: the nature of the outer
membrane and the mechanism of attachment to host
cells. It has been known for many years that freshly
isolated T. pallidum react slowly with high-titer antibody
(Nelson and Mayer 1949). This is most notable in the
Treponema pallidum immobilization (TPI) assay, which
requires a 16-h incubation to observe effective immobili-
zation of the freshly isolated treponemes (Nelson and
Mayer 1949). The delayed recognition of T. pallidum in
vitro is not limited to reactions with antibody. In two
papers, Alder and co-workers showed that phagocytosis

of treponemes proceeds slowly in vitro (Alder et al.
1989, 1990). These workers developed a model system of
phagocytosis on a surface in which treponemes were
immobilized on a membrane filter and then phagocy-

tized by macrophages from immune animals. Phagocy-
tosis progressed much slower than with control bacteria
or particles (Alder et al. 1990), again implying that
treponemal antigens were masked by a surface layer that
was not recognized by these immune effectors. Both in
antibody recognition and in macrophage phagocytosis,
the treponemes became more reactive with time in vitro,
indicating that the material preventing recognition was
Iabile.

The nature of this surface layer has been an area of
active debate, being ascribed to surface mucopoly-
saccharides (Fitzgerald and Johnson 1979) or adherent
host material (Alderete and Baseman 1979) at vanous
times. A number of lipoproteins, which are plentiful in
lhe T. pallidazz cytoplasmic membrane (Chamberlain

et al. 1989; Schouls et al. L99L), were originally
described as outer-membrane proteins and thus were
presumed to be involved in immune recognition of the
treponemes during syphilitic infection. The biological
function of these lipoproteins is unknown, but most, or
all, are now thought to be anchored by the lipid moiety

in the cytoplasmic membrane of T. pallidum. Although

highly antigenic, none of these lipoproteins has been

demonstrated to have an important role in immunity in

the course of syphilis. The recently discovered family of

12 tpr genes (Fraser et al. 1998), several of which appear

to have leader sequences, has been of great interest

recently because of their potential for recombination

which could be of importance in immune evasion. As of

yet though, none has been proven to reside in the outer

membrane and their function is unknown.

More recent evidence (Radolf et al. 1989; Walker et al.

199L) indicates that the slow recognition of 7. pallidum

by antibody and/or immune phagocytes relates to the

structure of the outer membrane. In both of these

papers, freeze fracture studies were used to demonstrate

the extremely low number of proteins that appeared to

be exposed on the outer membrane of T. pallidum.

Membranous particles that were presumed to be

proteins were up to two logs lower in the outer

membrane of T. pallidum when compared with Escher-

ichia coli. This lack of species specific antigens exposed

on the outer membrane could account for the poor

clearance of T. pallidum seer in several experimental

systems, and the inability of passively transferred anti-

body to eliminate treponemes in experimental systems.

It might also account for the fragility of this layer, which

can easily be lost during isolation. A highly lipophilic

outer membrane that would shield highly antigenic

membrane proteins from antibody and complement

could prevent or slow immune damage to T. pallidum

and allow the spirochete to evade the immune system

for long periods of time (Radolf 1994). As yet, little is

known about the composition and structure of this outer

membrane or how it is stabilized. Until the structure of

this membrane is better understood, it is unlikely that an

effective vaccine candidate will be forthcoming.

Despite the fact that T. pallidum is not rapidly phago-

cytized by macrophages or granulocytes, it does attach

readily to host cells in vitro and presumably in vivo since

many microscopic studies (both with light and electron

microscopy) have shown the treponemes to be predomi-

nately in the tissues (Baker-Zander and Sell 1980). f.

pallidum is only known to attach to one host molecule,

the well-studied extracellular-matrix protein fibronectin
(Fitzgerald and Repesh 1985; Baugh 1987). Attachment

appears to be predominately through the cell-attachment
portion of the protein (Thomas et al. 1985). Unlike

many other microorganisms that attach to flbronectin,

the attachment appears to be readily reversible (Steiner

and Sell 1985). Whether the putative adhesin(s) can be

used for development of a vaccine that would be

capable of blocking tissue invasion is unknown despite

the fact that the early work on this interaction was

carried out in the 1980s. There is still some controversy

on the identiflcation of the adhesin(s) and there are no

published reports on the effect of blocking attachment

to f,bronectin in the host. This is a promising area of
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research but at present not enough is known to deter-
mine whether interference with attachment has an
important role in immunity to T. pallidun in human
syphilis.

Little else is known about how T. pallidum causes an

infection in the host and penetrates the host tissues. The
publication of the completed genome sequence showed
the presence of five putative hemolysins (Fraser et al.

1998), but none of these has convincingly shown to actu-
ally be hemolysins or contribute to pathogenesis, and
their role in infection (if any) is presently unknown. It

was demonstrated a number of years ago that T.
pallidum can damage tissue culture cells in vitro (Fitz-

gerald et al. 1982; Wong et al. 1983), but the mechanism

of injury to host cells and the treponemal molecules

involved have not been determined. The possibility

exists that the hemolysins discussed above may be
involved in this tissue damage, but this will have to be

determined by further research. Since host immune
mechanisms are commonly thought to contribute to

tissue damage, further work is necessary to determine
whether these mechanisms of injury to host cells are

important in pathogenesis or simply act to prime the

host to cause the damage.

Several of the papers on the toxic effects of trepo-
nemes on tissue culture cells also showed that they

affected neurons in culture and interfered with neuro-

transmission (Oakes et al. 1982). Electron microscopy

had previously demonstrated the association of trepo-

nemes with neurons in experimental animal infections
(Ovcinnikov and Delektorskij 1975); thus, this toxicity

to, and/or invasion of, neurons could account for the
painless nature of treponemal chancres that have not

been superinfected with other microorganisms. The
reason for this neurotropism/neuroinvasiveness is

unknown but if we knew. it would tell us much about

the disease process and the reason for the potentially

disastrous complications of tertiary syphilis.

EPIDEMIOLOGY

By 1958, with the general use of penicillin, syphilis in

the USA had been almost eliminated. However, there

have been periodic increases in the number of cases,

followed by decreases (Figure 71.1). Frequently the

increases correlated with behavioral changes, such as

the use of birth-control pills in the 1960s, gay bath

houses in the 1970s and 1980s, and crack cocaine in the

1990s (Brandt 1988; Finelli et al. t993). In 1990 in the

USA, the rate of primary and secondary cases was 20.3

per 100 000, the highest since 1952. Since 1991, the

male-to-female ratio has approached one, suggesting

that much more of the transmission of syphilis was

heterosexual (Figure 71.1). However, the male-to-

female ratio has increased since 1996, reflecting the

increasing rates of syphilis in men who have sex with

men (MSM). With the increase in acquired syphilis in

the heterosexual population there was a parallel

increase in the number of infants born with congenital

syphilis to a rate of 107.2 per 100 000 live births in

1991. The rates of sexually acquired primary and

secondary syphilis for 2000 declined to 2.2 cases per

100 000 population (Centers for Disease Control and

Prevention (CDC) 2001). Likewise, the rate of conge-

nital syphilis began to decline in 1992 and has

continued to decline to a rate of 13.4 per 100 000 live

births in 2000. Outside the USA, reports indicate that

syphilis has dramatically increased in the Russian

Federation between 1992 and 1996 to 263 cases per

100 000 population (Tichonova et al. 1997). In addition,

a resurgence of syphilis is currently being reported in

England (Doherty et aL.2002), especially among MSM.

In comparison to the USA, the Baltic States, and

England, rates of syphilis have progressively declined

since the advent of penicillin therapy in other indus-

trialized countries. However, in many nonindustrialized

nations, syphilis remains a significant health problem.
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Figure 71.1 Number of cases of primary and secondary syphilis in the USA in males and females, 1980-2000
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Table 71.2 Stages of infection for sexually acquired syphilis

Stage

Primary

Secondary

Latent

Late
Ben ign

Card iovascu lar
Neurosyph i l i s

Time post-infection

10-90 days (average 21 days)

6 weeks-6 months

Early, (1 year; late, >1 year

Months to years

Symptom

Chancre ,  s ing le  o r  mu l t ip le ;  reg iona l
lymphadenopathy

Mult iple lesions, lymphadenopathy,
fever, malaise, condylomata lata

Alopecia

Asymptomatic or symptomatic
CNS involvement

Asymptomatic

Gummatous lesion

Aort ic aneurysm, tree barking

Paresis, tabes dorsal is, dementia

Optical atrophy

Site

Sk in  o r  mucous
membrane
Sk in  o r  mucous
memDrane

Hair, eyebrows

Meninges

Tissue, any organ
Aorta

Meningovascular

Eye

CNS, central nervous system

PATHOLOGY AND MANIFESTATIONS
OF SYPHILIS

Untreated syphilis is a chronic disease that progresses
through a variety of stages, each with distinct manifesta-
tions and pathology, as shown in Table 71.2.

earlV syphilis

Sexual transmission of syphilis requires direct contact
with infectious lesions. Approximately 30 percent of
people who have sex with an infected partner will
develop syphilis (Sparling 1990). Within hours after
initial contact with the organism, treponemes dissemi-
nate throughout the body and may be detectible by the
polymerase chain reaction (PCR) in the blood of people
with incubating syphilis (Marfin et al. 2001). The skin
surrounding the primary lesion or chancre, which occurs
at the point of entry, is edematous and infiltrated with
inflammatory cells. The chancre center is mucoid,
containing host-produced hyaluronic acid and chon-
droitin sulfate surrounded by a cellular infiltrate of
primarily mononuclear cells; the base of the chancre is
hbrotic with neovascularization. The lesions. once
present, may spontaneously resolve in 1-5 weeks.
During the primary stage, the inguinal lymph nodes may
be slightly enlarged but are rarely tender. Serous fluids
from the lesion contain numerous treponemes. Humoral
antibodies, as detected by the standard nontreponemal
and treponemal serological tests for syphilis, usually do
not appear until 1-4 weeks after the chancre has formed.

By the secondary stage of syphilis, the organism has
invaded every organ of the body and virtually all body
fluids. Nonspecific symptoms generally develop 1-5
weeks after the primary lesion has healed and may
include fever, headache, sore throat, arthralgias, and
anorexia (Table 71.2). However, a generalized rash,
mucous patches, and condylomata lata are the most

common characteristic symptoms of secondary syphilis.

Epithelial changes for these lesions include infiltration

of leukocytes, necrosis of keratinocytes, some thickening

of the epithelial cells, and various degrees of hyperker-

atosis (Chiu and Radolf 1994). These manifestations

spontaneously resolve, usually within 2-6 weeks, but

may recur during the first year of infection if the patient

is not treated. Circulating immune complexes composed

of IgG and C3 (Chiu and Radolf 1994), detected in

approximately 80 percent of all secondary cases, may

lead to immune complex deposition in the kidneys and

subsequent renal damage.

In the early latent stage, the disease progressively

becomes a more chronic infection. Duration of infection

of 1 year, which is asymptomatic, is arbitrarily defined

for epidemiological purposes as early latent stage,
although one or more relapses into the secondary stage

may occur during this time. Because lesions are not

usually present after the first year, the disease is not

considered infectious and the term 'late latent' is

assigned to this stage. However, in pregnancy, T.
pallidum can still be transmitted to the fetus up to 4
years after the initial infection, if the initial infection is
not treated.

Late syphil is

The pathogenesis of the various forms that the late or
tertiary stage of syphilis may take is not completely
understood. Often, signs and symptoms of late-stage
syphilis occur 10-20 years after the initial infection
(Table 7r.2).

An unusual form of late syphilis is benign late. The
gumma (lesion) of this stage was previously reported to
occur in 16 percent of the cases of untreated syphilis
from 2 to more than 40 years after the initial infection
(United States Public Health Service 1968). The
gummas resemble the granulomata of tuberculosis and
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may occur in the skin, bones, mucosae, viscera, muscles,
and ocular structure. With osseous gummas, reactive
new bone formation and osteolysis are characteristic
(Chiu and Radolf 1994). Because organisms are rare and
the lesions are characteristic of an inflammatory
response, some have suggested that the gummas are a
result of hypersensitivity to the few treponemes or L
pallidum antigens remaining in foci of long-standing
infections. However, treponemes have been detected in
gummas using immunofluorescence (Handsfleld et al.
1983) and PCR (Horowitz et al.1994).

In the preantibiotic era, neurosyphilis was reported to
occur in 6.5 percent of people with syphilis; however, rn
a study of a cohort of T. pallidumlHlY coinfected
patients, the prevalence of neurosyphilis was 3 percent
(Brandon et al. 1993). The lesions in the central nervous
system in neurosyphilis are also related to the multi-
plication of treponemes (Fitzgerald 1981b). Although
neurological forms of syphilis (e.g. syphilitic meningitis)
may develop during the secondary stage, neurosyphilis is
usually a complication of late syphilis but may occur as
early as 2 years after initial infection. Neurosyphilis may
take many forms. All forms have in common chronic
meningitis, producing vascular or parenchymatous

sequellae in the cerebrum and spinal cord (Swartz 1984).
In acute syphilitic meningitis, granular ependymitis and
endarteritis may develop, which may lead to thrombosis,
vascular occlusion, and cerebral infarction. As a result of
obstruction of the cerebrospinal fluid (CSF) flow, several
forms of hydrocephalus may result. In generalized
paresis, gross findings include cerebral atrophy, demyeli-
nizatron of the cortical white matter, and varying

degrees of thickening of the meninges consistent with
chronic meningitis. Cerebral atrophy, particularly of the
frontal poles and tips of the temporal lobes, is promi-

nent. Whorls of subependymal astrocytes forming
granular ependymitis are a characteristic finding on
microscopic examination. Treponemes can be demon-
strated in brain tissue of CSF by direct immuno-
fluorescence, PCR (Gordon et al. 1994), or Dieterle
silver stain. Nevertheless, symptoms consistent with
neurosyphilis may not always be present (Hook and
Marra 1992), i.e. asymptomatic neurosyphilis. Asympto-
matic neurosyphilis usually is recognized as a disease
entity when a lumbar puncture is performed on a person

with a reactive serologic test for syphilis and no history
of treatment (Centers for Disease Control and Preven-
tron2OO2).

Congenital syphil is

In congenital syphilis, the primary stage of the disease is
not seen because the organisms directly infect the fetal
circulation. Necrotizing funisitis may or may not be
present (Schwartz et al. 1995; Guarner et al. 2000).
Treponemes, or the effects thereof, are detectable in

almost every tissue of the infant. The standard serolo-

gical tests for syphilis, based on the measurement of

IgG, reflect passively transferred antibodies from the

mother to the infant, rather than IgM antibodies

produced by the infant during gestation. Currently, diag-

nosis of neonatal congenital syphilis depends on a

combination of results from physical, radiographic, sero-

Iogical, and direct microscopic examinations. Clinical

signs of congenital syphilis include hepatosplenomegaly,

cutaneous lesions, osteochondritis, and snuffles

(Kaufman et al. 1977). Although some clinical manifes-

tations may be present at birth, they are more often seen

at 3 weeks to 6 months. At birth, up to 50 percent of

infants with congenital syphilis are asymptomatic

(Kaufman et al. 1977); other stigmata that may develop

late include teeth and bone malformation, deafness,

blindness, and learning disabilities.

LABORATORY DIAGNOSIS

Various test methods for the diagnosis of syphilis have

been developed. These tests fall into four categories:

1 direct microscopic examination, used when lesions

are present;

2 nontreponemal tests, used for screening;

3 treponemal tests that are confirmatory or are used for

screening; and

4 direct antigen detection tests currently used in

research settings and as gold standards for test

evaluation.

Direct microscopic methods

When lesions are present, direct detection of the

organism is the most specific and easiest means of diag-

nosing syphilis. A positive result on microscopic

examination is definitive evidence of syphilis, if infection

with other pathogenic treponemes can be excluded.

Also, primary syphilis can be diagnosed by darkfield

several days to several weeks before the appearance of

reactive serologic tests. However, a negative direct

microscopic finding does not exclude the diagnosis of

syphilis. Too few organisms may be present to be

observed because the lesion may be in the healing stage,

or the spirochete may have been altered by systemic or

topical treatment. In addition, the sample may be

reported as unsatisfactory as a result of the presence of

too many blood cells, air bubbles, or tissue fragments.

The reported sensitivities of the direct microscopic

methods range from 73 to 100 percent (Daniels and

Ferneyhough 1977; Romanowski et al. 1987; Ito et al.

1992). When direct microscopic methods are negative,

other diseases, such as herpes and chancroid, should be

considered because other sexually transmitted diseases

are also characterized by lesions.
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DARKFIELD MICROSCOPY

Because of their narrow width, treponemes can only be
observed with the use of either specialized stains or
darkfield microscopy, which is used to visualize live
treponemes. Microscopes equipped with a double-
reflecting or single-reflecting darkf,eld condenser are
needed to perform the darkfield examination. Illumina-
tion for darkfield microscopy is obtained when light rays
strike objects in the field at an oblique angle so that no
direct rays, but only rays that are reflected from the
object, enter the microscope. Therefore, the object itself
appears to be illuminated against a dark background.
For details of the test see Larsen et al. (1998).

T. pallidum is distinguished from other spiral organ-
isms by the tightness of the spirals and their character-
istic corkscrew movement. However, T. pallidum
subspecies pallidum cannot be distinguished from the
other pathogenic treponemes. T. pallidun is a delicate,
corkscrew-shaped organism with rigid, uniform, tightly
wound, deep spirals. The characteristic motion of Z
pallidum is a deliberate forward-and-backward move-
ment with rotation about the longitudinal axis. Organ-
isms easily confused with Z. pallidum include T. refrin-
gens and T. denticola. Adequate training and
experlence are necessary to make an accurate diag-
nosis by darkfleld microscopy. The untrained observer
may be deceived by artefacts such as cotton fibers and
Brownian motion.

Darkfield examination has proved to be diagnostically
useful during primary, secondary, infectious relapsing,
and early congenital syphilis when moist lesions
containing large numbers of treponemes (e.g. chancres,
condylomata lata, or mucous patches) are present.
Enlarged regional lymph nodes can also serve as a
specimen source if the involved node is aspirated and
the material obtained is examined. Darkfield examina-
tion of lesions of the cervix and vagina are possible if
special techniques are used for collection of the
speclmen.

Because viability of the treponeme is necessary to
distinguish T. pallidum from morphologically similar
saprophytic spirochetes within and near the genitalia
due to possible contamination by digestive-tract normal
flora, darkfield examination must be performed immedi-
ately after the specimen is obtained. Equipment and
personnel for darkfield examination must be readily
available, or the patient must be sent to a facility where
the procedure can be performed.

The proper specimen for darkfield microscopy consists
of serous fluid that contains T. pallidum but is free of
erythrocytes, other organisms, and tissue debris. The
lesion should be cleansed only if encrusted or obviously
contaminated and only a minimal amount of tap water
or physiological saline (without antibacterial additives)
should be used. Even the experienced observer may find
it difficult or impossible to differentiate T. pallidum

from saprophytic spirochetes in the mouth; thus, dark-

field microscopy should not be used for the examination

of samples from oral lesions.

DIRECT FLUORESCENT ANTIBODY TECHNIQUES

The direct fluorescent antibody test for Treponema

pallidum (DFA-TP) detects and differentiates patho-

genic treponemes from nonpathogenic treponemes by

an antigen-antibody reaction; thus, the organism is not

required to be motile. In addition, because the conju-
gates used are specific for pathogenic strains of Trepo-

nema, the DFA-TP is applicable to samples collected

from oral. rectal, and intestinal lesions. Because the

organism need not be motile, an additional advantage

of the DFA-TP over the darkfield is that specimens

collected from patients in clinic settings can be

submitted to a reference laboratory for examination.

Smears may be stained with fluorescein-isothiocyanate
(FITC)Jabeled anti-7. pallidum globulin prepared

from the serum of humans or rabbits with syphilis

absorbed with Reiter treponemes, or with FITC-conju-

gated to a mouse monoclonal antibody to T. pallidum

(Romanowski et al. 1987; Ito et al. 1992). However,

even though monoclonal antibodies are used, the test

cannot distinguish between pathogenic strains of

Treponema. The DFA-TP method has been used to

detect the presence of T. pallidum subspecies in tissues
(Hunter et al. 1,984: Ito et al. t992), body fluids (Smith

and Israel 1967; Wilkinson 1973), secretions, and lesion

exudates (Ito et al. 1992). FlTC-labeled polyclonal

anti-Z. pallidum conjlgate is available commercially.

FlTC-labeled monoclonal antibody is available from

the CDC.

A combination of the direct fluorescent antibody

tissue test for T. pallidwn (DFAT-TP) and histological

stains may be used to examine biopsy and autopsy

material for the presence of pathogenic Treponema.

Any tissue can be used, but most frequently tissues for

paraffin-embedded sections are collected from the

brain, gastrointestinal tract, placenta, umbilical cord, or

skin. Often DFA-TP is used to diagnose late-stage or

congenital syphilis or to distinguish skin lesions of

secondary or late syphilis from those of Lyme disease
(Ito et al. 1992). Slides prepared from sections are

stained with a FlTC-labeled monoclonal conjugate as

for the DFA-TP, or by an indirect method by using

first either an antibody to T. pallidun prepared from

human serum or from an immunized rabbit or a mouse

monoclonal antibody, followed by an FlTC-labeled

antihuman, antirabbit, or antimouse globulin. A testi-

cular tissue section from a rabbit infected with T.
pallidum is used as the control. The condition of the

initial biopsy specimen or autopsy sample and the

thickness of the tissue sections affect the outcome of

the test. When the DFA-TP and the Steiner stain, a

silver stain. were used to examine umbilical cord
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Tabf e 71.3 Serological tests for syphilis in the USA

Nontreponemal

Microscopic tests
Venereal Disease Research Laboratory (VDRL) sl ide

Unheated serum reagin (USR)

Macroscopic tests
Rapid plasma reagin (RPR) 18-mm circle card
Toluidine red unheated serum test (TRUST)

Treponemal

Microscooic tests

Fluorescent treponemal antibody absorption
(FrA-ABS)

FTA-ABS double staining (DS)

Macroscopic test

T. pallidum particle agglutination (TP-PA)

Enzyme immunoassay (ElA)

samples, 100 percent agreement between the two tests

was found (Schwartz et al. 1995).

tMMU NOHTSTOCHEMTCAL TECHNTQUES

Immunohistochemical (IHC) staining using enzymes for

a color reaction to visualize the treponemes employs the

same mouse monoclonal or Reiter absorbed anti-T.
pallidum globulin that is used in the DFAT-TP. It is a

multistep process that uses an enzyme, either peroxidase
(Phelps et al. 2000) or alkaline phosphatase (Guarner

et al. 2000), conjugated strepavidin, and then a color

reaction for visualization of the treponemes in the tissue.

Slides are counterstained with hematoxylin, which allows

for simultaneous visualization of the treponemes and

tissue morphology. Slides are examined using a bright-

field microscope. Results of one study undertaken in

cases of secondary syphilis indicated that IHC was more

sensitive than silver stain (Phelps et al. 2000).

Serological tests

The most common methods for the diagnosis of syphilis

are serological tests. These tests detect either antibodies

to lipoidal antigens indicative of an infection (nontrepo-

nemal methods) or antibodies against specific trepo-

nemal antigen (treponemal methods). Those tests that

are used for the diagnosis of syphilis in the USA are

shown in Table 71.3. Details of test performance for

each of the tests and the methods for specimen collec-

tion are found in A manual of tests for syphilis (Larsen

et al. 1998). Serum is the specimen of choice for all sero-

logical tests. However, plasma samples may also be used
in the macroscopic nontreponemal card tests. The tech-

nician must check the product insert that accompanies

the commercial test reagent to be sure that the plasma

sample has not exceeded the recommended storage time

and that the blood was collected in the soecified anti-

coagulant.

NONTREPONEMAL TESTS

The nontreponemal tests are inexpensive, fast, easy to
perform, and excellent for screening purposes. The

nontreponemal (reagin) tests measure IgM and IgG

antibodies to lipoidal material released from damaged

host cells; to lipoprotein-like material; and possibly to

cardiolipin released from the treponemes (Matthews

et al. 1979). The antilipoidal antibodies are not only

produced as a consequence of syphilis and other trepo-

nemal diseases, but also may be produced in response to

nontreponemal diseases of an acute and chronic nature

in which tissue damage occurs (Catterall 1972). Without

some other evidence for the diagnosis of syphilis, a reac'

tive nontreponemal test does not confirm T. pallidum

infection.

Cardiolipin, when combined with lecithin and choles-

terol, forms a serologically active antigen used in the

nontreponemal tests. The unheated serum reagin (USR)

test antigen is created by the addition of choline

chloride and ethylenediaminetetraacetic acid (EDTA)

to the Venereal Disease Research Laboratory

(VDRL) antigen to stabilize the antigen suspension

(Portnoy et al. 1961) and to eliminate the need for

heating serum. Plasma was also found to be an accep-

table test sample source. In the late 1950s, charcoal

particles were incorporated into the USR antigen to aid

in reading the reaction (Portnoy et al. 1957). The

resulting test was the rapid plasma reagin (RPR) test

performed on a plastic-coated card. Additional modifica-

tions of the RPR card test resulted in the development

of the toluidine red unheated serum test (TRUST)

(Pettit et al. 1983). Based on the 2002 College of

American Pathologists Syphilis Serology Survey, the

RPR card test is the most widely used nontreponemal

test in the USA.

Flocculation tests

The flocculation tests (VDRL, USR, RPR, TRUST) can
be used as qualitative tests for initial screening or as

quantitative tests to determine the efficacy of treatment

(Fiumara 1978, 1979,1980a, b; Pett i t  et al.  1981; Brown

et al. 1985; Romanowski et al. 1991). In the qualitative

nontreponemal tests, undiluted serum from a patient is

used to measure the presence or absence of antibodies.

In the quantitative nontreponemal tests, serial two-fold

dilutions are made and the serum is diluted until an end

point is reached. Quantitative reactions are reported in

terms of the highest (last) dilution in which the

specimen is fully reactive. Quantitative tests are more

informative than qualitative tests alone. Quantitative
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Tabfe 71.4 Sensitivities and specificities of the nontreoonemal tests

Primary

78 (74-87)"

86 (77-100)

80 (72-88)

8s (77-86)

Secondary

100
100
100
100

Latent

es (88-100)
98 (9s-l00)
es (88-100)
98 (9s-100)

Late %

71 (37-94)

73

% Specificity

Non-syphil is

98 (96-se)

98 (93-99)

99
qq /qR-qq' l

% Sensitivity

Test

VDRL

RPR

USR
TRUST

RPR, rapid p lasma reagin;  TRUST, to lu id ne red unheated serum test ;  USR, unheated serum reagin;  VDRL, Venereal  Disease Research Laboratory
a) Range of  sensi t iv ty in Centers for  Disease Control  and Prevent ion (CDC) studies

tests establish a baseline of reactivity from which change
can be measured; recent infection can be demonstrated
by a four-fold rise in titer and reinfection or relapse can
be detected among people with a persistently reactive
(serofast) test for syphilis. A four-fold or greater decline
in titer following treatment is indicative of successful
treatment for syphilis All serum samples exhibiting any
degree of reactivity or roughness should be diluted.
Although all four nontreponemal tests have the same
level of sensitivity and specificity (Table 71.4), the levels
of reactivity vary. These different levels of reactivity are
reflected in the different end-point titers obtained when
the same serum specimen is tested by the four tests
(Pett i t  et al.  1981, 1983) Because success or fai lure of
treatment is based on just a two-di lut ion decrease in
titer, the serum samples used as the baseline should be
drawn the day treatment is begun. Reactivity levels vary
among the tests; therefore, the test used in the initial
screening should also be used to monitor treatment.

CSF variations on the VDRL test

The VDRL-CSF test is a variation on the VDRL test for
use with spinal fluid in the diagnosis of neurosyphilis.
The VDRL antigen is diluted in 10 percent saline to
account for the decrease in antibody levels of spinal
fluid. The test was designed to be carried out using
concavity slides. but standard VDRL slides may be used
as well. The test is highly specific for neurosyphilis, but
varies from 10 percent sensitivity in asymptomatic indi-
viduals to 90 percent in people with symptomatic
neurosyphilis. The test can be falsely positive if the
spinal tap is contaminated with serum.

Capture-S solid-phase red-blood-cell adherence
assay

In 1997 Stone et al. developed a solid-phase red-blood-
cell adherence assay for the detection of nontreponemal
antibodies in serum or plasma (Stone et al. 7997). The
test is based on using a modified VDRL antigen, which
has been bound to the wells of a microtiter plate. The
patient's serum is added to the well; if nontreponemal
antibodies are present, they bind to the VDRL antigen.
Bound antibodies are detected using indicator red cells,
which have been coated with antihuman IgG and IgM.

After addition of the indicator cells, the microtiter plates

are centrifuged. The presence of a mat of cells indicates
the presence of nontreponemal antibodies in the serum
or plasma specimen. The test had 87.1 percent sensitivity
in people with untreated syphilis. When a blood donor
population was tested, the specificity, based on l0 264
serum samples, was 99.2 percent and the sensitivity was
94 percent. Several hundred tests may be performed in a

day using the Capture-S test, and the test has the poten-

tial for automation. The test has received Food and
Drug Administration (FDA) clearance as a screening

test for syphilis in donations received in blood banks.

PROBLEMS ENCOUNTERED WITH THE
NONTREPONEMAL TESTS

Three major problems are encountered with the nontre-
ponemal tests: the prozone phenomenon, false-positive

reactions, and test interpretation. Serum samples
containing large amounts of nontreponemal antibody
occasionally demonstrate a prozone reaction in the
nontreponemal serological tests. Prozone reactions occur
in 1-2 percent of patients with secondary syphilis (Span-

gler et al. 1964; Jurado et al. 1993). A prozone occurs
when an antibody is in excess or blocks the normal
antigen-antibody reaction. Initially, these strongly reac-
tive serum samples may show a weakly reactive,

atypical, or, on rare occasions, negative rough reaction
or grainy appearance in undiluted serum. Upon dilution
of a serum exhibiting the prozone reaction, the reactivity

will increase and then decrease as the end-point titer is
approached. Dilution of the antibody to 1:16 is usually
adequate to obtain the proper optimal concentration

and a readily detectable reaction. All tests with a 'rough'

appearance should be quantitated. A serologist may not

detect a prozone reaction because of a lack of reading
experience. When fresh serum samples are tested, some
exhibit innate roughness. Many serologists compensate
for this roughness in their reading and fail to quantitate

all serum samples exhibiting a grainy appearance (nega-

tive roughs). A second reason that the prozone reaction
may not be detected is that the antigen is added to the
serum before the sample is spread to fill the circle. The
physical spreading of the serum first, before adding the
antigen, dilutes the antibodies slightly and frequently
prevents the prozone reaction.
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The incidence of false-positive reactions depends on
the test used and the population studied. False-positive
reactions occurring with the nontreponemal tests can be
divided into two groups; those that are acute false-posi-
tive reactions of <6 months duration and those that are
chronic false-positive reactions that persist for >6
months (Jaffe and Musher 1990). Acute false-positive
nontreponemal reactions have been associated with
hepatitis, infectious mononucleosis, viral pneumonia,
chickenpox, measles, other viral infections, malaria,
immunizations, pregnancy, and laboratory or technical
error (Table 71.5). Chronic false-positive reactions have
been associated with connective tissue diseases such as
lupus erythematosus or diseases associated with immu-
noglobulin abnormalities, which are more common 1n
women; thus, chronic false-positive reactions are more
common in women than in men. Other conditions asso-
ciated with chronic false-positive reactions are narcotic
addiction, ageing (Tuffanelli 1966), leprosy, and malig-
nancy (Jaffe and Musher 1990) (Table 71.5). Human
immunodeflciency virus (HIV) infection has not been
associated with an increase in false-positive nontrepo-
nemal test results in individuals with a low risk of drug
addiction (Rusnak et al. 1994). At one time, titer was
used to distinguish between false-positive and true-posi-
tive results, titers of )8 considered as true positives and
those <8 as possible false positives. The titer of false-
positive reactions is usually low, but on rare occasions
can be extremely high; therefore, the quantitative titer
cannot be used to differentiate between a false-positive
reaction and syphilis.

The interpretation of nontreponemal test results
depends on the population being tested. When the
nontreponemal tests are used as screening tests in a low-
risk population, all reactive results should be conflrmed
with a treponemal test. In some low-risk populations,
every reactive result may be a false-positive result. Non-
treponemal test results also must be interpreted
according to the stage of syphilis suspected. A reactive
or weakly reactive result can be seen in all stages of
syphilis. These results can also indicate a person who is

Tabfe 71.5 Causes of acute and chronic false-positive reactions in
the nontreponemal tests

Acute

Hepati t is

V i ra l  pneumonia
Measles

Malar ia
Pregnancy

Infectious monon ucleosis
Ch ickenpox

Other viral infect ions
lmmuniza t ions

Laboratory or technical error

Chronic

Con nective-tissue diseases
lmmunog lobu l in

abnormal i t ies
Narcotic addict ion
Ageing
Leprosy

Mal ignancy

serofast or could represent a false-positive reaction. A

nonreactive result generally excludes active infection.

However, serological tests may be nonreactive during

incubating disease.

A major source of error in the nontreponemal tests is

improper temperature of the laboratory, specimens, or

reagents. If the temperature of any of these is <23'C,

test reactivity is decreased; if temperature is >29'C, test

reactivity is increased. Other sources of errors include

the testing of hemolyzed specimens (especially in the

VDRL-CSF) or contaminated or lipoidal specimens,

improper rotation time or speed, and incorrect antigen

delivery (Larsen et al. 1998).

TREPONEMAL TESTS

All treponemal tests we T. pallidum or the components

thereof as the antigen and are based on the detection of

antibodies directed against treponemal components.

Treponemal tests are used primarily to verify reactivity

in the nontreponemal tests. The treponemal tests may

also be used to conflrm a clinical impression of syphilis

in which the nontreponemal test is nonreactive, but

there is evidence of syphilis, such as might occur in late

syphilis. Some treponemal tests may also be used as

screening tests. Treponemal tests are technically more

difficult and costly to perform than nontreponemal tests

and preferably should not be used to screen for syphilis.

When treponemal tests are used for screening purposes,

about 1 percent (Goldman and Lantz 1971) of the

general population will have false-positive results.

However, a reactive treponemal test result on a sample

that is also reactive in a nontreponemal test is highly

specific. Since treponemal tests remain reactive despite

therapy, they cannot be used to monitor responses to

treatment. The tests currently used in the clinical labora-

tory today are fluorescent antibody tests, agglutination

tests. or enzyme immunoassays (Table 71.3).

Fluorescent treponemal antibody tests

The fluorescent treponemal antibody-absorption (FTA-

ABS) test is an indirect fluorescent antibody technique.

In this procedure, the antigen used is subspecies

pallidum (Nichols strain). Plasma cannot be used in the

FTA-ABS tests. The patient's serum is flrst diluted to

1:5 in sorbent (a heat extract from cultures of non-

pathogenic Reiter treponemes) to remove group trepo-

nemal antibodies that are produced in some people in

response to nonpathogenic treponemes. Next, the serum

is layered on a microscope slide to which T. pallidum

has been fixed. If the patient's serum contains antibody,

it coats the treponeme. FlTC-labeled antihuman immu-

noglobulin is added and combines with the patient's

antibodies adhering to T. pallidurn, resulting in FITC-

stained spirochetes that are visible when examined by

fluorescence microscopy. A modification of the standard

FTA-ABS test is the FTA-ABS double-stain (DS) test
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(Larsen et al. 1998). The conjugate used is rhodamine

isothiocyanate-labeled antihuman globulin and the coun-

terstain is FlTC-labeled anti-Z pallidum conjugate. The

counterstain was developed for use with microscopes

with incident illumination to eliminate the need to

locate the treponemes by darkfield when the patient's

nonreactive result is due to the absence of antibodies

and not to the absence of treponemes on the slide when

it is read with incident illumination. Reactive results of

the FTA-ABS tests cover a range of staining intensities

from 1+ (reactive minimal) to 4+. Because beaded fluor-

escence (atypical staining) has been observed in serum

from patients with active systemic lupus erythematosus

and from patients with other autoimmune diseases, this

observation should also be reported.

lgM variations on the FTA test

Several variations on the FTA-ABS test have been used

for the diagnosis of congenital syphilis by replacing the

IgG conjugate with an IgM conjugate. Only the FTA-

ABS IgM is still available for routine use, but it is

reported to be both nonspecific and lacking in sensitivity
(Alford et al. 1969; Johnston 1.972a; Kaulman et al.

L977; Muller 1986). The specificity of the FTA-ABS IgM

tests for neonatal congenital syphilis, as well as other
indirect immunofluorescent IgM tests for prenatal infec-

tions, may be due to IgM antibodies produced in

response to passively transferred maternal IgG antibody
rather than in response to the infectious agent itself
(Reimer et al. 1975). The fractionation of the infant's

serum in the FTA-ABS 19S IgM tests appeared to elim-
inate the majority of the problems with the specificity of

the test. However, because of lack of availability of the

separation columns used in the test, the test has become

too time-consuming and expensive for routine use.

Results of the FTA-ABS IgM test for congenital syphilis

should not be interpreted without careful repeated clin-

ical assessment combined with serial quantitative non-

treponemal tests in the evaluation of the newborn with
possible congenital syphilis.

CSF variations on the FTA test

Another variation on the FTA-ABS procedure is the

FTA-ABS CSF test for the diagnosis of neurosyphilis.
FTA tests used for CSF examination have included tech-

niques that used undiluted CSF (the CSF-FTA) (Harris

et al. 1960; Escobar et al. 19701. Wilkinson 1973; Jaffe
et al. 1978; Larsen et al. 1985) and tests that used CSF
diluted 1:5 with sorbent (the CSF-FTA-ABS test). FTA

tests on CSF are more sensitive than the CSF-VDRL
slide test. However, the clinical significance of this
greater sensitivity remains to be established, because the
test may be reactive as a result of antibodies remaining

in the CSF of patients who had been adequately treated
for early or latent syphilis rather than as a result of

neurosyphilis (Jaffe et al. 1978). False-positive results

have been reported with the CSF-FTA tests (Escobar

et al. 1970, Larsen et al. 1985), which appear to be elimi-

nated by diluting the CSF in sorbent. Several studies

appear to support the use of a nonreactive result with

the FTA-ABS CSF test to rule out neurosyphilis (Jaffe

et al.19781' Luger et al. 1988; Marra et al. 1995).

The sources for errors are numerous with the FTA-

ABS tests and its variations because they are multi-

component tests and each component must be matched

with another. Conjugates must be properly titrated and

controls for reactive. reactive minimal, nonreactive and

nonspecific staining, and sorbent must be included.

Slides must be evaluated to ensure that the antigen is

adhering. In addition, the microscope must be in proper

operating condition with the appropriate filters in place.

Hemagglutination methods

In 1965, Rathlev reported the first reliable application of

hemagglutination techniques to the serological diagnosis

of syphilis. The antigen used in her procedure was

formalinized tanned sheep erythrocytes sensitized with

ultrasonicated material from T. pallidum (Nichols

strain). The presence of treponemal antibodies in the

patient's serum was detected by the indirect agglutina-

tion of the sensitized erythrocytes and the subsequent

formation of a mat of erythrocytes upon their settling.

Modiflcations of Rathlev's procedure followed, including

the use of an improved reaction medium (Tomizawa and

Kasamatsu 1966) and a sorbent much like the one used

in the FTA-ABS test for removal of group treponemal

antibodies (Tomizawa et al. 1969). The hemagglutina-

tion procedure was first a tube test known as the 7.

pallidum hemagglutination (TPHA) test. Subsequently,

reagent for a microvolume hemagglutination test (Cox

et al. 1969), the microhemagglutination assay for anti-

bodies to T. pallidum (MHA-TP), became commercially

available. Other hemagglutination tests for syphilis,

based on the use of sensitized turkey, sheep, or chicken

cells and performed in microtiter plates, are currently

available worldwide. The hemagglutination tests are

simpler to perform than the fluorescent antibody tests.

An automated hemagglutination test, the Olympus

PK-TP, was developed mainly for use in blood banking.

The instrument used is a PK7100 or 7200, an automated

pretransfusion blood testing system, which is the basic

equipment for blood grouping and typing used by the

American Red Cross. In the USA, the use of the test as

a screening test is restricted at this time to blood-

banking organizations. Early experience with the PK-TP

in blood banks (Forbes et al. 1991) indicates that the

PK-TP is at least twice as specific as the RPR card test.

Particle agglutination methods

The microhemagglutination test has been modified to

use gelatin particles rather than erythrocytes as the
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antigen carrier creating the T. pallidum particle aggluti-
nation (TP-PA) test (Deguchi et aI. 1994; Castro et al.
2001). This eliminated the need for preabsorption of the
serum to remove heterophile antibodies in the patient's
serum sample, making the tests easier to perform. In
addition, the current commercially available test
(Serodia TP-PA) uses an antigen that is more purified
than the one used in the MHA-TP, which helps decrease
the nonspecif,city. Other than eliminating the preabsorp-
tion step, the TP-PA procedure is similar to that of the
MHA-TP (Pope and Fears 2000). The TP-PA test has a
sensitivity and specificity similar to that of the FTA-
ABS test, including cases of primary syphilis.

Latex agglutination methods

In 1985, the first reports of a latex agglutination test for
syphilis were published (Asaka 1985). The current
commercially available test (Syphilis Fast) uses cloned
T. pallidum antigens bound to latex particles (Matsu-
moto et al. 1993; Young et al. 1998). The latex aggluti-
nation test is easy to perform and fast, requiring less
than 30 min for results. The test is suited for situations
where confirmatory test results are needed in a short
time frame. The test, which is not available in the USA,
has sensitivity and specificity similar to that of the FTA-
ABS and TP-PA tests.

Because the tests are based on agglutination, quantita-
tion of treponemal antibodies is possible but has not
proved to be useful. Most studies demonstrate no prac-
tical relationship between the titer and either the
progression of the disease or the clinical stage of syphilis
diagnosed; unlike the quantitative nontreponemal tests,
the quantitative hemagglutination test does not seem to
be useful in post-treatment evaluation (Cox et al. 1971.;
Johnston I972b). However, one group found that there
was a significant decrease in antibodies following treat-
ment when the MHA-TP or TP-PA was used (Castro
et al. 2001). The sources for error with the agglutination
tests are usually associated with the use of dusty or
improper plates, pipetting errors, and vibrations in the
laboratory.

Enzyme immunoassay treponemal antibody
tests

The enzyme immunoassay (EIA) was first applied to the
area of syphilis serology in 1975 (Veldekamp and Visser
1975). Since that time may other tests using the EIA
format have been developed and evaluated as trepo-
nemal tests (Pedersen et al. 1982; Pope et al. 1,982;
Farshy et al. 1985; Young et al. 1,992; Nayar and Campos
1993). There are two types of EIA tests available in the
USA: one that uses sonicated T. pallidum as the antigen
(Syphilis-G) and one that uses cloned antigens (Trep-
Chek). The cloned antigens most frequently used are the
47-, 17-, and 15-kDa proteins (Young et al. 2000; Sambri

et al. 2001). There are some indications that EIA proce-
dures may be less sensitive in early primary syphilis than
the RPR or FTA-ABS tests (Gosbell et al. 1999) but are
similar to the FTA-ABS in secondary and latent syphilis
(Nayar and Campos 1993).

Limitations of the EIA tests are time and cost when
small numbers of samples are to be processed. The main
advantages of EIA are the capability to automate the
test, ability to process large numbers of samples, and an
automated objective readout. No longer is the reading of
the test subjective, as for the FTA-ABS and agglutination
tests, but a spectrophotometric determination is made.

There is increasing use in the USA of the EIA tests as
a screening test for syphilis due to the ability to run
large numbers of serum samples in a relatively short
time in comparison with nontreponemal flocculation
tests. The test has also been used in other countries as a
screening test (Young et al. 1992). Since the only EIA
tests currently available are treponemal tests, the user
must remember that treponemal antibodies generally
remain for life for the majority of people who have ever
had syphilis (United States Public Heath Service 1968).
Serum with reactive EIA results should also have a non-
treponemal test performed, especially if the clinical
history is unknown or suggestive of being a possible
contact to someone with syphilis. In populations where
the prevalence of syphilis is low, most of the reactive
test results will not reflect active syphilis.

lgM variation on the EIA test

A variation on the EIA test is the Captia Syphilis-M test
(Ijsselmuiden et al. 1989; Lefdvre et al. 1990; Stoll et al.
1993) for the detection of IgM antibodies in syphilis.
Because infected infants can produce IgM in utero after
3 months of gestation and the fetus can be infected with
T. pallidum at any time during gestation, an IgM EIA
test is most useful in congenital syphilis. The test uses
antihuman IgM antibody to capture IgM in the patient's
serum, followed by the addition of a purified T. pallidum
antigen to detect those IgM antibodies in the patient's
serum directed toward T. pallidum (Ijsselmuiden et al.
1989). One study (Bromberg et al. 1993) found the test
to be equal in sensitivity to the IgM Western immuno-
blot in neonatal congenital syphilis but less sensitive
than the Western blot in detecting delayed-onset conge-
nital syphilis. Current interpretations of IgM test results
are given in Table 71.6. The interpretation of the test
result is linked to the treatment status of the mother and
her stage of syphilis.

lmmunoblot t ing

The Western blot technique developed by Hanff et al.
(1982) for T. pallidum can be used to detect either IgG
(Byrne et al. 1992) or IgM (Sanchez et al. 1989) anti-
bodies. To prepare the strips for T. pallidun immuno-
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Tabf e 71.6 lnterpretation of lgM test results for the diagnosis of congenital syphilis

Clinical signs/symptoms in
infant

Present

Absent

Absent

Present

Absent

Infant's result

Nonreactive

Nonreactive

Nonreactive

Reactive

Reactive

Mother's treatment history

Untreated or inadequately
treated

Untreated or inadequately
treated early syphi l is

Untreated or inadequately
treated latent syphi l is

Untreated or inadequately
treated

Untreated or inadequately
treated

Serodiagnosis

Congen i ta l  syph i l i s

Possible incubating congenital
syph i l i s

Unknown risk of congenital
syph i l i s

Congen i ta l  syph i l i s

Suggestive of congenital

blotting, initially a boiled sodium dodecyl sulfate (SDS)

extract of the organism is electrophoresed through a
gradient gel. After electrophoresis, a sheet of nitrocellu-
lose is placed on top of the gel and the protein immuno-

determinants are electrophoretically transferred to the
blot. The blot is cut into strips and incubated with the
patient's serum sample. The nitrocellulose strips may be
obtained commercially. After incubation of the strips
with the patient's serum, antibodies are detected using a
second antibody as in an indirect test, usually labeled
with an enzyme, and substrate. To date, many investiga-
tors (Norris and the Treponema pallidum Polypeptide
Research Group 1993) and the manufacturer of at least
one commercial product agree that detected antibodies
to the immunodeterminants with molecular masses of
15.5, 17,44.5, and 47 kDa appear to be diagnostic for
acquired syphilis. The test using lgG conjugate appears
to be at least as sensitive and specif,c as the F'TA-ABS
tests (Byrne et al.1992) and efforts have been made to
standardize the procedure (George et al. 1991). In addi-
tion, various groups have reported the use of cloned
proteins (Strugnell et al. 1990; Norris and the Trepo-
nema pallidurn Polypeptide Research Group 1993; Ebel
et al. 2000) for Western blotting.

The IgM Western blot may be the most sensitive test
currently available for the diagnosis of congenital
syphilis (Sanchez et al. 1993; Stoll et al. 1993), especially
when used in conjunction with a complete clinical
evaluation and other tests (Stoll et al. 1993). Table 71.6
lists the interpretation of IgM test results, in conjunction
with the mother's history.

lmmunochromatographic strip tests

Variations on the Western blot include the immunochro-
matographic strip (ICS) tests, which are commercially
available only outside the USA. These tests utilize one
or more cloned antigens of Z pallidum. The antigen is
laid as a stripe on a membrane that has filter pads
layered on the top and bottom. A second separate
stripe, which serves as the control, is also laid down on
the membrane. The sheet is cut into strios for individual

tests. The bottom f,lter contains antihuman conjugate

and the indicator, usually colloidal gold, for the reaction.

The sample is placed on the bottom filter. The top filter

serves to draw the liquid sample and conjugate through

the membrane. The tests usually have high speciflcity,

due to the use of cloned antigens. The strips also are

considered a rapid test, with results usually obtained

within 10-15 min. The strip tests also do not require

equipment or electricity. For some tests, a fingerstick

sample can be used making the test practical in non-

traditional settings.

A recent study compared the utility of a rapid strip

test using the 47-kDa protein with the RPR for field

screening in rural areas of Gambia (West et al. 2002).

Results were compared with an RPR and hemagglutina-

tion test done in the laboratory. The RPR and rapid

screen test had similar results in fleld conditions, both

having sensitivities of 75-:78 percent and specificity of

94-95 percent, based on active syphilis defined as a posi-

tive RPR and hemagglutination tests performed in the

laboratory. Although neither the RPR nor the strip test

used in this study had a high positive predictive value

(West et al.20O2), the authors found the strip test easier

to use and interpret than the RPR. In another study

looking at the same strips (Zarakolu et al. 2002) the

agreement between the FTA-ABS and the strip test was

L00 percent, while it was slightly more sensitive than the

RPR test in the population they tested.

PROBLEMS ENCOUNTERED WITH THE
TREPONEMAL TESTS

Although false-positive reactions in the treponemal tests

are often transient and their cause is unknown, a definite

association has been made between false-positive FTA-

ABS test results and the diagnosis of systemic discoid

(Kraus et al. 1,971; McKenna et al. 1973) and drug-

induced varieties of lupus erythematosus (Anderson and

Stillman 1978; Monson 1973) (Table 71.7). Patients with

systemic lupus erythematosus can have false-positive

FTA-ABS tests that exhibit an 'atypical beading' fluores-

cence pattern. To resolve these types of false-positive

reactions, absorption with calf thymus DNA can be used
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Table 71.7 Causes of chronic false-positive reactions in the
treponemal tests

Causes of reactions

Systemic lupus erythematosus
Drug-induced lupus erythematosus
Narcotic addict ion
Age ing

to remove the anti-DNA antibodies in the serum (Kraus

et al. l97l). Unexplained reactive serological results may

also occur in elderly patients. Further, some false-positive

reactions may be due to the failure of the sorbent used in

the tests to remove all cross-reacting group, genus, or
family antibodies (e.g. Lyme disease) (Hunter et al.
1986). In these instances, absorption with Treponema
phagendenis or the use of the agglutination test or immu-

noblotting may be the only means of differentiating
between syphilis and a false-positive reaction. In general,

the occurrence of false-positive treponemal tests is rare in
'healthy' people (<1 percent). If at least two treponemal

tests, such as the FTA-ABS and agglutination tests, are
reactive, the sample is most likely (95 percent) from a
person who has or has had syphilis at some point in their
lifetime (Rein et al. 1980). However, the diagnosis rests

with clinical judgment. False-negative FTA-ABS or
DFA-TP tests can occur if the mounting medium has

started to deteriorate and the pH has dropped.

Treponemal tests vary in their rates of reactivity in

early primary syphilis (Table 71.8); the varied sensitivities

of the treponemal tests in primary syphilis may be related
in part to differences between the studies in the time of
collection following lesion development. For 85 percent

of people successfully treated, test results can remain
reactive for years, for some people for a lifetime (Schro-

eter et al. \972). In addition, for the diagnosis of late

untreated syphilis, reactivity in the treponemal tests may

be the only indication of a previous treponemal infection.

Direct antigen detection methods

The shortcomings of the standard tests for syphilis for the

diagnosis of early primary, congenital, and neurosyphilis

Tabf e 71.8 Sensitivities and soecificities of treoonemal tests

make techniques based solely on the detection of trepo-

nemal DNA or antigens very appealing. In order to deter-

mine the sensitivity and speciflcity of these newer techni-

ques, rabbit infectivity testing (RIT) has been used as the

gold standard (Grimprel et al.799l; Sanchez et al. 1993).

ANIMAL INOCULATION

The oldest method for detecting infection with ?1

pallidum is animal infectivity testing. This technique

probably offers the most sensitive method for detecting

infectious treponemes. Numerous animal species, from

hamsters to chimpanzees, have been used either to main-

tain treponemes or to determine infectivity (Wilcox and

Guthe 1966). However, not all animals develop visible

signs of infection or reactive serologic tests. The rabbit is

the most practical animal because a local lesion can be

produced at the site of inoculation, the tissues remaln

infective for the life of the animal, infection can be trans-

ferred from one animal to another using minced lymph

nodes or testes, and serological tests for syphilis become

reactive following inoculation. Any specimen can be used

for RIT as long as the material was collected less than t h

before inoculation or is flash-frozen immediately after

collection and maintained in liquid nitrogen or at

temperatures of -78'C or below (Turner and Fleming

1939). Rabbits are usually inoculated intratesticularly or

intradermally with the samples suspected of being infec-

tive. Detailed methods for the maintenance and passage

of T. pallidun in rabbits are available from the CDC.

The incubation period for the formation of lesions in

rabbits is inversely proportional to the size of the

inoculum (Magnuson et al. 1948). The sensitivity of RIT

approaches L00 percent if the number of organisms in the

inoculum exceeds 23 (Magnuson et al. 1956) and the

patient has not received antibiotic treatment. Unfortu-

nately this method is expensive, is time-consuming, and

may require a month or more before it can be deter-

mined to be either positive or negative.

PCR-BASED TESTS FOR DETECTION OF
T. PALLIDUM

The PCR is highly sensitive for detection of pathogenic
microorganisms in clinical material and would appear to

% Sensitivity % Specificity

Non-syphil is

97 (94-100)

98 (9s-100)

s8 (97-100)

99

98

Test

FTA-AB5
TP-PA

FTA-ABS DS

EIA

Western blot

Primary

84 (70-100)'

88

86 (6e-so)
90
90

Secondary

100
100
100
100
100

Latent

100
100
100
100
100

ElA, enzyme immunoassay; FTA-ABS, fluorescent treponemal antibody absorption; FTA-ABS, FTA-ABS double staining; TP-PA, Treponema pallidum particle
agglut inat ion
a) Range in Centers for Disease Control and Prevention (CDC) studies
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be the molecular test of choice for difficult-to-detect
microorganisms such as T. pallidum. The only tests in
clinical use for detection of treponemes in a clinical
sample are the darkfield and direct fluorescent antibody
tests, which were discussed earlier in this chapter (see
sections on Darkfield microscopy and Direct fluorescent
antibody techniques, above); both of these are insensi-
tive compared to molecular techniques.

DNA probes have been used in a wide variety of appli-
cations including detection of pathogens, of drug resis-
tance, and single-nucleotide polymorphisms (Kricker
1999). This technology is still rapidly developing and
many new applications and techniques have been devel-
oped over the past several years (Kricker 1999). Unfortu-
nately, no clinically applicable technique for growing 7.
pallidum in vitro has been developed and no in situ tech-
nique has been published for detecting T. pallidum
directly in clinical specimens. To date, no target probe
has been evaluated for T. pallidum either in clinical mate-
rials or for experimental detection. Probe technology has
been limited to experimental procedures such as detec-
tion of nucleotide polymorphisms between the different
subspecies of T. pallidum (Antal et aL.2002).

A number of PCR tests have been developed over the
past 10 years with a variety of different target genes.
The first tests developed were to genes of unknown
function, which were presumed to be membrane immu-
nogens. This conclusion was based on the dominant
immune response to these antigens during syphilitic
infections as measured by seroreactivity on Western
blots (Burstain et al. 1991; Wicher et al. 1.992; Sanchez
et al. 1993). Since membrane proteins of pathogenic
microorganisms commonly show variability as a
mechanism to avoid immune recognition (Moxon et al.
1994), this approach could have led to difficulties in
sensitivity because of potential changes in gene sequence
related to immune variability. Although genetic varia-
bility is now known for at least one family of L
pallidum genes (tpr genes) (Fraser et al. 1998), none of
the genes used in the assays proposed in these early
papers have been shown to vary in sequence. Although
the genes used as PCR targets in these early papers
were originally reported to be located on the outer
membrane and thought to be important in immunity to
syphilis (for a review of the early literature on
membrane biology of T. pallidun see Strugnell et al.
1990), this is now known to be false and probably
accounts for the apparent invariant DNA sequences
found in these target genes.

The immunodominant 47-kDa antigen gene has been
the target for several PCR techniques that were devel-
oped in the 1990s (Burstain et al. 1991; Orle et al.1996).
The originally described technique amplified a 658-base-
pair fragment of the gene. In several publications (Grim-
prel et al. 1991; Sanchez et al. 1993) this technique was
applied to a number of different clinically derived speci-
mens including serum, amniotic fluid, and CSF. Sensi-

tivity was generally low when compared with the RIT.

The amniotic fluid specimens gave reasonably good

results but the overall sensitivity was in the range of

only 60-67 percent when compared with the RIT; this
was caused by low sensitivity of the test with serum and

CSF specimens.

There were a variety of difficulties documented in

these early papers that could have led to the low sensi-

tivity of PCR when compared with RIT. These problems

included the possibility of nonspecific inhibitors in the

samples, the large size of the amplicon, and use of inap-
propriate samples such as serum. Both serum and CSF

would be expected to have very low numbers of trepo-

nemes and serum is also known to contain inhibitors of

PCR. In the paper by Grimprel et al. (1991) the authors

used a variety of different DNA isolation techniques to

deal with the first of these problems. Of the four

methods used, the low-spin separation and alkaline lysis

methods gave the results with the greatest concordance

between the PCR and RIT. What these results rein-

forced was the requirement for a good yield of

T. pallidum DNA from clinical samples; many clinical

samples, such as CSF, can have low numbers of trepo-

nemes that may result in negative results from samples if

DNA yields are not optimal.

The problems related to sample preparation and
possible persistence of T. pallidum in clinrcal material

was especially evident in the work of Noordhoek et al.
(1991) with central nervous system (CNS) specimens.

These workers used primers for the gene coding for the

39-kDa basic membrane protein. Initial work showed a

lack of specificity when using only one set of primers.

but this problem appeared to be overcome by using a

second set of primers for amplification of the original

PCR amplicons ('nested' primers). This resulted in a

second serious problem in that all specimens from

confirmed CNS involvement of syphilis resulted in posi-

tive PCR results, regardless of the clinical status of the
patient; many of the patients had been clinically cured

and free of syphilitic symptoms for extended periods of

time. Noordhoek et al. (1991) were unable to resolve

this paradox, which could have resulted from false posi-

tives or persistence of either treponemes or treponemal

DNA. Because there is considerable controversy over

whether current treatment regimens completely elim-

inate L pallidum from the CNS (Berry et al. 1987; Johns

et al. 1.987; Lukehart et al. 1988; Musher 1991), the

explanation of these results remains an open question.

The second test that used the 4l-kDa protein gene for

diagnosis was a multiplex PCR (or M-PCR) by the

Roche company, which included T. pallidum primers

(Orle et al. 1996). This technique used a considerably

smaller and different target sequence than that originally

described. After ampliflcation from clinical material

containing treponemal DNA, a synthetic DNA fragment

coated on to a well in a format similar to that used in

EIA was used to capture the amplicons. The capture
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DNA was then identified by a second probe coupled to
an enzyme to allow for colorimetric detection. The enzy-
matic method of detection significantly increased sensi-

tivity and allowed for automation of the system. The

system was termed a multiplex PCR since it was devel-

oped to simultaneously detect the presence of Z.
pallidum, H. ducreyi, and the herpes simplex virus. In

comparison with the standard darkfleld examination for

the presence of treponemes in presumed syphilitic
ulcers, the test proved at least as sensitive and highly

specific. Although the procedure appeared promising, it
has not been commercially developed and is currently
not available on the market.

A recent development in the use of PCR for clinical

diagnosis is based on the DNA polymerase I of T.
pallidum (Liu et al. 2001). The gene coding for this
enzyme (PolA) has a unique structure; it codes for a
number of insertions in the 3'-5' exonuclease domain

not found in other sequenced polA genes as well as for

an exceptionally high content of the amino acid cysteine
(24 residues compared with two in the DNA polymerase

I of E. coli). Unlike previous PCR methods the target is

a well-characterized gene that has a number of unique
targets not found in similar genes in other bacteria. It is

also a well-known housekeeping gene involved in repli-
cation of DNA and DNA repair, and thus would be

expected to be present in all strains of T. pallidum as

well as invariant in sequence. Two different sets of
primers were tested against a large range of other micro-
organisms and clinical material and were shown to react

only with genomic DNA from T. pallidum (Liu et al.

2001). This test has been used in epidemiological work

for the detection of T. pallidum in human blood (Marfin

et al. 2001) and as a standard for detection of 7.
pallidum prior to molecular typing of T. pallidum (Ptllay

et al.  1998).

Another highly sensitive PCR-based test has been

reported recently, which can act as a backup to the more

conventional PCR tests. This test uses a reverse tran-

scriptase amplification of rRNA to increase the sensi-

tivity of the test (Centurion-Lara et al. 1997). Because of
the large number of copies of rRNA compared with

single copy genes used in other clinical PCR-based tests,

it should have considerably greater sensitivity. Meeting

this prediction, the reverse transcriptase polymerase

chain reaction (RT-PCR) proved to be far more sensi-
tive than a PCR using the gene for lhe 47-kDa protein

(the same target used in the Roche and a number of
other PCR-based tests) and could amplify targets from

all of the clinical isolates tested. The one drawback in

this paper was that the test was not performed with

actual clinical specimens; all of the clinical isolates had

Iirst been inoculated and grown in rabbits and then puri-
fied to show sensitivity. The ability to amplify trepo-

nemal rRNA in body fluids with different potential inhi-

bitors present was not determined. Because of the need

to isolate RNA, it is also more difficult to perform than

conventional PCR amplif,cations and will probably be of

greatest utility in samples where the increased

complexity is offset by its greater sensitivity.

MOLECULAR TYPING OF T. PALLIDUM

A new use for PCR in syphilis has been developed in

the past few years with the appearance of a molecular

based typing method for use in the epidemiology of

syphilis (Pillay et al. 1998). This method involves the

amplification of two different genetic loci that demon-

strate molecular heterogeneity. The first of these loci is

known as the acidic repeat protein gene or arp gene.

This gene was originally discovered in the Nichols

laboratory strain of T. pallidum. In this strain the gene

contained 14 almost exact repeats of a 60-basepair (bp)

sequence. The 20 amino acids coded for by this repeat

contain a large amount of the amino acid glutamate,

which gives the putative protein a very acid-predicted

pI, hence the name acidic repeat protein. Using primers

from beyond the repeat region, it was discovered that

the number of repeats is variable from one isolate to

another and this characteristic has been used as the first

step in a two-step strain-typing procedure (Pillay et al.

1998). The second step uses a member of the tpr gene

family, the tprJ gene, which was the original one discov-

ered in this family and is part of a three-member

subfamily of these genes. A 2.2-kilobase (kb) fragment

of the gene is amplified and then a second ampliflcation

produces a 1.8-kb fragment, which is then analyzed by

restriction fragment length polymorphism (RFLP).

Using this two-step procedure the authors were able to

demonstrate L6 different strains from the 46 different

isolates that were examined in their original publication.

A second paper related to strain differentiation, in

this case differentiating the subspecies of T. pallidum

(subspecies pallidum, pertenue and endemicun), has also

been published (Centurion-Lara et al. 1998). The

authors found that while the gene for the highly anti-

genic 15-kDa lipoprotein from all subspecies was iden-

tical. there were two restrictions sites in the DNA

surrounding the gene that could be used to differentiate

the subspecies of Z. pallidum as well as the related

species Treponema paraluis-canicoli (Centurion-Lara

et al. 1998). ln both T. pallidum slbsp. pertenue and T.

pallidum subsp. endemicum the additional restriction site

was the result of a single base-pair substitution.

Although only a small number of isolates from each

subspecies were tested, this discovery lends hope that a

PCR-RFLP method may also be suitable for differ-

entiating subspecies, something that has not previously

been possible.

USE AND INTERPRETATION OF
SEROLOGICAL TESTS

The results of any testing for syphilis should only be
interpreted in the context of complete clinical history.
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Table 71.9 Criteria for diagnosis of early syphilis

Primary

Def in i t ive
Direct microscopic identi f icat ion of L pal l idum in lesion material,  lymph node aspirate, or biopsy section
Presumptive (requires 1 and either 2 or 3)
1 Typical lesion
2 Reactive nontreponemal or treponemal test and no history of syphi l is
3 For people with a history of syphi l is a four-fold increase in t i ter on a quanti tat ive nontreponemal test when results

of past tests are compared with recent test results
Suggestive (requires 1 and 2)
1 Lesion resembling a chancre
2 Sexual contact within the preceding 90 days with a person who has primary, secondary, or early latent syphi l is
Secondary
Def ini t ive
Direct microscopic identi f icat ion of L pal l idum in lesion material,  lymph node aspirate, or biopsy section
Presumptive (requires 1 and either 2 or 3)
1 Skin or mucous membrane lesions typical of secondary syphil is

Macu lar ,  papu lar ,  fo l l i cu la r ,  papu losquamous,  o r  pus tu la r
Condylomata lata (anogenital region or mouth)
Mucous patches (oropharynx or cervix)

2 Reactive nontreponemal test t i ter >1:8, reactive treponemal test, and no previous history of syphi l is
3 For people with a history of syphi l is, a four-fold increase in the most recent t i ter when compared with previous

resu l ts
Suggestive (requires 1 and 2, and is made only when serological tests are not avai lable)
1 Presence of cl inical manifestat ions as described above
2 Sexual exposure within the last 6 months to a person with early syphi l is
Early latent
Def ini t ive

A definit ive diagnosis does not exist because lesions are not present in the latent stage
Presumptive (requires 1, 2 and 3 or 4)
1 Absence of signs or symptoms
2 Reactive nontreponemal and treponemal test results
3 A history of a nonreactive nontreponemal test in the prror year
4 A four-fold increase in t i ter compared with the previous test results for people with a history of syphi l is or a

history of symptoms compatible with syphi l is
Suggestive (requires 1 and 2)
1 Reactive nontreponemal test result
2 History of sexual exposure in the preceding year

Sgxually alqujred syphilis

For the laboratory diagnosis of sexually acquired
syphilis, each stage has a particular testing requirement.
In the USA, the routine testing scheme has been direct
microscopic examination of lesion exudates, followed by
a nontreponemal test, which if reactive, is confirmed
with a treponemal test (Table 71.9). Some laboratories
with large numbers of samples to test now screen with
the EIA followed by a nontreponemal test, simply
because the test can be automated.

EARLY SYPHILIS

Criteria for the diagnosis of syphilis are divided into
three categories: definitive, presumptive, and suggestive.

These criteria are given in Table 7I.9 for the diagnosis

of early syphilis. In primary syphilis, the EIA test may
be less sensitive than the FTA-ABS and TP-PA, when

used to confirm reactivity of the nontreponemal test
(Gosbell et al. 1999). As the disease reaches the

secondary stage, with few if any exceptions, all serologic

tests for syphilis are reactive and treponemes may be

found in lesions by direct microscopic examination.

Serologic tests are reactive in the early latent stage, but

the reactivity in the nontreponemal tests decreases with

increasing latency.

Patients with latent syphilis, i.e. with reactive non-

treponemal and treponemal tests, with no clinical and
historical findings, and with an unknown history of treat-

ment, should be evaluated for potential asymptomatic
neurosvphilis.



Use and interpretat ion of serological tests 1855

Table 71.10 Criteria for the diagnosis of late syphilis and neonatal congenital syphilis

Benign and cardiovascular

Def ini t ive

Observation by direct microscopic examination of treponemes in t issue sections by direct f luorescent antibody t issue test
for T. pallidum (DFAT-TP)

Presumptive (requires 1, 2, and 3)

1 A reactive treponemal test
2 No known history of treatment for syphi l is

3 Characterist ic symptoms of benign or cardiovascular syphi l is

Neurosyphil is
Definit ive (requires 1 or 2 and 3)
1 ldenti f icat ion of T. pal l idum in CSF or CNS t issue by microscopic examination or animal inoculat ion or by the

polymerase chain reaction (PCR)

2 A reactive serum treponemal test

3 A reactive VDRL-CSF test on a spinal f luid sample

Presumptive (requires 1 and either 2 or 3)

1 A reactive serum treponemal test

2  C l in ica l  s igns  o f  neurosyph i l i s

3 Elevated CSF protein or leukocyte count in the absence of other known causes

Neonatal congenital syphilis
Def in i t ive
Demonstrat ion olT. pal l idum bydirect microscopicexamination of umbil ical cord, placenta, nasal discharge, orskin lesion
mater ia l

Presumptive (requires 1, 2, and 3)
1 Determination that the infant was born to a mother who had untreated or inadequately treated syphil is at

del ivery regardless of f inding in the infant

2 An infant who has a reactive treoonemal test result

3  One o f  the  fo l low ing  add i t iona l  c r i te r ia :

C l in ica l  s igns  or  symptoms o f  congen i ta l  syph i l i s  on  phys ica l  examinat ion

An abnormal  CSF f ind ing  w i thout  o ther  cause

Reactive VDRL-CSF test result

A reactive lgM antibody test specif ic for syphi l is

CNS, central nervous system; CSF, cerebrospinal fluid; VDRL, Venereal Disease Research Laboratory

LATE SYPHILIS

Even when the patient has not received treatment, the

nontreponemal tests may be only weakly reactive or

even nonreactive in the late stages of syphilis. Because

results for approximately 30 percent of patients with late

syphilis will be nonreactive by the nontreponemal tests,

treponemal test results should be obtained if syphilis in

these stages is suspected. However, the sensitivity of the

treponemal tests also declines somewhat in the late

stages of syphilis (see Table 71.10).

In the lesions (gummas) of benign late syphilis, few

treponemes are found by direct microscopic examlna-

tion. However, if gummas are present, then a definitive

diagnosis is based on the observation of T. pallidum in

biopsy samples by DFAT-TP (Handsfield et al. 1983) or

by a reactive PCR result (Horowitz et al. 1994)

(Table 71.10). Presumptive diagnosis is based on a reac-

tive treponemal test and no known history of treatment

for syphilis. Diagnosis of cardiovascular syphilis is made

on the basis of symptoms or signs indicative of aortic

insufficiency or aneurysm, reactive treponemal test

results, and no known history of treatment for syphilis
(Bulkey 1984).

Neurosyphil is

CSF examinations, such as the VDRL-CSF slide tests,

total protein, and white cell counts, should be performed

on the spinal fluid of patients with late latent syphilis

and those with clinical symptoms and signs consistent

with neurosyphilis (Table 71.10) Diagnosis of neurosy-

philis requires a reactive treponemal test result with a

serum sample and a CSF cell count of more than five

mononuclear cells per cubic centimeter and CSF total

protein in excess of 40 mg/dl.

The VDRL-CSF test should be performed only if the

patient's serum treponemal test is reactive. The VDRL

is the only test that should be used for testing CSF

(Larsen et al. 1985). The results of the VDRL-CSF test

are reported as either reactive or as nonreactive. A

quantitative test is performed to determine the titer of

the antibodies in the CSF by preparing two-fold serial
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dilutions in saline. False-positive VDRL-CSF test results
have been reported infrequently (Cutler et aL. 1954).
Because of a lack of sensitivity and specificity the RpR
and TRUST card tests cannot be used to test CSF
(Larsen et al. 1985). A nonreactive result in the FTA-
ABS CSF test (Jaffe et aL. 1978; Luger et al. 1988; Marra
et al. 1995) may be used to rule out neurosyphilis.

Congenital syphil is

The control of congenital syphilis can be accomplished
by serologically screening and treating pregnant women
who are infected. Since false-positive nontreponemal
test results have been reported in samples from pregnant
women (Buchanan and Haserick 1970), it is especially
important to confirm a reactive result and, if reactive,
the patient should be treated. Also in pregnancy, nontre-
ponemal titers remaining from previous treatment of
syphilis tend to increase nonspecifically. This increase in
titer may be confused with a diagnosis of reinfection or
relapse. An increase in titer may be considered nonspe-
cific if previous treatment can be documented and if
positive lesions, a four-fold increase in titer, and a
history of recent sexual exposure to a person with infec-
t ious syphil is are absent.

When screening for congenital syphilis at delivery, the
CDC recommends the testing of the mother's serum
rather than cord blood, (United States Public Health
Service 1968). Studies have been performed (Chhabra
et al. 1993; Stoll et al. 1993) that compared the reactivity
of the mother's serum, cord blood, and infant's serum
and found that the maternal sample is the best indicator
of infection, followed by neonatal serum; cord blood is
the least reactive. Infant's serum is the specimen of
choice for IgM specific tests. The standard serological
tests for syphilis, based on the measurement of IgG,
reflect passively transferred antibodies from the mother
to the infant, rather than IgM antibodies produced
during gestation. Previously it was thought that if the
infant's titer was higher than that of the mother's, then
the infant had congenital syphilis (Stokes et al. 1944).
However, a lower titer in the infant's serum than in that
of the mother does not rule out congenital syphilis (Stoll
et al. 1993). Examination of serum sample pairs from
mothers and infants in cases of congenital syphilis indi-
cated that only in 22 percent of the cases did the infant
have a titer higher than that of the mother. The
passively transferred antibodies should be catabolized
and become undetectable among noninfected infants
between the ages of 12 and 18 months (Chang et al.
1995). Criteria for the diagnosis of neonatal congenital
syphilis are given in Table 71.10.

HIV-infected persons with syphil is

In the 1980s. studies showed
specimens from homosexual

that 70 percent of serum
men with acquired immu-

nodeflciency syndrome (AIDS) reacted in the trepo-
nemal test for syphilis (Rogers et al. 1983). More recent
studies in the heterosexual population indicate that
approximately 60 percent of HlV-infected females have
reactive syphilis serological test results (Castro et al.
1988); 15 percent of adolescents with reactive serological
tests for syphilis were also found to be positive for HIV
antibodies (McCabe et al. 1993). Although most HIV-
infected people who are also infected with T. pallidum
appear to display normal serological responses to
syphilis and have typical clinical signs (Gourevitch et al.
1993; Rolfs et al. 1997), several exceptions have been
published (Dawson et al. 1988; Lanska et al. 1988;
Radolf and Kaplan 1988) or reported to the CDC. The
problems in the diagnosis of syphilis are:

o confusing clinical signs and symptoms
o lack of serological response in a patient with a clini-

cally confirmed case of active syphilis (Hicks et al.
1987; Gregory et al. 1990)

o failure of nontreponemal test titers to decline after
treatment with standard regimens

o unusually high titers in nontreponemal tests (Musher
1991), perhaps as the result of B-cell activation (Lane
et al.  1983)

o rapid progression to late stages of syphilis and neuro-
logical involvement even after treatment of primary
or secondary syphilis (Berry et al. 1987; Johns et al.
1987; Fernandez-Guerrero et al. 1988; Kase et al.
1988; Musher 1991; Gordon et al. 1994)

o disappearance of treponemal test reactivity over time
(Haas et al.  1990).

Whether these problems in the diagnosis of syphilis
occur more frequently in HlV-seropositive people than
in HIV-seronegative people with syphilis is unclear.
Aberrant results in the serological tests for syphilis
appear to be related to abnormally low absolute CD4
cell counts and are relatively rare (Hicks et al. 1987;
Gregory et al. 1990). The diagnosis of syphilis in these
cases was supported either by an observation of 7.
pallidum in material from typical lesions or by the
appearance of serological reactivity after treatment. The
delay in development of a serological response to
syphilis, theoretically, should be expected to be low
(Rolfs et al. 1997). In addition, several studies (Gour-

evitch et aI. 1993; Jurado et al. 1993; Rolfs et al. 1997)
found that end-point titers in the nontreponemal tests
are higher among HlV-infected people than among indi-
viduals not infected with HIV.

The failure of nontreponemal test titers to decline
after treatment with standard therapy has been docu-
mented for HlV-seronegative people treated during
latent-stage or late-stage syphilis and in people treated
following reinfection (Fiumara 1979, I980a; Roma-
nowski et al. 1991). Therefore, the failure of titers to
decline with treatment for syphilis in HlV-infected
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people is probably related to the stage of syphilis rather

than to HIV status.

Previously, infection with T. pallidum has been

reported to be immunosuppressive (Jensen and From

L982; Pavia et al. 1976). Recently, Pope et al. (1994)

reported that although the percentages of CD4 and CD8

lymphocyte subsets for people with syphilis were within

the range of those percentages found in uninfected

people, the percentage of CD4 cells were significantly

lower (p < 0.001) and CD8 cells higher (p = 0.03)

among patients with syphilis than in the uninfected

population. Early findings in the study by Rolfs et al.

(1997) indicated that infection with Z. pallidum in HIV-

positive individuals exacerbates the depletion of CD4

receptor cells.

The disappearance of reactivity in treponemal tests

after treatment and over time has been reported prior to

the identification of HIV-1. Schroeter et al. (1972)

reported that 14 percent of the patients with early

syphilis lost their reactivity in the FTA-ABS test within

2 years following treatment. However, further studies

(Haas et al. 1990) found that specimens from 40 percent

of men with AIDS and 7 percent of asymptomatic HIV-

seropositive men with histories of treatment for syphilis

became nonreactive in the treponemal tests, whereas the

treponemal test results of the HlV-seronegative men

remained reactive. Loss of reactivity in the treponemal

tests was related to decreased total CD4 lymphocytes

and CD4:CD8 ratios and a nontreponemal test titer of

less than 1:32 at the time of treatment. In the study of

Haas et al. (1990), none of the people had active

syphilis. On the other hand, when people being treated

for active syphilis (with and without HIV infection) were

followed up over time (Gourevitch et al. 1993), 16

percent of the patients lost treponemal test reactivity

following treatment. The loss of reactivity could not be

related to HIV, CD4 count, or stage of syphilis.

However, initial low nontreponemal test titer was

weakly associated with the loss of treponemal test reac-

tivity. Augenbraun et al. (1998) also found that HIV

status did not affect loss of reactivity in the treponemal

tests during the flrst year following treatment.

The literature abounds with descriptions of syphilis in

so-called late stage forms in relatively young people who

are HlV-seropositive (Johns et al. 7987, Dawson et al.

1988; Fernandez-Guerrero et al. 1988; Kase et al. 1988;

Lanska et al. 1988; Radolf and Kaplan 1988), but neuro-

logical symptoms may be present among patients with

secondary syphilis who are also HlV-seronegative

(Merritt et al. 1946). One study (Lukehart et al. 1988)

found indications of Z. pallidum in the CNS of 40 percent

of patients with early syphilis. However, no correlation

was found between HIV infection and the invasion of the

CNS since T. pallidum was demonstrated in the CSF of

27 percent of HlV-infected people and 32 percent of

those in the study who were HIV seronegative.

TREATMENT AND ANTIMICROBIAL
SUSCEPTIBILITIES

Penicillin and its derivatives are the preferred anti-

microbial agents for the treatment of syphilis and the

other treponematoses (for complete guidelines on

treating syphilis see Centers for Disease Control and

Prevention (2002) or www.cdc.gov/STD/treatment/).

E,arly syphilis in immunologically competent patients

can be treated effectively with a single dose of benza-

thine penicillin G. Neurosyphilis should be treated with

either aqueous crystalline penicillin G or procaine peni-

cillin, because benzathine penicillin does not achieve

treponemicidal concentrations in the CNS. In immunolo-

gically normal patients, the organisms that remaln

following treatment are apparently cleared by the host,

and the incidence of a relapse is low. Even though most

HlV-seropositive people treated with standard regimens

for syphilis appear to respond to treatment (Gourevitch

et al. 1993; Rolfs et al. 1997), one cannot totally disre-

gard the role of cell-mediated immunity in protecting

the person against the progression of syphilis (Metzger

1976) or the interaction of an intact immune system with

therapeutic agents (Fernandez-Guerrero et al. 1988).

HlV-infected individuals may be susceptible to neurolo-

gical or ocular complications of syphilis following benza-

thine penicillin treatment (Berry et al. 1987). Therefore,

some authors have recommended that therapy appro-

priate for neurosyphilis (aqueous penicillin G or

procaine penicillin with probenecid) be used for all

patients coinfected with Z. pallidum and HIV, and that

HlV-positive patients be examined carefully for clinical

signs of neurological involvement (e.g. CSF examina-

tion) before and after therapy (Berry et al. 1987; Hook

1989). Late-stage syphilis patients with evidence of

neurosyphilis or other forms of active syphilis should

have a CSF examination; if neurological involvement is

found, some specialists recommend following the IV

penicillin treatment with the recommended dose of

benzathine penicillin appropriate for tertiary syphilis.

Effective therapy of early syphilis may result in a

Jarisch-Herxheimer reaction consisting of fever and

local intensification of lesions. This reaction, thought to

result from the rapid release of treponemal antigens,

occurs within the first 12 h of the initiation of therapy

and usually resolves within 24 h. A Jarisch-Herxheimer

reaction occurring in pregnant women may cause prema-

ture labor, fetal distress, or (rarely) stillbirth. However,

the high probability of fetal damage resulting from

syphilitic infection in the absence of adequate therapy

outweighs this risk.

Doxycycline and tetracycline can be used as alter-

native therapies for the treatment of penicillin-allergic

individuals. Ceftriaxone may be used to treat penicillin-

allergic patients with neurosyphilis. However, there is

the possibility that cross-reactivity between this anti-
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biotic and penicillin may occur in the penicillin-allergic
individual. In pregnant women, the only acceptable
treatment is the penicillin regimen appropriate for the
stage of syphilis. If penicillin allergy is documented by
thorough questioning regarding the patient's history and
by skin testing, the patient may be desensitized to
permit use of penicillin therapy (Centers for Disease
Control and Prevention 2002).

Although there are reports of the possibility of
erythromycin-resistant strains of T. pallidum (Stapleton
et al. 1985), antimicrobial susceptibility testing is not
straightforward because there is no method for the
continuous culture of T. pallidun. Various approaches
have been used to determine the susceptibilities of
representative strains (e.g. the Nichols strain) to anti-
microbial agents, including in vitro loss of motility or
infectivity, treatment of experimental animal infections,
human trials, and examination of the susceptibility of
nonpathogenic, cultivable treponemes (Rein 1976). Inhi-
bition of protein synthesis and of in vitro multiplication
in a tissue culture system has been shown to be an effec-
tive means of determining susceptibility (Stapleton et al.
1985; Norris and Edmondson 1988). In common with
other spirochetes, Z. pallidum was relatively insensitive
to seven quinolones tested and to rifampicin. Z.
pallidum strains appear to be uniformly susceptible for
penicillin and other B-lactams tested. Ceftriaxone, amox-
ycillin, and ampicillin are active against T. pallidum in
vitro and also appear to be effective in the treatment of
early syphilis. Amoxycillin and ampicillin offer no theo-
retical advantages over benzathine penicillin G.
Ceftriaxone has a long serum half-life and reaches high
levels in the CNS. However, the cost is high, multiple
doses are required, and there is a 3-7 percent risk of
adverse reactions in penicillin-allergic individuals; in
addition, the data on efficacy in patients are limited.
Therefore, ceftriaxone is not currently recommended as
an alternative therapy for early syphilis. Recent studies
have indicated that azithromycin may have utility in
treating incubating syphilis (Hook et al. 1999) and early
syphilis (Hook et al. 2002). However, there have been
recent reports of Azithromycin resistance in T. pallidum
so caution should be used when treating incubating
syphilis using this antimicrobial (Lukehart et al. 2004).

Evaluation after therapy

To follow the efficacy of therapy, patients should be
monitored to ensure that signs and symptoms have
resolved and that the nontreponemal antibody titer has
declined To monitor the efficacy of treatment, quantita-
tlve nontreponemal tests should be performed on the
patient's serum samples, which are drawn at intervals of
3 months for at least 1 year. Following adequate therapy
for initial episodes of primary and secondary syphilis,
there should be at least a four-fold decline in the VDRL

titer by the third or fourth month and an eight-fold
decline in titer by the sixth to eighth month (Brown et al.
1985). When the RPR card test is used to monitor treat-
ment, the initial four-fold decline in titer may not be
observed until the sixth or eighth month following treat-
ment (Romanowski et al. 1991). For most patients
treated in early syphilis, the titers decline until little or
no reaction is detected after the first 3 years (Fiumara
1978, 1980b; Romanowski et al. 1991). Patients treated
in the latent or late stages, or who have had multiple
episodes of syphilis, may show a more gradual decline in
titer (Fiumara 1979, 1980a). A low titer will persist in
approximately 50 percent of these patients after 2 years.
As far as can be determined, this persistent seroposi-
tivity does not signify treatment failure or reinfection
and these patients are likely to remain serofast even if
they are retreated.

RELATED TREPONEMES

Yaws, endemic syphilis (bejel), and pinta were common
infections before the World Health Organization eradi-
cation program that began in 1948. In the early 1950s, it
was estimated that more than 200 million people had
been exposed to yaws. Areas where the nonvenereal
treponematoses are endemic are now more restricted,
but decreased surveillance has led to a return of these
diseases in many areas. Therefore, the clinical appear-
ance of the lesions formed by T. palliduLn subspecies
pertenue, pallidum, endemicum, and, Treponema cara-
teum, the anatomical location of the lesion, the mode of
transmission, the age of the individual, and the geogra-
phical location of the infected individual are the only
criteria that can be used to diagnose these infections as
separate entities (Perine et al. 1984; Chin 2000)
(Table 71.1). This is especially important because none
of the serologic tests for syphilis can distinguish between
the diseases caused by the pathogenic treponemes.

Bejel

The lesions of bejel (endemic syphilis), associated with
primitive, crowded, and unhygienic conditions, develop
after an incubation period of 2 weeks to 3 months.
Mucous patches of the mouth usually occur first,
followed by moist papules in folds of the skin, and drier
lesions of the trunk and extremities. A primary sore is
rarely evident. Both depigmentation and hyperpigmenta-
tion are common. The late manifestations include
destructive lesions of skin, long bones, and nasopharynx
similar to gummas of late syphilis (Perine et al. 1984;
Chin 2000). However, neurological, cardiovascular, and
congenital forms are rarely reported. The disease was
once common among children living in poor socio-
economic conditions in the arid regions of the eastern
Mediterranean, Asia, and Africa. Bejel still persists in
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Chad, Sudan, and Ethiopia and rarely in southern Africa
(Meheus and Antal 1992).

Yaws

The primary lesion of yaws, commonly referred to as the
mother yaw, occurs following an incubation period of 2
weeks to 3 months. This initial lesion is a papilloma
located on the face or extremities. The lesion may
slowly proliferate to form a frambesial or raspberry-like
Iesion or the initial lesion may ulcerate. Secondary
lesions of disseminated or satellite papillomata
(daughter yaws) form in successive eruptions (crops),
with the flrst crop appearing either before or shortly
after the mother yaw has resolved. Other symptoms
accompanying the secondary lesions include aching of
long bones and inflammation of the flngers and toes.
Papillomata and hyperkeratoses that form on the soles
and palms are usually very painful and disabling. These
lesions heal spontaneously but relapses may occur
during the secondary or late phases. The late stage
develops in approximately 10 percent of untreated
patients. The stage is characterized, by destructive
lesions of the skin and bones (Perine et al. L984; Chin
2000). Congenital yaws has not been documented;
controversy exists over the occurrence of neurological
and cardiovascular forms (Engelkens et al. 1991a).
Today, yaws is primarily a disease of children living in
the tropical areas of central and west Africa (Meheus

and Antal 1992). Some small foci of disease remain in
the Americas and on islands of the Caribbean (Meheus

and Antal 1992).

Pinta

Perhaps the most distinctive lesions of the pathogenic
treponematoses are observed in pinta. First, a primary

scaling papule forms 1-8 weeks after infection on the
hands, legs, or the back of the foot. Within 3 months to
1 year, a maculopapular, erythematous secondary rash
appears that may evolve into tertiary splotches of
altered skin pigmentation. Initially the macules are blue,
progressing to violet, and then brown, and finally
becoming depigmented after months to years. Trepo-
nemes are found in the pigmented lesions; the achromic
scars are usually free of treponemes. The lesions of the
secondary rash most commonly progressing to the late
form are frequently found on the face and extremities;
lesions in different stages of pigmentation can be
observed simultaneously (Perine et al. 1984; Chin 2000).
Systemic infection with organ or bone involvement
apparently does not occur. Pinta is predominantly a
disease found among older children and adults living in
the Indian tribes of Mexico and the Amazon basin
(Meheus and Antal 1992). Because of the location of the
primary lesion, trauma is suspected of providing the

portal of entry for the treponemes. Direct and prolonged
contact with initial, secondary, and early tertiary lesions
appears to be necessary for transmission to take place;
however, the mode of transmission is not entirely clear
(Engelkens et al. 1991b).

Because yaws, pinta, and nonvenereal syphilis are
often childhood diseases, the nontreponemal test titers
of adults are expected to be (1:8 for those from a
geographical region where endemic treponematoses
were virtually eliminated by mass campaigns in the
1950s and 1960s (Antal and Causse 1985; Meheus and
Antal 1992). Therefore, any titer >8 is suggestive of
venereal syphilis for adults from these regions
(Gershman et al. 1992 McDermott et al. 1993). Like-
wise a titer )8 in a child suggests a resurgence of
endemic treponematoses in these particular areas
(Perine et al. 1985).

Oral spirochetes

Various spirochetes inhabit supragingival and subgin-

gival plaque in humans; only a small proportion of these

have been cultured in vitro and characterized (Choi et al.

1994). Those that have been cultivated and identified to

species level are within the gents Treponema. Althottgh

the species differ from one another slightly in terms of

cell diameter and helical conflguration, it is generally not

possible to identify them on morphological grounds.

Biochemical parameters such as growth requirements,

carbohydrate fermentation, and enzymatic activities

have been used for identifying species (Smibert et al.

1984).

The oral spirochetes are difficult to isolate from

healthy gingiva, but they increase both in prevalence

and in numbers of organisms present in patients with

gingivitis or periodontal disease. Treponemes are

detected in subgingival plaque of 8&97 percent of

patients with periodontal disease (Moore et al. 1987).

Treponema socranskii is the most common isolate,

followed by T. denticola and Treponema pectinovorum.

The procedures for isolation and characterization of oral

spirochetes have been described previously (Smibert and

Burmeister 1983; Smibert 1984; Smibert et al. 1984;

Moore et al. 1987; Miller et al. 1992). Pathogen-related

oral spirochetes (PROS) were found in plaque samples

from 11 of 17 patients with necrotizing ulcerative gingi-

vitis and from 10 of 19 patients with periodontitis, but

were absent from 24 healthy subjects (Riviere et al.

l99la, 199\b, 1991c; Simonson et al. 1993). PROS have

not been cultured in vitro and are identified by their

reactivity with monoclonal antibodies specific for T.

pallidum antigens, including the 35-kDa flagellar sheath

protein and a major 47-kDa lipoprotein. Gingivitis and

periodontis patients also expressed IgG antibodies reac-

tive with 47-,27-, 14-, and 72-kDa T. pallidum subspe-

cies pallidum antigens, whereas a smaller proportion of
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healthy subjects had detectable antibodies against only
the 47- and 37-kDa antigens (Riviere et al. 1991c).
PROS were found in periodontal tissues of ulcerative
patients (Riviere et al. 1991b, 1991c) and were capable
of migrating through a mouse abdomen wall barrier, an
invasive property shared with T. pallidum but not with
the cultivable oral treponemes (Riviere et al. 1991a).
Oral spirochetes reactive with anti-L palLidum mono-
clonal antibodies were also detected in gorillas and dogs
(Simonson et al. 1993). Further studies are in progress to
establish the taxonomic relationship between PROS and
other spirochetes and to determine whether PROS
represent frank pathogens.

Nonpathogenic spirochetes of the
genital region

T. phagendenis, T. refringens, and Treponema minutum
are treponemal species that inhabit smegma (sebaceous

secretions and desquamated epithelial cells), which is
found beneath the prepuce and in other epithelial folds
of the genital region. Although T. phagendenis and 7.
ret'iingens have been shown by DNA-DNA hybridiza-
tion to have {5 percent homology with L pallidum
(Fieldsteel 1983), comparison of 165 rRNA sequences
has indicated that they are related to the pathogenic

treponemes. These harmless flora could potentially be
misidentified as T. pallidun in darkfield preparations

from skin sites. Unlike the pathogenic treponemes, these
non-pathogenic treponemes are readily cultured (Miller

et aI.1992).
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FAMILY AND GENUS

The family Leptospiraceae includes the genera Leptos'

pira, Leptonema, and Turneria, a group of bacteria that

separated very early in bacterial evolution (Paster et al.

1984, l99I; Paster and Dewhirst 2000). Character-

istically, all members are motile, flexible, helical

aerobic bacteria, 6-12 pm long or longer and 0.1 pm in

diameter (Johnson and Faine 1984a, b). There is no

constant morphological characteristic of each genus, but

Turneria tends to be shorter. Typically, one or both

ends are hooked, but straight variants occur. The

helical cell body (cytoplasmic cylinder) is wound

around a pair of periplasmic flagella arising from it

subterminally, one at each end. The diamino acid in

the peptidoglycan is cr,e-diaminopimelic acid. Long

chain fatty acids or fatty acid alcohols are used as

carbon and energy sources. The guanine + cytosine

(G + C) ratio is 35-53 mol%. The formal description of

the genus Leptospira states that it is gram-negative but

difficult to visualize, and oxidase-positive and chemo-

organotrophic. It also includes some of the further
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information discussed below (Faine and Stallman 1982;
Johnson and Faine 1984a).

THE SPECIES OF LEPTOSPIRA

The species of leptospires are differentiated by DNA
homology under high stringency conditions. Currently,
ten named species of leptospires (alexanderi, borgpe-
tersenii, fainei, inadai, interuogans, kirschneri, meyeri,
noguchii, santarosai, and weilii) are recognized in the
'pathogenic' group, whereas the three species biflexa,
hollandia, and wolbachla belong to the saprophytic,
'nonpathogenic' group. In addition, there are at least
four species not yet formally named (Brenner et al.
1999). The choice of the names 'interrogans' and
'biflexa' for species of leptospires was unfortunate and
their use for both the former serologically defined
species and the current genetically determined species is
confusing. The few recent comprehensive reviews of the
nature and significance of the members of the genus
Leptospira include those of Adler and Faine (2002),

Faine et al. (1999), Levett (2001), Torten and Marshall
(1994), and Weyant et al. (1999).

INTRODUCTION AND BRIEF HISTORICAL
PERSPECTIVE

Introduction and general perspective

Pathogenic leptospires are important primarily for their
ability to cause disease in humans and animals. Nonpa-
thogenic leptospires need to be differentiated from
pathogens to avoid confusion in diagnosis and epide-
miology. Scientifically, the leptospires are intrinsically
important because they are phylogenetically an ancient
group of bacteria, unique in their structure, metabolism,
and some of their genetic mechanisms.

Leptospirosis is a potentially fatal disease of humans
or animals caused by one of the pathogenic leptospires.
It is prevalent globally as an acute febrile, sometimes
congenital or chronic infection of wild or domesticated
animals, mainly mammals and marsupials. Chronically
infected animals are survivors of an initial acute infec-
tion. Leptospires persist in the renal tubules of kidneys
in carrier animals, whence they are excreted in urine
into the environment to contaminate water and soil.
leading to infection of further animals of the same or
different species. In some domestic animals genital
carriage and sexual transmission are important. Humans
are infected incidentally, affected by an acute febrile,
sometimes fatal. clinical illness. Sometimes the disease is
subclinical. Humans do not usually become chronic
carriers or transmit infection to other humans or
animals. Economic loss occurs through animal disease
and mortality, loss of productivity, and illness or death
in humans. There is a significant social cost of the
disease both in humans and animals. Immunity to

reinfection with the same serovar or closely related sero-

vars follows infection. Signiflcant topics for micro-

biological study of leptospires related to the control of

leptospirosis include rapid diagnosis, mechanisms of

attachment to and persistence in or on tissue cells in

chronic carrier infection, and the identity and regulation

of antigens important for immunity.

History of the leptospires

The history of leptospires and leptospirosis was reviewed

extensively by Faine et al. (1999). Leptospirosls was

described as a characteristic febrile jaundice of humans

(Weil's disease) during the latter part of the nineteenth

century. Its contagious nature and microbial origin were

proved independently first in Japan by Inada and collea-
gues ('Spirochaeta icterohaemoruhagiae') in 1915 and

soon after in Germany ('Spirochaeta icterogenes') by

Uhlenhuth and Fromme; both groups isolated, culti-

vated, and described pathogenic leptospires. Leptospires

had been seen, but not cultured, and named Spirocheta

interrogans by Stimson as early as 1907, in silver stained
preparations of liver from a patient believed to have

died of yellow fever, whose viral origins were then

unrecognized. The patient really had Weil's disease.

Later, a saprophytic leptospira found in fresh water was

described rn l9l4 and named Spirocheta bffiexa brt it

was not cultivated. Noguchi proposed the name 'leptos-

pira' ('thin spirals') in 1918 following detailed micro-

scopic and cultural observations, believing it to be the

cause of yellow fever. Controversy about the role of

leptospires in yellow fever persisted until the yellow

fever virus was identified and incriminated unequi-

vocally. Microscopically and culturally identical, but

antigenically different, leptospires were at flrst regarded

and named as separate species, but later included as

serotypes or serovars of a single genus, L. interrogans. ln

the L5 years or so from discovery until the 1930s, many

of the important serovars prevalent throughout the

world, and their host sources, were discovered (Kmety

and Dikken 1993).

Most of the research on leptospires in the next two

decades related to the discovery of new serovars, some

of them responsible for milder anicteric types of leptos-
pirosis. The low yields from the culture media

containing 10 percent rabbit serum were significant

impediments to serious research on leptospires as

bacteria. There was little progress and much frustration

in attempts to understand nutrition or the composition

of antigenic fractions, compared with knowledge of

other bacteria. Electron microscopy revealed much of

the detail of structure during the 1960s and 1970s. The

analysis of antigens did not escape from the net of sero-

logical classification until Yanagawa and Faine (1966)

showed that leptospires were analogous to other bacteria

in structure, and that characteristic antigens were
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associated with structural elements. A full account
history of research in leptospirosis is recounted in Faine

et al.  (1999)

In the USA, widespread leptospirosis of cattle and
pigs due to 'L. pomona' stimulated significant research

into nutrition and cultivation of leptospires, much of it

emanating from the laboratory of J.B. Wilson in

Wisconsin during the 1960s, and from his former

students thereafter. The most important single advance
was probably the discovery that the only carbon and
energy sources were the long-chain fatty acids essential

for growth. They were toxic and had to be presented in

a nontoxic form, detoxified by serum or serum albumin

or another detoxicant in the medium. Bovine albumin
oleic acid culture media improved yields up to 100

times those in rabbit serum medium, especially with

aeration, and also allowed the isolation of some strains
unable to grow in rabbit serum media. A profusion of

isolates of many previously unknown serovars of leptos-
pires necessitated correct identification for diagnosis,
prognosis, and epidemiology, and for the development

of vaccines. Consequently, leptospirosis researchers

developed a preoccupation with serological classiflca-

tion, based only on absorption and cross-agglutination
of antisera (Abdussalam et al. 7972).'Factor analysis'
(Kmety 1967) using batteries of absorbed sera to

simplify identiflcation was seldom used as it appeared
to be more complex than the standard methods. ELISA

methods were developed to analyze nonagglutinating as

well as agglutinating antigens (Adler et al. 1980) and

applied with monoclonal antibodies to identify epitopes
involved in immunity, or useful for classification (Adler

and Faine 1983; Kolk et al. 1984). For many years

leptospires were classified in either the nonpathogenic
group as 'L. biflexa' or the pathogenic group as 'L.

interrogans', the latter term adapted from Stimson's

description with the purpose of indicating doubt about
the ultimate classiflcation. The current system of
genetic classiflcation was adopted in 1994 (Abdussalam

et al. 1965, 7972;Ellis 1995).

Much of the work on leptospires and leptospirosis has

been supported or stimulated not by physicians or

microbiologists but by veterinary public health sources

and veterinarians, because the economic consequences

of leptospirosis are loss of animal productivity and
human food supplies, as well as zoonotic risks to

humans. Historically, important developments in the last
20 years dealt with in the text below include: the lipopo-

lysaccharide (LPS) and the LPS derivation of the anti-
gens involved in immunity, and some of the partly char-
acterized epitopes; cloned genes coding for outer

membrane and other important proteins; genetic studies

of special features of the leptospiral genome. Molecular

techniques for identification have allowed genetic

speciation on firm grounds and polymerase chain
reaction (PCR) methods have been develooed for

identi f i  cat ion and diagnosis.

HABITAT

Leptospires are motile aquatic bacteria whose natural

habitat is surface waters, soil, and mud. They feed by

attachment to surfaces where long-chain fatty acids are

available (Kefford and Marshall 1984). A halophilic

leptospire has been isolated from estuarine waters.

Leptospires do not survive drying under usual condi-

tions, but lyophilization can preserve them. Pathogenic

leptospires enter their hosts through the integument in

moist conditions. In the host they circulate and grow in

an aqueous milieu and may attach to renal tubular cells

in carrier animals, passing in urine into surface waters.

Pathogenic leptospires adapt to environmental condi-

tions including the salinity and temperatures of febrile

mammals, renal tubular and bladder urine, and soil and

surface water. Both pathogens and nonpathogens have

been isolated from fast-flowing rivers and still surface

ponds. Soil and subsoil type and structure are important

for survival in dry periods (reviewed by Faine et al.

1.eee).

MORPHOLOGY AND VISUALIZATION

Leptospires are helical gram-negative bacteria, so thin

that they are hard to see when fixed and stained by

conventional bacteriological stains. Their characteristic

shape is largely destroyed by heat fixation. Strong stains

(carbol fuchsin) and stains that build up on the surface

(flagellar stains, Giemsa, silver stains, immunostains)

make them appear thicker and improve visualization.

Electron microscopy reveals details of morphology.

Phase contrast of live cultures is of limited value

because the leptospires move rapidly out of phase. The

routine method of observation is dark field microscopy

of wet preparations. Leptospires pass through bacter-

iological filters of average pore diameter 0.2 pm.

Shape and structure

The leptospiral cell
long. It comprises

(Figure 72.1) is about 10-20 pm
a peptidoglycan complex loosely

Figure 72.1 Shadowed electron micrograph of a typical
leptospire (l-. interrogans serovar Copenhageni) Ihe flagella run
in grooves in the wall of the helical cylinder from a subterminal
insertion near either end. The helical cylinder is surrounded by an
outer envelope. lnitial magnification x40 000. Bar = 1.0 Fm
(Original electron micrograph by Dr A. Chang)
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referred to as cell wall arranged as a flexible hollow
tubular right-handed helix. containing cytoplasmic and
genetic material.  The ampli tude of the coi l  is about
0.10-0.15 pm and i ts wavelength is about 0.5 pm. Lepto-
nema rs generally longer (13-15 pm) than Leptospira
and has a longer average amplitude of 0.13 pLm and
wavelength of 0 6 pm; the cells thus appear wider mrcro-
scopically. By contrast. Ttrrneria is shorter (3.5-7.5 pm
long) and more tightly coiled (wavelength 0.3-0.36 pLm
and ampli tude 0.13-0.14 pm). Subterminal ly at either
end of the helix a flagellum, essentially similar in struc-
ture and function to other bacterial flagella, is inserted
in the cell wall and penetrates to the outer aspect of the
helix, where it runs through the interior of the coil in a
groove to end at about the middle of the leptospire. The
two flagella seldom overlap. The flagellar origin appears
as a visible bulge below the surface in shadowed elec-
tron micrographs. The whole is surrounded by an outer
membrane. separated from the cell by a periplasmic
space In stained cross-sections in electron micrographs,
the concentric layers are. from the outside, the outer
membrane, the periplasmic space, the peptidoglycan, the
inner membrane, and the cytoplasmic contents. The
flagellum, when included in the plane of the section, is a
darkly staining round structure lying in an indentation of
the cell wall. Negative stained electron micrographs
have revealed more of structure than have shadowed
preparations. Cultural conditions and technical proce-
dures affect the appearances of the leptospiral surface
on electron microscopy; washing removes much of the
outer membrane. There is an unusually high lipid
content in leptospires, located mainly in the cell wall or
outer membrane. When treated with various detergents
or lysozyme the cell relaxes its helical shape and sheds
its outer envelope. Gradually. more of the surface layers
dissolve as the helix finally flattens in an empty flaccid
sac, liberating detectable antigens in the process (Yana-
gawa and Faine 1966).

SPHEROPLASTS (LEPTOSPIRAL GRANULES)

In some cultures leptospires appear in a 'granular' form.
The granules are small cystic structures, about 1.5-
2.0 pm in diameter, inside which coiled remnants of the
leptospiral cell can be seen. Once thought to be a cystic
stage of a life cycle, they are really spheroplasts whose
formation can be induced with ethanol, detergents,
sodium deoxycholate, high salt conditions, lysozyme or
mild heat They can also be observed in tissues and in
phagocytes (Faine et aL f964). The outer envelope
surrounding the spheroplast granules may be removed
from them with its antigens largely intact after plasmo-
lysis of the leptospires. Some cultures tend to form
spheroplasts spontaneously; these strains probably
produce lipase that releases from the medium free, lytic
fatty acids not adequately bound to a detoxicant
(Figrre 72.2).

Figure 72.2 Spheroplasts ('leptospird granules') of L interrogans
serovar Copenhageni formed by heating a culture to 56"C.
Thread-like degenerated leptospiral bodies can be seen towards
the middle and the lower left corner Stained with silver stain
Original magnification xl 000 Bar = 15 0 pm Adapted from
Gaine et al 1964)

Flagel la

Leptospiral flagella originate in a disc rotor and hooked
proximal end structure in the cell wall, similar to other
gram-negative bacteria. Flagella may be prepared for

study by shearing them off leptospiral cells followed by

differential or gradient centrifugation. In such prepara-

tions the flagella are seen as tight flat coils. The isolated

flagellum is composed of a helically wound central core

of proteins, surrounded by an outer sheath. The hook

end is usually free of the rotor but may be contaminated

with a bleb of lipopolysaccharide at its proximal end.

There are associated flagellar antigens. Seven different
flagellar proteins have been recognized. There rs a
34 kDa protein associated with the core, of 11.3 nm, and

a 36 kDa protein associated with the sheath, measuring

27.5 nm. A gene for an endoflagellar subunit protein,

flaB, was cloned from L. borgpetersenii serovar Hardio,

expressed in Escherichia coli as a 32 kDa FlaB protein

similar in sequence to FlaB proteins described in Trepo-

nema pallidum (Kelson et al. 1988; Mitchison et al. 1991;
Trueba et al. 1992) The FlaB protein structure and its
gene sequences are highly conserved throughout the

species; a recombinant protein cross-reacted between

serovars in immunoblots (Woodward and Redstone

1994). Characteristic flagellar antigen(s) associated with
the flagellar sheath (Chang et al. 1974) were subse-
quently identified as the FlaA protein, which affects

flagellar helicity in Brachyspira (Lr et al. 2000a) and
probably in Leptospira.

M icroscopic appearances

When seen by direct dark field microscopy of wet
preparations under optimum conditions, leptospires

appear as a series of bright dots arranged in a flexible

chain. Typically they are translationally motile and spin

fast but spasmodically on their long axes; the loose

hooked end looks like a hollow bulb. Occasionally

L
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leptospires bend suddenly along their length in a jerky

movement. There are also straight mutant forms, whose

flagella are inserted closer to the ends of the cells and

which are much less translationally motile, but spin as

well as the hooked variety (Figure 72.3).
It is convenient to observe cultures microscopically in

flat drops on a very clean thin slide, without a cover-
glass, using a low power, long working distance objective

and a low-power dark field condenser of low numerical

aperture. For detailed observation of leptospires, a very

clean thin slide is required; a drop of the fluid for exam-

ination is placed on it and covered with a thin, very

clean cover-glass. Any dirt or grease or smear will cause

diffraction of light and destroy the contrast required for

the darkfield illumination. It is useful but not necessary

to seal the edges of the cover-glass to prevent movement

in the preparation through convection and evaporation
at the edges. The slide is sealed to the surface of an oil

immersion darkfleld condenser with nonrefracting
microscope immersion oil to prevent loss of light by

diffraction at air-glass interfaces. An oil immersion

objective fitted with a central stop, or a diaphragm to

reduce the numerical aperture below that of the

condenser is required. Centering of the light path and

focusing the condenser are critical for successful obser-

vations. After locating the field under low power using

dry objectives, a drop of immersion oil is placed on the

cover-glass and the oil immersion objective used to focus

on the leptospires in the field. Faine et al. (1999)

described the technical procedures in detail.

Motil i ty

Leptospires are motile bacteria; generally an immobile
leptospire is dead. The characteristic motility of leptos-
pires results from the rotation of the flagellum, gener-

ating a helical wave that propels the helical cell in the

opposite direction. The precise mechanisms by which

flagella generate motion may well vary in different

spirochetes (Li et al. 2000b). A mutant of L. biflexa

lacking flagella retained its helical shape and viability

(Picardeau et al. 2001). In fluid media, leptospires can

travel about 7-10 pm in a second. In viscous fluid media

the speed of movement is increased in proportion to the

viscosity. Leptospires are attracted to more viscous

environments by'viscotaxis'.

Recently isolated leptospires growing in media

containing blood or serum appear to move faster than

laboratory strains, possibly because of the viscosity of

the medium. In semisolid agar, in which there are micro-

scopically invisible particles, or in tissues, leptospires can

become completely flexible throughout their length and

wind through the interstices of the medium in either

direction. They resume a rigid conformation and rapid

spinning and translational movements as soon as they

reach the fluid medium; part of the leptospira can be

rigid and rotating while the other end is flexed around

particles.

CULTURAL CHARACTERISTICS AND
GROWTH REQUIREMENTS

Leptospires are grown routinely in liquid media, occa-
sionally slightly thickened with 0.1-0.2 percent agar.
Generally an inoculum of 1-10 percent of the volume of
fresh medium is transferred by pipette. Working with
liquid media demands the utmost care in their steriliza-
tion and quality control and in aseptic techniques, to
prevent contamination by extraneous air-borne or filter-
able water-borne microorganisms, including other
leptospires. Colonial growth in solidified media in plates

or tubes is primarily employed for research.

Cel l  d iv is ion

The stages in division in leptospires can be reconstructed
from electron micrographs and direct observation. First,
the cell wall constricts about the middle of the length,

Figure 72.3 Typical leptospires fl- interrogans serovar Copenhageni) seen by high-power dark field microscopy lnitial magnification
x l  000 Or ig ina l  photomicrographsbyDrsT.V inhandS.Fa ine  Bar=50pm Adapted inpar t f romFaineeta l . (1999)
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beneath an otherwise intact outer membrane, resulting
in fusion of the closed ends to form two new ends. one
for each of the new cells. Near the constriction, a new
flagellar origin appears from which a flagellum grows
towards the middle of the newly formed cell. Last, the
outer membrane constricts and pinches off a discrete
new cell. About the time of division, the leptospire
becomes hyperflexible at the site of future separation; it
may bend sharply on itself, while retaining its motility,
until the two new cells separate. In media deficient in
amount or balance of long-chain fatty acids, leptospires
may elongate extremely, or fail to divide (forming long
chains), or both. Clearly the nutritional needs for growth
(elongation) and division are different. Nothing is
known about metabolic or molecular events in cell
division specif ic for leptospires.

Optimum conditions: temperature, pH,
osmolarity, and other conditions

TEMPERATURE

Both pathogens and saprophytes grow in the laboratory
in an optimum temperature range of 28-30'C, with
extremes of 1742C. Growth at 11-13"C has been
proposed as a phenotypic test for L. biflexa. Pathogens
grow in mammalian hosts at febrile body temperatures,
and in chick embryos and young chicks around 4042C,
but do not grow well in laboratory media at these
temperatures unless they are adapted. In response to a
change in temperature, leptospires upregulate the
expression of a range of proteins, including homologs of
common heat shock proteins in other bacterial species
(Ballard et al.  1993, 1998; Nally et al.  2001a, b; Stamm
et  a l .  1991) .

pH

Leptospires die in acid conditions at pH below about
6.5, but tolerate more alkaline conditions up to about
pH 8.4. Cultures will grow in the range pH7.2-7.6.

OSMOLARITY

Most of the culture media for leptospires contain a final
molarity of salts of about 0.05 M, about one-third of the
concentration in other bacteriological media. Pathogens
can grow in laboratory media at salt concentrations of
0.85 percent NaCI at 37'C but avirulent pathogens and
nonpathogens cannot do so above 30'C (Faine 1959).
Halophilic leptospires require sodium ion concentrations
of 0.22-0.44 M for growth and can tolerate concentra-
tions up to 0.65-0.75 rr.t (Cinco et al. 1975).

OXIDATION-REDUCTION POTENTIAL

Leptospires are aerobic bacteria that do not tolerate
reducing conditions or anaerobiosis, when the oxidation-
reduction potential is less than about Eh - 0.250 mV at
pH7.2.

Growth

Leptospira strains grow slowly, compared with most
common pathogenic bacteria; colonies can take from 3-7

days to 3 weeks to appear. Some strains may not grow at

all on solid media. The slow growth rate in solid media
limits the use of plate counts to measure viability and
impedes the rate of progress in molecular studies.

Leptospires grow in still cultures of liquid media at

30'C with a doubling time of 6-8 h under optimum

conditions. A 10-fold increase in numbers can be

achieved in 24 h. Aeration or agitation increases the
yield. Maximum growth can be expected in 3-10 days,

depending on the strain and the medium. Maximum

growth densities are about 5 x 10e-1010 leptosprres per

ml, with best conditions and aeratiou cultures are then
visually turbid but measurable turbidity is relatively low.

Leptonema grows rapidly in trypticase-soy broth (TSB)

medium to reach maximum density on incubation for

I8-:72h at 30'C. The fatty acid concentration is the
limiting factor for continuation of growth in cultures of
Leptospira. Supplementary Tween added to cultures that
have exhausted all their available fatty acids will consid-

erably increase the final density. Some cultures die

rapidly after the end of the logarithmic phase, because

lipases from autolysing leptospires liberate lytic free

fatty acids. The doubling time for growth in the intact

animal body in experimental infections was 6-8 h.

Growth is measured in liquid media by either direct

counts or turbidity. The best way to count leptospires is
to use a bacterial counting chamber, or to count them in

a measured volume placed under a standard size cover-
glass, using a calibrated eyepiece graticule micrometer.

The culture must be diluted accurately if it is too dense.

Motile leptospires are counted as viable; nonmotile and
obviously dead and degenerate leptospires are not

counted. Motility is seldom so fast that it creates a
problem. The usual conventions for counting in counting

chambers are observed in relation to leptospires on or

overlapping lines (Faine et al. 1999). Leptospiral

cultures are much less turbid than those of other
bacteria at peak growth. Turbidity measurements are

limited in value to estimating the total count, irrespec-

tive of viable numbers, in heavily growing cultures at the

end of their logarithmic phase, at densities above about

L08 leptospires per ml, when growth is just easily visible

by eye. Nephelometry is more sensitive but limited to
cultures denser than 5 r 107 leptospires per ml.

Growth requirements

ATMOSPHERIC CONDITIONS; Oz, CO2 AND
AERATION

Leptospires require an oxygen source, but a measured
lower limit of oxygen concentration seems not to have

been established. It is assumed that animal tissues rn
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which leptospires grow and apparently flourish are lower
in oxygen than culture media, especially in the presence
of inflammation, hemorrhage, cellular damage, and auto-
lysis, and tissue disorganization during the acute stages
of infection. Aeration of cultures by sparging or shaking
increases growth, although it can cause problems with
frothing in protein-rich media. CO2 is essential, but the
limiting amounts are not known.

CARBON SOURCES

Pathogenic leptospires will not grow without long-chain
(C2 rs) unsaturated fatty acids, in whose presence some
strains can also utilize saturated fatty acids. Leptospira
biflexa strains can grow on long- or short-chain, satu-
rated or unsaturated fatty acids. Some pathogens may
start to grow sooner from small inocula, especially on
solid media, if pyruvate, pyruvate and CO2, or glycerol
are added to the medium (see section on Growth char-
acteristics below). Knowledge of nutritional require-
ments comes mainly from studies on relatively few
isolates made at a time when it seemed that information
relevant to any leptospire could be extrapolated to all.
Differences in nutrition and metabolism between leptos-
pires may be related more to species than to serovar.

The form of presentation of the fatty acids is impor-
tant because they are potentially toxic to the leptospires,
lysing the cells by destroying the integrity of the outer
membrane. Nontoxic 'Tweens', used widely in media as
sources of fatty acids, are commercially available
sorbitan monoesters of fatty acids; Tween 80 contains
oleate, Tween 60 stearate, and Tween 40 palmitate.
Their crude industrial form may need to be purifled of
contaminating free fatty acids and degradation products
before use in media. The choice of the chain lengths of
the fatty acids and their relative concentrations depends
on the strains to be cultivated. In addition, a detoxicant
such as bovine serum albumin (BSA), in a final concen-
tration of 1.0 percent, is used to absorb and release fatty
acids slowly. BSA may also itself be contaminated with
free fatty acids and may need to be purified for use.
Likewise, agar used in media may contain contaminating
fatty acids which must be removed before :use. Lepto-
nema wlll grow without added fatty acids in TSB
medium.

NITROGEN SOURCES, PURINES, AND
PYRIMIDINES

The only essential nitrogen source is ammonia. Some
strains metabolize amino acids, probably producing
ammonia by deamination. [Jrease, inhibited by
ammonia, has been described. All L. biflexa and other
nonpathogens and Leptonema can synthesize their own
purines and pyrimidines. Turneria parva requires
purines. In general, all L. borgpetersenii and L. santar-
osai and some strains of L. interrogans synthesize
purines, whereas all the pathogen group require
pyrimidines.

OTHER REQUIREMENTS FOR GROWTH

Phosphates, sulfates, ferric iron or hemoglobin (or
heme), calcium and magnesium, thiamine and cyanoco-
balamin are essential. Traces of copper and manganese
are also required; these are included in the recipes for
oleic-albumin based media, while in serum media they
are provided from tap water, serum or other ingredients.

Growth characteristics and
appearances of cultures

IN  L IQUID  MEDIA

Cultures of leptospires in liquid media appear visually
clear until densities of about 107 per ml are reached.
The first appearance of growth is a birefringence on
swirling the culture vessel, best seen with oblique
lighting against a dark background. Maximum turbidity,
well below that achieved by larger bacteria, is reached
after about 3-20 days of incubation, depending on
the inoculum size, the strain and its adaptation to the
medium and conditions, and the growth phase at the
time of subculture. There may be a long lag of several
days before freshly isolated strains begin to grow. Some
cultures autoagglutinate; clumps of actively motile
tangled leptospires sink to the bottom of the vessel.
Otherwise, leptospires do not settle during cultivation,
but precipitates of insoluble salts, fatty acids or amino
acids can occur and be a nuisance. Removal of leptos-
pires from cultures for preparation of antigens or for
other laboratory manipulations requires a centrifugal
force of about 10 000 x g for 15-20 min.

IN  SEMISOLID  MEDIA

When growing in tubes of media containing agar (0.1
percent or more) after surface or stab inoculation, the
distribution of leptospires is restricted mainly to one or
more disks 0.1-0.5 mm thick that appear 0.1-5.0 mm
below the surface of the medium, although leptospires
will often be detected below the disks.

The disks, known as Dinger's disks, represent colonial
growth accumulated at a level of optimum oxygenation.
If one of the redox indicators L-naphthol-2-sodium
sulphonate indo-2,6-dichlorophenol (Eh - 0.180 mV at
pH 7.2) or 2-6-dichlorophenol-indophenol (Eh
0.200 mV at pH 7.2) is incorporated in the medium at a
concentration of 1 in 100 000, the blue color of the
medium when inoculated discolors around the areas
where growth begins, usually at the level where the disks
will appear later. Where growth occurs only in disks, the
medium gradually decolorizes or changes color from the
bottom of the tube upwards as oxygen is absorbed, until
the zone below the disks is pale yellow or pink. The
medium above the disks remains blue. If single colonies
develop in the depths of the medium, the dye fades and
becomes pale yellow or pink at the place in the tube
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where the gray spherical colonies will later appear. Both
disks and colonies may develop in the same tube.

IN AND ON SOLID MEDIA

Leptospires are usually grown on solid media only for
research because growth is too slow to be useful for
routine diagnosis. Some isolates grow on the surface of
media containing 1.5-2.0 percent agar in petri dishes.
The agar must not be too stiff for the leptospires to
move through it easily and the plates must be sealed or
otherwise protected from drying during incubation.
Inoculation of a drop with a spreader or by flooding is
better than scratching the agar surface when streaking it
with a wire loop. Surface colonies are transparent, often
very flat, small (less than 2 mm in diameter), and irre-
gular. In less solid media containing 0.8-1 percent agar,
growth occurs below the surface, first visible after 3-10
days as a pinpoint hemispherical colony that spreads
centrifugally. Colony appearances depend on the density
and depth of the agar and the motility of the leptospires.

Straight leptospires, not very translationally motile, form

small dense gray spherical subsurface colonies (small,

opaque, defined border or 'SOD') that do not spread
and reach a diameter of 1-3 mm. Leptospires that are
conventionally translationally motile may form a larger,
fluffy colony (sometimes called hazy growth, or a large,
opaque, hazy edge or 'LOH') that may spread rapidly to
form a gray ring with a sharply defined edge ('LOD');

this ring may grow wider to occupy a large part of the
agar. In a thin layer of medium (2-3 mm) the colony
soon looks like a ring of gray with a transparent center
and sloping sides, because the medium is not deep
enough for continued hemispherical growth. Details are
described by Faine et al. (1999). The gray edge indicates
a mass of actively motile leptospires; few leptospires,
most of them nonviable, will be found internal to the
edges of the ring. Incubation to detect growth should be
continued for up to 3 weeks. More than one colony type
can occur on the same plate. If redox dyes are added to
the medium as described above, the color in the medium
fades at the points where colonies will appear, fore-
casting the initiation of colonial growth. A subculture
may be taken carefully with a pipette from the spreading
edge of the colony. Contaminated cultures or environ-
mental specimens inoculated as a discrete drop on the
surface at the centre of the plate can be purified by
subculturing leptospires from the edge of the ring of
growth.

Culture media

Almost invariably, media contain heat-labile proteins or
other ingredients and are sterilized by filtration. Either
rabbit or other animal serum, or BSA forms the basis of
current culture media. Yields are higher and growth
faster in oleate-albumin media. Media free of Drotein

are preferable and available for vaccines and certain

other purposes; it is impossible to wash away the last

traces of proteins from the culture medium adhering to

the leptospiral surface. Liquid media are used for the

maintenance of stock cultures and the propagation of

cultures used to prepare vaccines and antigens for

serological tests.

TECHNICAL NOTEs,  FORMULATIONS, AND
PREPARATION OF MEDIA

Generally, leptospires are grown in tubes of flasks at 28-
30'C. The depth of medium in unshaken tubes or flasks
should be less than 5 cm; shaking, agitation or sparging
with air or oxygen plus CO2 (with care to minimize
frothing) will maximize the yield and growth rate.
Cultures should be checked for growth or contamination
after 34 days and subcultured after 721 days; however,
leptospires will survive in sealed tubes of medium at
room temperature (ideally 20"C, certainly below 40'C)
for months or years.

Ole ic  ac id-a lbumin (OA) media and serum
media

Details of composition and preparation of media are
found in Alexander (1991) and Faine et al. (1999). All
media are hypotonic with respect to mammalian physio-
logical conditions. The most widely used OA medium is
EMJH (Ellinghausen, McCullough, Johnson, Harris),
based on 1 percent BSA and Tween 80. A BSA stock
solution containing other mineral and heatlabile ingre-
dients that should not be autoclaved is sterilized by
filtration and added to an autoclaved phosphate-
buffered basal medium. Most serum media use a phos-
phate-buffered base containing a small amount of
bacteriological peptone; 10 percent rabbit serum to
supply both albumin and fatty acids; and essential
supplements such as thiamine, cyanocobalamin, and iron
in the form of hemoglobin from lysed erythrocytes. The
medium should be just pink and pH 7.2-7.4. It is usually
sterilized by final filtration of all the ingredients. A
common formulation is Korthof's medium. Nonpatho-
genic leptospires are generally grown in the same media
as pathogens, although Leptonema grows well and
rapidly in TSB medium.

Special selective and indicator media

Special media were developed empirically to isolate
fastidious leptospires, especially Leptospira interrogans
serovar Bratislava, from pigs and other animals (Adler
et al. L986; Ellis et al. 1985). Composition of media and
conditions of cultivation must be adjusted to special
needs. Selective media containing one or more of cyclo-
heximide (100 pg/ml), bacitracin (40 pg/ml), 5-fluorour-
acil (50-1000 prg/ml), nalidixic acid (50 pg/ml), poly-
myxin-B sulphate (5 unitsiml), polymyxin B (2 pg/ml),
rifampin (10 pglml) or vancomycin (10 pg/ml) have been
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recommended to reduce contamination on primary isola-
tion or to purify contaminated cultures. They should not
be used routinely as a substitute for careful technique.
Subcultures must be made within 4 days.

Protein-free and low-protein media

Media with little or no protein were developed for
vaccine production, rather than for nutritional studies.
Utmost care is required to minimize toxicity from
unwanted fatty acids. Chemical methods or solvents are
used to 'clean'Tweens and the specially selected char-
coal used as an adsorbent of fatty acids in place of
protein. Some of the media used for vaccines are subject
to commercial secrecy or patent and have not been
published. In order to grow successfully in a protein-free
medium, leptospires must first be adapted to it and then
subcultured regularly and frequently.

Sol id  and semisol id  medium

Almost any medium may be solidifled by the addition of
0.5-1.0 percent agar to allow subsurface colonial growth,
or 2 percent agar for surface growth. Growth in and on
solid media is described above.

QUALITY CONTROL

It is essential to check the ingredients for culture media
for quality before use. BSA is very hygroscopic; it
should be kept and used dry, or a correction made for
the weight of the water content. Each batch must be
tested or previously certified suitable for the growth of
leptospires. Some batches can be improved by fat
extraction. All chemicals should be analytical grade.
Agar should also be tested for freedom from toxic fatty
acids. The quality of the water used for protein-free
media is critical. The vessels used for preparing media
should be dry; water used for solutions must be ster-
ilized to prevent filter-passing leptospires in the water
from contaminating the media. After preparation, the
media must be checked for sterility by incubation for 3-
4 days at 28-30C as well as at 37"C. The possibility of
contamination by leptospires should not be overlooked.
The utmost care in labeling during subculture is essential
because there are no obvious features to distinguish one
leptospire from another. Records of origin of an isolate,
its identification and its subculture history are essential.
Serological identity should be checked, confirmed, and
recorded periodically by agglutination to titer with a
reference antiserum. Genetic identity should also be
checked periodically where this is appropriate.

METABOLISM

Knowledge of leptospiral metabolism depends largely on
studies reported before genetic speciation was known. It
may be fallacious to deduce from them that all species

of leptospires are metabolically identical. All leptospires

are aerobic or microaerophilic chemo-organotrophs and

use 02 as a flnal electron receptor via cytochromes.

Catalase, cytochromes a, c, and c1 and oxidases have

been identified. Essential long-chain fatty acids, longer

than C15, are degraded by B-oxidation for energy. Acid

production from sugar fermentation does not occur, but

key enzymes in carbohydrate metabolic pathways are

present. Sero-specificity depends on the presence of

small carbohydrates and their arrangement in the LPS

(see the section on Serological groups below). Leptos-

pires cannot synthesize long-chain fatty acids from pyru-

vate or acetate, but they can shorten long chains; the

cellular lipid composition partly reflects the fatty acid

composition of the medium. A characteristic component

of leptospires, crs-11-hexadecenoic acid, is rare in other

bacteria. Positionally specific trioleinase lipases are

found in all L. biflexa and some pathogens, but not in L.

borgpetersenii, some L. intercogans, L. noguchii, L.

santarosai, and L. weilii. Hemolytic phospholipases

including sphingomyelinase C exist in some pathogens,

while L. biflexa contains phospholipase ,A1 and lyso-

lecithinase. Hemolytic activities dependent on phospho-

lipases are speciflc for the erythrocytes of the animal

concerned, determined by the composition of the domi-

nant phospholipids in its cell membranes. Fatty acid

esterases are ubiquitous among leptospires. The genetics

and distribution of sphingomyelinase genes have been

studied and reviewed (Segers et al.1992; Segers 1991).

Ammonia is the essential source of nitrogen. In serum

media it may be obtained by deamination of amino

acids, particularly asparagine. In other media it is

provided as ammonium salts. What little there is known

about amino acid metabolism is unremarkable except

that isoleucine synthesis may follow either the conven-

tional threonine pathway, or an unusual pyruvate

pathway, or both; genes for regulating steps in the latter

have been identified. A urease, inhibited by ammonia,

and various aminopeptidases have been described. Not

all leptospires require purines or pyrimidines. Purine

metabolism is mentioned below. Methionine biosyn-

thesis in L. meyeri, controlled by the metY gene,

occurs through direct sulphydralation using O-acetyl-

homoserine as a substrate (Belfaiza et al. 1998).

MOLECULAR BIOLOGY OF LEPTOSPIRA

Slow leptospiral growth on solid media and slow, rela-

tive metabolic inertness in usual phenotypic tests for

other bacteria mean there are few physiological or colo-

nial markers and very few classical genetic studies.

Mutants have been selected to grow in media containing

either boiled, as opposed to fresh, serum; others grow in

antiserum to the parent strain. There are no studies of

the genetics of these mutations, or of straight variants,

usually forming small colonies, that appear sponta-

neously in some strains. A straight variant of Leptonema
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illini was produced using nitrosoguanidine. Virulence is
lost on subculture in the laboratory but leptospires able
to grow in vivo can be selected from the culture popula-
tion by inoculating experimental animals. Plasmids and
the mechanisms of genetic transfer strongly assumed to
occur between leptospires are elusive. Transformation
has not been reported among leptospires. It is not yet
possible to introduce DNA into pathogenic leptospires
artificially and deliberately. A bacteriophage for L.
biflexa was described, but none has been found that
affects any pathogen (Saint Girons et al. 1990, 2000;
Saint Girons 1991).

The leptospiral genome and its
elements

The chromosome of Leptospira is characterized by a
G + C content of 35-41 mol7o, depending on species,
with a genome size originally estimated to be ca.
5 000 kb, measured in pulsed-field gel electrophoresis
after digestion with NorI, Nhel or ApaI (Baril and Saint-
Girons 1990). Using mainly the restriction enzymes NolI
and S/I, a physical and genetic map l,. interrogans
serovar Pomona was constructed (Zuerner 1991),
predicting a genome size of ca. 4750 kb, similar to that
of serovar Icterohaemorrhagiae. The genome consists of
two circular replicons, estimated to be approximately
4 750 kb and 350 kb in size (Boursaux-Eude et al. 1998).
The complete genome sequences of two very closely
related serovars, Lai and Copenhageni, of L. inter-
rogans, have been published recently (Nascimento et al.
2004; Ren et al. 2003), revealing almost identical
genomes. The large and small replicons comprise 4 330
and 358 kb, respectively. The genomes of two strains of
L. borgpetersenii serovar Hardjobovis (unpublished) are
slightly smaller, with chromosome sizes of 3 614 and
317 kb. The smaller replicon is considered a chromo-
some because of the presence of essential genes on it.
Interspecies comparison reveals regions of colinearity of
up to 30 kb, but with large-scale chromosomal rearran-
gements. A comparison of genetic maps for strains of l,.
interrogans serovars Icterohaemorrhagiae and Pomona
indicated considerable heterogeneity and variability
within the species L. interrogans, that involves rearran-
gements of large segments of chromosome (Boursaux-
Eude et al. 1998; Zluerner et al. 1993).

Both pathogenic and saprophytic leptospires contain
two ribosomal 23S rRNA genes (Fukunaga and Mifuchi
1989b). Two genes for 23S rRNA and for 165 rRNA,
but only one for 55 rRNA, were found in L. interrogans
serovar Canicola, each located far from other RNA
genes. There were two 55 rRNA genes in L bi.flexa
(Fukunaga and Mifuchi 1989a), one of which was
sequenced (Fukunaga et al.1992). Pathogenic strains of
leptospires contained only one highly conserved 55
rRNA gene (Fukunaga et al. 1992). The 23S rRNA was

further processed to L4S and 17S rRNA, in a pattern

seldom found in prokaryotes, in L. borgpetersenii sero-

vars Hardjo (subtype Hardjoprajitno) and Balcanica
(Hsu et al. 1990). The two genes for 55 rRNA in L.

biflexa strains were located several kb apart on the chro-

mosome, with divergent flanking sequences (Fukunaga

et al. 1.992). Thus, in contrast to the situation in many

other bacteria where the 165 (rrs), 235 (rrl) and 55 (rrfl

rRNA genes are clustered and cotranscribed, those in
Leptospira widely scattered on the large chromosome
(Baril et al.1992; Saint Girons et al.1992).

Although no compound transposons have been found

in the genus Leptospira, Zuerner (1994) identifled and

characterized IS15J3 from L. borgpetersenil. Genome

sequencing has indicated at least 80 intact copies of

IS1533 on the genome. A PCR assay based on IS153J

sequences was adapted for identification of L. inter-

rogars (sensu lato) strains. A similar IS element was

reported in serovar Tarassovi (GenBank X77623). An

IS3-like element, designated 151500, was present only in
pathogenic leptospires (Boursaux-Eude et al. 1995).

151500 insertions were present only on the large chro-

mosome and appeared to coincide with genomic regions

which had undergone rearrangement. This element was

also used as the basis for fingerprinting and epidemiolo-
gical analysis of leptospiral isolates (Zuerner and Bolin

1997).

Interestingly, the serovar Hardjo (type Hardjobovis,

but not Hardjoprajitno) LPS biosynthetic locus is

bounded by two IS7533 elements (de la Pefla-Mocte-

^)ma et al. 1999; Kalambaheti et al. 1999). A second IS

element was also found in an intergenic region of the

Hardjobovis locus; it appeared to be intact and is related

to the IS5 family, but no functional studies were
performed (Kalambaheti et al. 1999). Similarly, an

apparently intact IS1500 element was found to disrupt

the orf35 gene in Ictero No I, but not RGA, strains of

serovar Icterohaemorrhagiae; this gene encodes a puta-

tive membrane protein within the LPS biosynthetic locus
(de la Pefla-Moctezuma et al. 2001). It has been specu-

Iated that the presence of these IS elements may regu-

late gene expression leading to differences in LPS struc-

ture, but there is no evidence yet for such a role.

The early branching of spirochetes before gram-posi-

tive and gram-negative bacteria (Woese 1987) is consis-

tent with their heat shock regulatory mechanisms, which

show characteristics of both gram-positive and negative

bacteria. The groE and dnaK operons of Leptospira

have been identified, cloned, and sequenced (Ballard

et al. 1993,1998; Stamm et al. 1991). The groE operon

encoding the GroEL and GroES proteins exhibits

features found in heat shock operons regulated by either

Sigma32 or CIRCE (controlling inverted repeat of

chaperone expression) (Zeilstra-Ryalls et al. 1991 Ztber
and Schumann 1994). These are generally found in
gram-negative and gram-positive bacteria, respectively.

The CIRCE element was also found uostream of the
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dnaK locus, which contained the genes hrcA, grpE,
dnaK, and dnal (Ballard et al. 1998). The genetic orga-
nization and regulation of this locus are thus more like
those in gram-positive than gram-negative bacteria
(Zeilstra-Ryalls et al. 1991; Zlber and Schumann 1994).

Genetic analysis of Leptospira has been impeded by
the lack of genetic exchange systems. Early reports
(Ritchie and Ellinghausen 1966) of bacteriophage-like
particles in leptospires were not confirmed, but Saint
Girons and her colleagues (1990) isolated three bacter-
iophages, whose replication was limited to the sapro-
phyte L. biflexa. One of these phages, LE1, was shown
to replicate as a plasmid in L. biflexa and was used as
the basis for the flrst l,. biflexa-E. coli plasmid shuttle
vector, pGKLep4 (Saint Girons et al. 2000). No such
system has yet been reported for the pathogenic lepto-
spires. A restriction-modiflcation system has been
demonstrated, at least in L. biflexa (Brenot et al. 2001).

There are only two reports of gene inactivation by
recombination-mediated allelic replacement in Leptos-
pira. The kanamycin resistance gene from pGKLep4 was
used to inactivate the flaB gene, encoding the flagellar
subunit protein, in L. biflexa (Picardeau et al. 2001).
Mutants were nonmotile and lacked flagella and hooked
ends, but retained their helical shape. Inactivation of
recA in L. biflexa resulted in reduced growth rate and
altered nucleoid morphology (Tchamedeu Kameni et al.
2002).'Ihere are no published reports of allelic replace-
ment in pathogenic leptospires.

THE LEPTOSPIRAL SURFACE

The leptospiral outer envelope (OE) generally resem-
bles the outer membrane of gram-negative bacteria; it is
also the site of most of the antigens known to be
involved in immunity or diagnosis. The main difference
is a high lipid content and a relatively low transmem-
brane outer-membrane protein content in leptospires
(Figure 72.4).

Lipopolysaccharide

Leptospiral LPS comprises the major surface component

of leptospires and is the target for agglutinating and

opsonizing antibodies (Farrelly et al.1987). As an agglu-

tinating antigen, LPS is also important for serological

classiflcation of leptospires. The structure of LPS

remains unknown. However, chemical analysis of leptos-

piral LPS showed the presence of common hexoses,

amino hexoses, and pentoses, and some sugars found

more rarely as LPS components, such as xylose and

arabinose. The detection of keto-deoxy-octulonate

(KDO) in the LPS of L. interrogans serovar Copenha-

geni and L. borgpetersenii serovat Hardjo is consistent

with a composition similar to that of typical gram-

negative LPS.

Genetic analysis has identified the rfb loci involved in

the biosynthesis of the LPS O-antigen in several leptos-

piral serovars. The locus in serovar Hardjo contains at

least 31 open reading frames (ORF) that encode

enzymes involved in the biosynthesis of activated sugars,

glycosyl transferases, and sugar processing and transport

proteins (de la Pefla-Moctezuma et al. t999; Kalamba-

heti et al. 1999). Leptospiral LPS appears to be assem-

bled via the classical Wzy (Rfc) dependent pathway. A

comparison of the rfb loci of L4 other L. interrogans

serovars revealed conservation at the 3' end, but genes

at the 5/ end vary among serovars, or show more genetic

drift (de la Pefla-Mocteznma et al. 2001). This region

thus appears to encode biosynthetic enzymes and

glycosyl transferases responsible for serovar specificity

and some genes of unknown function.

Protein and lipoprotein antigens

Ompl-l, the first leptospiral surface protein to be identi-
fied, is a transmembrane protein with porin activity
which exists in a typical trimeric form in the leptospiral
outer membrane (Haake et al. 1993; Shang et al. 1995),
that contains lower concentrations of proteins than

Periplasmic f lagel lum

LPS

Outer membrane

Periplasmic space

Peptidoglycan

Inner membrane

Figure 72.4 Diagramatic representation of the leptospiral surtace
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typical gram-negative outer membranes. However, the
Ieptospiral outer membrane is abundant in lipoproteins,
which are well conserved across the pathogenic species.
One of these, LipL36 is not produced during infection,
at least in the hamster kidney (Haake et al. 1998),
although these results do not preclude a role for LipL36
at other stages of the infectious process. In contrast, the
major OMP, LrpL32, as well as OmpL1, LipL41, and
LPS, are expressed during growth in the hamster kidney
(Haake et al. 2000; Zterner et al. 2000). LipL32 has
been investigated as a potential serodiagnostic antigen
(Flannery et al. 2001) and was shown to stimulate partial
immunity in hamsters (Sonrier et al. 2000). LipL41 and
Ompl-l when administered in combination, but not indi-
vidually, were capable of eliciting an immune response
which was partially protective in hamsters (Haake et al.
1999). Several other outer membrane lipoproteins have
been identified (Cullen et al. 2002; Matsunaga et al.
2002), some of which show differential expression under
a range of environmental conditions. Interestingly, the
usual L-X-Y-C consensus sequence for transport and
processing of gram-negative lipoproteins varies substan-
tially amongst spirochete lipoproteins and the spir-
ochetal lipobox sequence of L(A/S)-L(V/F/I)-I(V/G)-
A(S/G)-C has been proposed (Haake 2000; Zuerner et al.
2000). The properties of leptospiral outer membrane
proteins have been reviewed recently (Cullen et al.
2004).

BIOLOGICAL PROPERTIES OF LPS

Despite the structural, biochemical, and immunological
similarity of leptospiral LPS to gram-negative bacterial
LPS, it is at least 10-fold less toxic for animals or cells.
Nevertheless, leptospiral LPS can activate macrophages
and act as a B-cell mitogen (Isogai et al. 1990a, b). It has
been proposed that the reduced toxic activity is a result
of the absence of B-hydroxy-myristic acid. Activation
and signaling within macrophages occurs via CD14 and
TLR2. rather than via TLR4 as seen for the LPS of
gram-negative bacteria (Werts et al. 2001). Notably,
TLR2 is commonly used as a receptor for gram-positive
bacteria and for other non-LPS components.

Other localized structures and components

A glycolipoprotein (GLP) with a high content of toxic
lipids (palmitoleic and oleic acids) is cytotoxic and lethal
for laboratory animals. Its cytotoxicity in tissue culture is
obscured by the absorption of the toxic lipid into the
albumin used in the culture media. Patients and animals
produce antibodies to GLP, which can be located in the
tissues in infections (Alves et al. 1992; Vinh et al. 1986).
GLP acts through its constituent long chain fatty acids
(Vinh et al. 1986), and inhibits Na*, K*ATPase
(Younes-Ibrahim et al. 1997a). Peptidoglycan from
leptospires was cytotoxic, inducing the release of TNFo
from peripheral blood mononuclear cells (Cinco et al.

1993). Heat shock proteins were located below the

surface (Stamm et al. 1991).

CLASSIFICATION

A microorganism with the shape, dimensions, and

cultural characteristics of a leptospire is identified provi-

sionally as a member of the Leptospiraceae. Cultural

phenotypic characteristics (rapid growth in TSB

medium) as well as electron microscopy characterize

Leptonema. Other isolates look the same micro-

scopically or in culture; they cannot be differentiated by

simple biochemical and cultural tests. There are two

overlapping systems for further classification, genetic

species, and serological typing. Species is determined

genetically by DNA homology, 165 rRNA gene sequen-

cing or other molecular methods. Subspecies categories

are determined serologically, by serovar, while genetic

and serological subtypes are tecognized within serovars
(El l is 1995).

Phylogenetic relationships

Spirochetes comprise a phylum of ancient bacteria

whose members are very divergent from one another

when classified by 165 rRNA relationships. The most

deeply branching individual group in the phylum is the

family Leptospiraceae; among them the flrst to branch

off is Leptonema (Paster et al. 1984,1991; Paster and

Dewhirst 2000). L. biflexa and related saprophytes form

a group distinct from the pathogenic leptospires,

although there is considerable homogeneity between

these by DNA homology (Paster et al. 1991). Within the

group identified as the 'pathogenic' group (formerly the
'interrogans complex' or 'L. interrogans' sensu lato), two

main branches exist; one contains the species kirschneri,

interrogans, and noguchii, the other the species borgpe-

tersenii, santarosai, and weilii. L. fainei and L. inadai

form a distinct group (Perolat et al. 1998). The 'nonpa-

thogenic' group (formerly the 'biflexa complex', 'l

biflexa' sensu lato) comprised six major branches in

addition to Leptonema (Ramadass et al. 1990, 1992)

(Fiyre72.5).

Genetic classification and species

SPECIES

A species comprises those leptospires whose DNA is 70
percent related and whose related DNA sequences
contain 5 percent or fewer unpaired bases (divergence)
(Ellis 1995; Watt et al. 1990; Wayne et al. 1987). There
are 12 named species, with further groups awaiting clas-
sification. Analyses by restriction length fragment poly-
morphism (RLFP), pulsed-field gel electrophoresis
(PFGE) of chromosomal DNA, arbitrarily primed PCR
(APPCR), mapped restriction site polymorphisms
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L interrogans

australs

bratislava
pomona
copennagenl

L kirschneri

L noguchii
fort bragg

canicola
hardjo

(MRSP), and random amplifled polymorphic DNA

fingerprinting (RAPD) are easier to perform and give

similar results if calibrated (Gerritsen et al. 1995; Herr-

mann et al. 1992; Ralph et al. 1993). PFGE and RAPD

fingerprinting can identify serovars uniquely in some

cases. Serotyping identifies the same serovar antigens in

more than one species. The recognized species, their

G + C percentage ratios and some of the more common

or important component serovars are listed with their

serogroup identity in'fable 72.L.

Serological groups

Leptospires were classified primarily by serology before

the development of genetic methods. An arbitrary but

useful definition of serovar was adopted many years ago,

that two or more leptospires belong to the same serovar

if a residual titer of 10 percent or less of the homologous

titer of agglutinating antibodies remains in rabbit anti-

sera after cross-absorption in standardized tests. About

255 serovars have been recorded among the Leptospir-

aceae. Serovars that are significantly different in their

biological and pathogenic properties may be closely

related at this 1 log difference level of titer. Some sero-

vars exist in more than one species; that is, the same

serovar-specific antigens can be expressed by members

of more than one species. Serovars were designated in

italic script until recently, when it became customary to

use capitalized lower case letters.

The serological identity of an isolate depends on the

dominance of one or more epitopes in a surface mosaic

of LPS antigens, while the specificity of the epitope

depends on its sugar composition and orientation (Ellis

L995; Kmety and Dikken 1993; Midwinter et al. 1994;

Vinh et al. 1989). Monoclonal antibodies to LPS

epitopes can identify isolates by generating a fingerprint

based on agglutination proflles. Serovars that share

common (serogroup-reactive) antigens and partially

coagglutinate belong to serogroups. Serogroups have no

andamana

taxonomic status but are useful for facilitating diagnosis

and serological identification by antigens common to

members of their group. Serological identification is

clinically and epidemiologically significant but slow,

painstaking, and labor-intensive.

Other phenotypic typing methods

Few phenotypic properties are available for classifica-

tion. Colonial growth characteristics have not been used.

Growth in TSB identifies Leptonema. Growth at 13'C

(but not at 37"C); growth in one or more of CuSOa, 8-

azaguanine or 2,6-diaminopurine; and lipase production

are, in general, characteristics of L. biflexa and Lepto-

nema (Table 72.1). Flagellar antigens have also been

grouped into distinct relationships. Related isolates have

similar LPS profiles on polyacrylamide gel electrophor-

esis (PAGE). For many years it was wrongly assumed

that all leptospires were metabolically and probably

genetically identical because they appeared to be

morphologically and culturally similar, differing from

one another only in their serovar-specific antigens. Some

early studies should now be repeated using members of

different species to understand the extent of intra- and

interspecies differences and to test the validity of extra-

polating research results to different leptospires.

LABORATORY ISOLATION AND
IDENTIFICATION

Laboratories may need to look for leptospires in clinical

or pathological specimens from humans or animals, or

from environmental sources. They also may need to

grow them for research or industrial purposes. Lepto-

spires are so hard to see and so hard and slow to grow

that conventional bacteriological diagnostic procedures

(microscopy of stained preparations and culture on solid

media) are not practicable. Dark field microscopy of

diagnostic, including environmental, specimens is

I hnrnnofarcanii

hardjobovis balcanica

L santarosai
shermani
L weilii
celledoni

(a)
(b)

Figure 72.5 Phylogenetic relationships of species of leptospires: (a) pathogenic varieties (adapted f rom Ramadass et al (l 992)); (b)

nonpathogenic varieties (adapted from Ramadass et al (1990)) lnformation for the positions ol L alexanderi and L fainei and other
new species is not available
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Table 72.1 Specles

Species

L. alexanderi
L. biflexa''d
L. borgpeterseniid

L. fainei

L. inadai

L. interrogans

L. kirschneri

L. meyeri

L. noguchii

L. santarosai

L. weilii

Turneria parva'

Leptonema illini'

Serovar

Manhao 3

Patoc

Anhoa

Arborea

Ba l can i ca

B a l l u m

Guangdong

Hardjo"

Hurstbr idge

lcterohaemorrhag iae

Austra l is

Autumnal is

Bangkok

Bataviae

B i r k i n i

B rat is lava

Broomi

Bu lga r i ca

Can i co la

Copenhageni

Djasiman

Grippotyphosa

Hardjor

Hebdomadis

lcterohaemorrhag iae

B i m

Bulgar ica

Butembo

Cynopter i

Ranarum

Bajan

Fortbragg

Bataviae

Bor incana

Kremastos

Maru

Navet

Cel ledoni

Ha i  nan

Parva

l l l i n i

Serogroupo

2 5
20

o

5

1 9

3

3

1 8

23

1 1

1

2

1

4

1 1

1

5

2

5

1 1

8

9

1 9

1 0

1 1

z

2

24

1

4

1 0

1 0

1 0

2 1

5

5

22

1 3

Serovar

Javanica

Ju les

M i n i

Sejroe

Whitcombi

Tarassovi

Lyme

Kennewicki

Kremastos

Lai

Lora

Medanensis

Mwogolo

Naam

Paidjan

Pomona

Pyrogenes

Rachmat i

Rob inson i

Saxkoebing

Swajizak

Zanon i

Grippotyphosa

Mwogolo

Mozdok

Tsaratsova

Muenchen

Pyrogenes

Tabaqui te

Tr in idad

Weaveri

Mengma

Sarm in

Serogroup

1 2
1 0
t )

1 9

5

1 4

t o

1 6

1 1

1

1 9

1 1

1 1

4

1 6

1 7

1 7

1 9

1 5

1 7

9

1 1

t b

t o

1

1 7
t f

1 9
1 8

1 2
1 8

serovars, serogroups, and phenotypes of some leptospiref

a) The species identity of some strains representative of more than 250 recognized serovars in major serogroups is summarized from several sources The
species identity of many more stralns awaits formal publication lsolates were identified rnitially by serovar The same serovar occurs In more tnan one
species Not all serogroups are represented in this table Complete serovar lists to date were published by Kmety and Dikken (1 993) and Faine et al (1 999)
b) Serogroups indicated by the number in the column 1,  Austra l is ;  2,  Autumnal is ;  3,  Bal lum; 4,  Bataviae;  5,  Canicola;  6,  Cel ledoni ;  7,  Cynopter i ;  8,
D jas iman ;9 ,  G r i ppo t yphosa ; ' 10 ,  Hebdomad i s ;11 ,  l c t e rohaemor rhag iae ;12 , Javan i ca ;13 ,  Lep tonema ;  14 ,Lyme ;15 ,  M in i ; 16 ,  pomona ;17 ,  py rogenes ;
18,  Sarmin;  19,  Sejroe;20,  Semaranga;21,  Tarassovi ;  22, furner ia,23,  Hurstbr idge;24,  Ranarum;25,  Manhao
c) Nonpathogenic Includes species hollandia and wolbachia Other nonpathogens are listed in Faine et al (1999)
d) G + C ratio mol% and phenotypes, compiled from various sources In some cases the only isolate studied was an old laboratory strain L biflexa
G + C :  ( 3 6 0 + 0 3 ) - ( 3 7 6 + 0 7 )  P h e n o t y p e :  P  ; 1 1 - , 3 7 + ; C u L : A Z + ;  D P + ;  L +  L  b o r g p e t e r s e n i i  G + C : 3 9 8 t 0 3  P h e n o t y p e :  p + ; 1 1  - ; 3 1  + :
C u - ; A Z  ; D P  ; L  +  L  f a i n e i  G + C : ? P h e n o t y p e P + ; 1 3 + , 3 7 ? , C u ? ; A Z + ; D P ? ; L ?  L  i n a d a i G + C . 4 2 6 t 0 9  P h e n o t y p e : p + ; 1 1  ; 3 7 + ; C u
+ ; 4 7 + , D P  , t +  L  i n t e r r o g a n s G + C :  3 4 9 + 0 9  P h e n o t y p e :  P + : 1 1  - ; 3 7 + ;  C u  - : A Z - ; D P - ;  L +  L  k i r s c h n e r i G + C :  ?  p h e n o t y p e :  p + ;  1 3 - ,
3 7 + ;  C u ? , A Z - ; D P  + m ;  L ?  L  m e y e r i  G + C :  3 5 2 + 0 2  P h e n o t y p e P + 1 1 - : 3 7 + ; C u + ; A 7 + ;  D P + ;  L +  L  n o g u c h i i G + C :  3 6 5 1 1 2  P h e n o t y p e :  p
+ ; 1 1  - ; 3 7 + : a u  ; A Z - ;  D P  ; l -  L s a n t a r o s a i :  G + C :  4 0 7 + 0 5  p h e n o t y p e :  p + ;  ' l  1  ; 3 7 + ) C u - : A Z - ;  D p + ;  L _  L w e i l i i  G + C . .
4 0 5 + 0 7  P h e n o t y p e :  P + ;  1 1  ; 3 7 - ; C u - , A Z - ; D P  ; L -  T u r n e r i a p a r v a G + C :  4 8 7 + 0 7  P h e n o t y p e :  P  ; 1 1 - , 3 7 + t C u + ;  A Z + ;  D p - ;  L +
L e p t o n e m a i l l i n i  G + C : 5 4 2 + 0 2  P h e n o t y p e :  P - ;  1 1 + ;  3 7 - , C u  ; A Z + ; D P + ;  L + P , p a t h o g e n i c ;  1 1 , g r o M h a t 1 1 . C ;  1 3 , g r o w t h a t 1 3 " C ; 3 7 ,
growth at 37"C; Cu, growth with CuSOa 100 mg/ml added to the growth medium; AZ, growth with 8-azaguanine 225 mg/ml added to the growth
mediumi DP, growth with 2,6-diaminopurine 10 mg/ml added to the growth mediumj L, lipase trioleinase activity; +, growth recorded or activity present;
-, growth or actlvity not recorded; +. growth or activity variable among strains; +m, most strains active; ?, unknown or not formally published
e) Type hardjobovis
f) Type hardjoprallno L alexande,, serogroup Manhao, serovar Manhao 3, type strain L6Or (ATCC 70O52Or) (Brenner et al 1 999) and L fainei,
serogroup Hurstbridge, serovar Hurstbridge, reference strain BUTr (Billinghurst et al '1994; Perolat et al 1998) are new species
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technically difficult because particles or other bacteria in

the specimens scatter light and impede visualization.

Microscopy is presumptive and immediate; culture is

definitive if successful, but slow, taking up to 3-4 weeks

for growth and days to weeks for identification.

Immunofluorescent staining is rapid and speciflc if the

serovar or serogroup of the leptospires is known or

suspected, or pools of antisera are used. Direct PCR can

be carried out on specimens. PCR is relatively fast,

taking hours or a few days; it is valuable for rapid identi-

fication of isolates.

Types of specimens

CLINICAL AND PATHOLOGICAL DIAGNOSTIC
SPECIMENS

Similar specimens are, in general, investigated for

leptospirosis in humans and in animals. The methods are

the same in principle, and almost the same in practice,

for both (Faine et al. 1999; Levett 2001; Weyant et al.

Teee).
Blood cultures, taken aseptically from febrile patients

or animals, are inoculated into EMJH medium

containing sodium polyanethane sulfonate (and B-lacta-
mase if treatment with penicillin has begun) at dilutions

of at least 1 volume (from 0.1 to 1.0 ml) to 100 volumes

of medium. Special media are used for fastidious leptos-

pires. Cerebrospinal fluid (CSF) and urine are cultured

similarly; urine specimens must be alkaline when passed

and collected aseptically. Cultures are incubated at

30"C and examined macroscopically daily for up to 3

weeks and microscopically to confirm growth when it is

suspected, or before discard. Subcultures are made into

volumes of 5-10 ml of liquid media with further subcul-

tures every 3-14 days at first; solid media are not used in

general. The tissues most usually examined in animals

are kidneys, genital tract organs, semen, abortion

products, and placentas; examination of human tissues is

rare in nonfatal leptospirosis. Urine and autopsy speci-

mens and field specimens from animals are often

contaminated; inhibitors such as cycloheximide, baci-

tracin, neomycin, polymyxin B, and rifampin in the

media prevent or retard the growth of other bacteria.

Tissues from autopsies, or rarely from biopsies, are

ground aseptically with sterile buffered (pH 7.2) saline

diluent and the supernatant cultured as above. Carry-

over of tissue debris can make the medium anaerobic

and prevent leptospiral growth (see Faine et al. (1999)

and Weyant et al. (1999) for details of diagnostic

cultures).

ENVIRONMENTAL SPECIMENS - WATER, MUD,
AND SOIL

Leptospires, including pathogens, persist in water, soil,

mud, and effluents. Detection by direct dark field micro-

scopy is of limited value. Immunofluorescent staining

can detect leptospires without regard to viability. Water

can be filtered through a bacteriological filter of0.22 pm

average pore diameter (APD) which will let leptospires

through the pores. Soil, mud, and similar samples can be

shaken with sterile water and the sediment centrifuged.

The supernatant or eluate is filtered as above. The

filtrates are cultured in liquid or on solid media.

Successful cultures can be achieved by using media with

inhibitors (see above). Alternatively, the filtrate or water

may be inoculated in a small area in the middle of the

surface of a plate of solid medium. After incubation,

growth of leptospires will spread in a ring, centrifugally

from the inoculation site, allowing subculture from the

growing edge. Such cultures need to be checked for

purity because more than one strain of leptospires may

occur in these specimens. Special high sodium media

have been described for culturing halophilic leptospires.

ldentif ication of isolates; typing
methods

Cultures, once grown, need to be checked for purity and

identity. Purity can be checked by plating on solid

media, remembering that a pure culture can have more

than one colony type. Colony type is not usually

included in criteria for identification or classiflcation.

The usual method for testing serological identity is by

microscopic agglutination test (MAT).

A reference antiserum is serially diluted in phosphate

buffered saline, pH 7.2, usually in two-fold steps starting

at one or more steps in a 1 in 10 dilution series, in

volumes of 25 pl in microtitration trays. An equal

volume of the culture to be tested, standardized for

density, is added and the covered tray incubated at a

noncritical room temperature or 30"C for 1'.52.0 h. A

loopful from each dilution is examined microscopically

under dark field. Alternatively, if tests are performed in

flat-bottom trays free of scratches, they may be read

directly in the tray using a long working-distance micro-

scope objective. Agglutination is noted and scored as an

approximate percentage of the leptospires agglutinated.

The end point is 50 percent agglutination. ELISA tests

are also used as serological methods for identification, in

reactions with standard antisera (Dikken and Kmety

1978; Faine et al. 1'999; Levett 200L; Weyant et al. 1999).

Serological identification should be done at least to

serogroup level, but to serovar level if possible, and in

addition, to subtype within the serovar if appropriate.

The lengthy standardized procedure begins with MAT

using various reference antisera from different

serogroups, to find one that agglutinates it to titer or

close to titer, repeated similarly with antisera reacting to

single serovars. Batteries of pooled sera are used initi-

ally. Homologous antisera to the new strain are

produced in rabbits. These antisera and the reference

antisera to the reacting reference strain are then
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absorbed and cross-absorbed with both the new strain
and the reacting reference strain. The absorbed antisera
are titrated in MAT using homologous and heterologous
strain antigens. The new strain is regarded as the same
as the old strain if the residual titers after cross-absorp-
tion both ways are 10 percent or less. A simplified
acceptable procedure is to use batteries of reference
monoclonal sera which can identify to at least serogoup
level immediately. Since the epitopes are not necessarily
characteristic nor unique for a single serovar, pools of
monoclonals are used to detect epitopes whose pattern
of reaction is specific for a serovar. The use of mono-
clonal antibodies supplants the methods employing
'factor sera' for 'factor analysis', an analogous form of
identification using serovar-specific pools of absorbed
antrsera.

It is important to identify the species as well as the
serovar when describing or researching a leptospire
because characteristics specified by species may be
different for a given serovar. The reference method for
bacterial speciation remains the degree of homology at
DNA level (Wayne et al. 1987). However, the procedure
is cumbersome and unsuitable as a tool for routine use.
RFLP based on PCR amplification of either 165 rRNA
or 23S rRNA genes has been shown to group strains in
general agreement with their correct species designation
(Perolat et al. \994 Ralph et al. 1993). Probes derived
from random primed PCR fingerprints were also able to
discriminate at species level (Letocart et al. 1997).

At subspecies level, the first widely used method was
restriction endonuclease analysis (REA) of whole
genomic DNA (Marshall et al. 1981). Despite the diffi-
culty in reading complex restriction profiles due to the
large number of fragments generated, the technique has
provided useful epidemiological information. For
example, RE,A first identified the Hardjobovis and
Hardjoprajitno subtypes now known to belong to
different species, as well as allowing discrimination of
three subtypes of Hardjobovis (Thiermann et al. 1986).
Similar subtypes have been identified within other sero-
vars. All leptospiral genomes appear to have multiple
copies of a range of insertion sequences; some of these
have been used as targets for identification and mole-
cular typing schemes (Zrterner et al. 1995; Zuerner and
Bolin 1997).

Interestingly, and perhaps unexpectedly, the analysis
by PFGE of restriction fragments generated by digestion
with rare cutting enzymes such as NotI or SgrAI yielded
unlque patterns for most serovars (Herrmann et al. 1992;
Herrmann and Saint-Girons 1993; Herrmann 1994). In
reality, PFGE has become accepted as the most appro-
priate and accurate molecular typing method. A disad-
vantage is the need for specialized equipment and exper-
tise. For this reason, a range of methods based on
random PCR amplification of chromosomal DNA has
been reported (Faine et al. 1999; Levett 2001); in
general they show good correlation with PFGE and can

be performed readily by any laboratory with PCR
capacity.

SUSCEPTI BILITY TO ANTIMICROBIAL
AGENTS

General and environmental agents

Leptospires and leptonemes are destroyed by heat above
abott 42C, acid (below about pH 6.5), alkali (above

about pH 8.0), heavy metals, halogens, detergents
(including soaps, free fatty acids, bile salts), drying and
reducing conditions (Eh below about -0.300 mV). They
can survive chilling to 4'C or freezing to -20'C in
tissues (including kidneys in butcher shops). In the
laboratory they can be cryopreserved in liquid nitrogen
and have been preserved lyophilized. Cultures stored in
sealed tubes in the dark at room temperatures below
about 40"C remain viable for months; leptospires have
been grown after 8 years of storage.

Antibiotics and metabolic antagonists

All classes of antibiotics except chloramphenicol and
rifampin kill leptospires. Penicillin and doxycycline are
used widely in therapy; the latter has also been used
for chemoprophylaxis. Streptomycin and dihydro-
streptomycin are used for eliminating leptospires from
the kidneys of carrier animals. Resistance to any anti-
biotic has not appeared as a clinical problem, probably
because there is no human-to-human transmission. Indi-
vidual isolates of leptospires are not usually tested for
susceptibility to antibiotics. The selective use of purine
and pyrimidine inhibitors for classiflcation has been
mentioned above.

PATHOGENICITY AND VIRULENCE
FACTORS

This topic is reviewed in detail in Faine et al. (1999) and
dealt with in the context of infection, pathogenesis, and
diagnosis.

Role in the normal f lora of humans

The natural habitat of leptospires is in the environment;
they are not known to be part of the normal flora of
humans or animals. Leptospires infect humans only by
accident of contact with a contaminated environment:
spread from humans to other humans is almost unknown
apart from congenital infection. Animals that survive
acute systemic infection may become renal carriers that
excrete leptospires in the urine; the carrier state is
not established without prior generalized clinical or
subclinical infection.
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'Pathogenic'  and'nonpathogenic'
leptospires - virulence and virulence
factors

Large numbers (approximately 1010) of leptospires of

either the nonpathogenic species L. biflexa or the patho-

genic species are dermonecrotic and cytotoxic. L. biflexa

and avirulent pathogenic leptospires do not survive for

long in the body because naturally occurring immu-

noglobulins kill them in the presence of lysozyme and

complement (Faine and Carter 1968). They are then

phagocytosed. Virulent leptospires survive possibly

because the antigens reacting with these opsonic immu-

noglobulins are not expressed or not available on the

surface. Virulent leptospires, growing in an animal host,

may also be able to survive in macrophages, in which

they induce apoptosis (Merien et al. 1998). This activity

was lost after a single in vitro passage. An outer

membrane lipoprotein LipL36 was synthesized at 30'C

but not at 37"C (Nally et al. 2001b), while some other

membrane associated proteins or lipoproteins, including

LrpL4l, LrpL32, and Ompl-l, are produced at either

temperature in culture, or only at 37'C and during

growth in an animal infection model (Cullen et aI.2002;

Haake et al. 1998, 2000; Nally et al. 2001b). LipL41 and

Ompl-l were synergistically protective in experimental

infections (Haake et al. 1999). The surviving leptospires
grow in the blood and selected tissues to a critical

concentration correlated with the appearance of lesions.

Growth of leptospires in the body stops when opsonizing

antibodies appear, 3-10 days after inoculation, followed

immediately by clearance by local and central reticu-

loendothelial phagocytosis. The opsonins are directed to

specific LPS epitopes. Nothing is known of the genetics

or regulation of expression of the ability to survive

natural antibodies (Faine et al. 1999).

The primary lesions in leptospirosis consist of damage

to the endothelial cells of small blood vessels, leading to

leakage of plasma and hemorrhages. Localized acute

inflammation and polymorphonuclear exudates are not

seen initially in acute leptospirosis. The consequences of

the damage to blood vessels are ischemia to the cells

and organs dependent on the disturbed blood supply and

the primary and secondary effects of sometimes massive

hemorrhage. Almost any organs or body systems can be

affected; the process is essentially the same in all

animals. Renal tubular necrosis is common. sometimes

followed by scarring during repair, and the localization

of leptospires on the luminal surface of the tubular cells,

where they grow and are excreted in urine (Faine et al.

1999).

The lesions are probably caused by the action of one

or more toxins, one of which is a cytotoxic and antigenic

GLP (see Chemical composition above) extractable

from leptospires, that can be identified in lesions; conva-

lescent oatients' antisera react with GLP. GLP activates

cytokines (Diament et al.2002). LPS does not appear to

play a signif,cant part in pathogenesis; it is very weakly
pyrogenic and does not produce the lesions that GLP

does. The effects of GLP may be due to the unusual

unsaturated fatty acids of leptospiral origin acting as

competitive inhibitors of the incorporation of normally

occurring fatty acids in the target cell membranes (Vinh

et al. 1986), resulting in a disturbance of Na*,K*-

ATPase activity in renal tubular cells (Younes-Ibrahim

et al. 1997b). Hemolysins (sphingomyelinases) produce

holes in erythrocyte and probably other cell membranes
(Lee et al.2002; Thompson L986).

Microbiological aspects of natural and
acquired resistance

Immunity in initial or subsequent infection appears to be

wholly humoral and serovar-speciflc, dependent on opso-

nization mediated by immunoglobulins directed to LPS

epitopes. Phagocytosis depends on antibodies to LPS.

Although it is generally agreed that antibodies are of

prime importance in protection from initial acute infec-

tion, a killed Hardjobovis vaccine stimulated a Thl

response in protected cattle (Naiman et al. 2001).
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BARTONELLA

HISTORICAL PERSPECTIVE

The flrst recognized member of the genus Bartonella is
B. bacilliformls, described by Alberto Barton in 1905.
The Peruvian physician observed the presence of
intraerythrocytic bacilli in blood smears of patients

suffering from Carri6n's disease (Barton 1905). Carri6n's

disease is a biphasic infection that occurs endemically in
the valleys of the South American Andes of Peru,

Columbia, and Ecuador and is transmitted by the blood

sucking sandfly Lutzomya venucarum. The acute stage

of the infection is known as 'Oroya fever,' a highly
febrile illness followed by a severe acute hemolytic
anemia. It was named after a dramatic outbreak during
the construction of the Peruvian railroad from Lima to
the mining center La Oroya in 1870. More than 8 000 of
the 10 000 laborers fell ill and most of them died
Several weeks or months later, many of those workers

who survived the acute febrile stage of the illness devel-

oped wart-shaped or hemangioma-like skin lesions, the

so-cal led'Verruga peruana'.

In August 1885, the 26-year-old Peruvian medical

student Daniel Alcides Carri6n inoculated himself with
secretions from a Verruga peruana skin lesion of a 1,4-
year-old patient. Three weeks later he developed high

fever followed by severe anemia. Eighteen days later
Daniel Carri6n died from Orova fever and demon-

1 891

1 899
1 900
1 900
1 903

strated with this heroical self-experiment the common

infectious nature of Oroya fever and Verruga peruana

(Schu l tz  1968:  Garc ia -Caceres  and Garc ia  l99 l ) .

In 1926. successful cultivation of the causative

pathogen on blood containing media was reported and,

in honor of Barton, named Bartonella bacilliformis

(Noguchi and Battistini 1926).

In 1916, during the First World War, a newly recog-

nized disease was first reported from the eastern front of

the German army in Wolhynia (today part of the

Ukraine) by two German military physicians, Hiss and

Werner (Werner and Haenssler 1916). The soldiers

suffered from relapsing fever with body temperature up

to 40"C (in mean 6-10 attacks), headache, myalgia, bone

pain, moderate anemia, and occasionally hepatospleno-

megaly. Due to the 5-day periodic recurrence of the

fever the illness was known as 5-day-fever, febris quin-

tana or trench fever, but also as Wolhynia fever or

Werner-Hiss disease (Munk and da Rocha Lima

1917a, b). To demonstrate the infectious nature of the

disease, the two German physicians Benzler and Werner

inoculated themselves intramuscularly with blood from

a patient suffering from trench fever (Werner et al.

1916). After an incubation period of 20 and 23 days

respectively, both physicians fell ill. In contrast to

Carri6n's disease, however, trench fever is a selfJimiting

illness and the physicians recovered from their self-

expenment.

Henry da Rocha Lima was a Brazilian microbiologist,

who worked between 1910 and 1928. toeether with
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Stanislaus von Prowazek, at the Institute for Tropical
Medicine in Hamburg, Germany. In 191,4, the two micro-
biologists were told to investigate an outbreak of murine
typhus in Cottbus, where both became infected. In
contrast to von Prowazek who died on 17 February 1915
of murine typhus, Henry da Rocha Lima survived and
described the etiologic agent Rickettsia prowazekii. On
this occasion, da Rocha Lima was also confronted with
trench fever (de Cerqueira Falcao 1966). He
recognized very soon that the body louse was the
main vector for transmission of trench fever and showed
in his investigations that the agent of trench fever
(named by him Rickettsia pediculi) was found, in contrast
to R. prowalekii, mainly extracellularly in the gastro-
intestinal tract of the infected lice. He detected Rickettsia
pediculi in the body lice of 73 percent of trench-fever
patients, whereas only 18 percent of healthy soldiers had
been infested with infected lice (Munk and da Rocha-
Lima 1917b). In 1961, nearly a half  century later, Vinson
and Fuller were able to culture the agent of trench fever
on blood containing solid media and, in honor of Henry
da Rocha Lima, the strain was renamed subsequently in
Rochalimaea quintana (Vinson and Fuller 1961).

THE GENUS BARTONELLA

Members of the family Bartonellaceae belong to the s-2
subdivision of the Proteobacteria. showins a close evolu-

tionary relationship to the human pathogen Brucella and

to the plant pathogens Rhizobium meliloti and Agro-

bacterium tumefaciens (Marston et al. 1999). Depending

on the Bartonella species, the genome size varies

between 1 600 and 2 I74 Mb and the G + C (guanine-

plus-cytosine) content of the genome ranges from 39 to
41 percent (Roux and Raoult 1995).

In recent years, the classification of the family of

Bartonellaceae was revised several times. In 1993. the
genus Rochalimaea, including the four species R. quin-

tana, R. vinsonii, R. henselae, and R. elizabethae was

removed from the family Rickettsiaceae and transferred

to the family Bartonellaceae, which by then consisted of

a single species, namely B bacilliformls (Brenner et al.

1993). Based on the 165 rRNA gene sequencing, DNA

hybridization, G + C content, and phenotypic character-

ization studies, Birtles et al. (1995) proposed the unifica-

tion of the genera Grahamella (consisting of the two

species G. talpae and G. peromysci) and Bartonella

and defined three new species, namely B. doshiae,

B. grahamii. and B. taylorii.

In the following years, the number of identified Barto-

nella species increased considerably. The widespread

occurrence of Bartonella in the bloodstream of different

mammals has resulted in the description of several new

Bartonella species. Currently, the family Bartonellaceae

consists of 20 Bartonel/a soecies which are listed in

Table 73.1.

Tabfe73.1 Thefamilyof Bartonellaceae,theirnatural reservoirandmodeof transmission

Year of
description

1 905
1 9 1  1
' t 9 1 7
't942

1946
't992

1 993
1 995
1 995
1 995

1 996
1 996
1 998
1 999
1 999

1 999

2000
2001

2002
2002
2003
2004

Bartonella species

1 B. bacilliformis
2 B. talpae
3 B. quintana

4 B. peromysci

5a B. vinsonii spp. vinsonii
6 B. henselae

7 B. elizabethae
8 8. grahamii

9 B. taylorii
10 B. doshiae
5b B- vinsonii spp. berkhoffii
11 B. clarridgeiae
12 B. tribocorum
13 B. alsatica
14 B. koehlerae
5c B. vinsonii spp arupensrs
15 B. birt lesi i
16 B. schoenbuchii
17 B. bovis (=8. weissii)
18 B. capreoli
19 B. washoensis
20 B. chomelii

Reference

(Barton 1905)
( B r u m p t  1 9 1 1 )
(Schmincke 1917)
(Tyzzer1942)
(Baker 1946)
(Regnery et al. ,  1992a;
Welch at al., 1992)
(Da ly  e t  a l .  1993)
(B i r t les  e t  a l .  1995)
(B i r t les  e t  a l .  1995)
(Birt les et al.  1995)
(Kord ick  e t  a l .  1996)
(Lawson and Coll ins 1996)
(He l le r  e t  a l .  1998)
(He l le r  e t  a l .  1999)
(Droz et al.  1999)
(Welch et al.  1999)
(Bermond et al.  2000)
(Deh io  e t  a l .  2001)
(Bermond et al.  2002)
(Bermond et al.  2002)
(Kosoy et al.  2003)
(Mail lard et al.  2004)

Reservoir

human

mote

numan

deer, mouse
vote

cat

rat
mouse, vote
mouse, vote

vote

oog

car
rat

rabbit
cat

mouse

mouse

roe oeer

cattl e/cat
roe oeer
ground squ i r re ls
catt le

Vector

sandf ly

unknown
body louse

unknown
vole ear mite

cat f  lea

unknown
unknown

unknown
unKnown

ticks

cat flea

unknown
unKnown

unKnown
ticks

unKnown

unKnown

unKnown
unKnown
unKnown
unKnown

Note that 5a, 5b, 5c are subspecies which belong to the same Sartonel/a species



Reservoir and modes of transmission 1887

Microscopically, all Bartonella spp. are gram-negative,
pleomorphic, slightly curved bacilli of approximately 1-
2 - 0.5 pm with a distinct tendency to autoagglutination
(Figure 73.1). Growth of Bartonella spp. is obtained on
fresh media supplemented with 5 percent sheep or
rabbit blood in the presence of 5 percent CO2. The
optimal incubation temperature varies from 25"C (8.

bacilliformis) to 35"C (other species). The aerobic,
highly fastidious organisms are oxidase- and indole-
negative, and inert in carbohydrates metabolism. The

G + C content ranges from 38.5 to 41 mol%.
Electron microscope examination of B. bacilliformis,

B. clarridgeiae, B schoenbuchii, and B. capreoli demon-
strated the presence of multiple unipolar flagella. Polar
structures resembling fimbriae have been observed in
B. tribocorum and ,8. alsatica, whereas most strains of
B. henselae and B. quintana have peritrichous pili, which
are associated with cytoadherence. B. bacilliformis and
B. henselae (and probably also B. quintana, B. doshiae,
and B. grahamii) are known to produce bacteriophage-
like particles that package 14 kbp segments of the host
chromosome (Anderson et al. 1994; Barbian and
Minnick 2000).

RESERVOIR AND MODES OF
TRANSMISSION

The natural reservoir of the different Bartonella species
and the mode of transmission are presented in
Table 73.1. The currently available data indicate a
strong association of a given Bartonella sp. with a
specific host, i.e. B. bacilliformis and B. quintana with
humans, B. henselae, B. clarridgeiae, and B. koehlerae
with cats, B. vinsonii slbsp. berkhoffil with dogs and
coyotes, B. alsatica with wild rabbits, B. tribocorum with
rats, and B. schoenbuchii and B. capreoli with roe deer.
However, factors which are involved in the determrna-
tion of host speciflcity have not been described. Simulta-
neous infection with more than one Bartonella sp. has

been demonstrated in cats and rodents (Figure73.2).

Figure 73.2 Bartonella henselae (small colonies) and B
clarridgeiae (rough colonies) isolated from a blood culture of a
cat

Several ectoparasites have been implicated in trans-

mission of Bartonella species. Bartonella bacilliformis is

transmitted to humans by the sandfly Lutzomyia verru-

carum, B. quintana by the human body louse Pediculus

humanus, and B. henselae by scratches or bites from

bacteremic cats or by the cat flea Ctenocephalides felis.
Bartonella henselae is transmitted from bacteremic

cats to speciflc-pathogen-free cats by the cat flea, and

the agent can be cultured from flea feces up to 9 days

after feeding on infected blood. Experimental infection

of cats by intradermal inoculation with infected flea

feces was also shown. ln contrast. when uninfected cats

were housed with B. henselae infected cats in an ecto-

parasite-free environment, no evidence of Bartonella

transmission was noted. Although still not proven, there

is also strong evidence that transmission of B. henselae

to humans occurs via infected flea feces, either by

contaminated claws or teeth after cat scratches or bites,

or directly by inoculation of infected flea feces after flea-

bite by scarification of the skin or through conjunctival

contact. Although cat fleas frequently infest dogs within

a household which also contains infected cats, these

organisms have not been isolated from the blood of

asymptomatic dogs until now (Breitschwerdt and

Kordick 2000).

All BartoneLla species have been isolated from the

bloodstream of their host. Detailed investigations

concerning the presence of B. henselae in the blood of

cats have demonstrated that the bacteria may be found

intracellularly in 2.9-6.2 percent of the erythocytes in

bacteremic animals (Kordick and Breitschwerdt 1995;

Rolain et al. 2001,), but also extracellularly in infected

animals (Guptil et al. 2000).

In veterinary medicine, the most extensive Bartonella

studies have involved domestic and feral cats. The rate

of bacteremic cats and the seroprevalence of B. henselae

antigen is much higher (40-70 percent) in cats that live

in warm, humid regions of the world, in which severe
Figure 73.1 Microscopic presentation of Gram-stained B
henselae: small gram-negative, pleomorphic, slightly curved rods
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flea infestation is expected (Breitschwerdt and Kordick
2000). Feral cats are more likely to be infected than pet
cats from the same region. Although some of these
animals may be bacteremic over a period of more than 1
year, cats are usually healthy and asymtomatic (Sander

et al. \997).

There is strong evidence that ticks play an important
role in the transmission of Bartonella species among
animals. However. the role of ticks in transmission to
humans remains undefined. Elimination of fleas, ticks,
and body lice may interrupt transmission of Bartonella
species to humans and among animals.

Eight of the 20 currently described Bartonella spp. are
known to be related to human diseases (Table 73.2).

BARTO N E LLA BACI LLI FORM IS AN D
CARRION'S DISEASE

Clinical manifestations

B. bacilliformls is a fastidious hemotropic organism
which invades and destroys red blood cells. The
organism appears to have a restricted geographical
distribution to specific altitudes (500-3 200 m) of the
mountainous regions in the South American Andes of
Peru, Ecuador, and Colombia (Gray et al. 1990; Alex-
ander 1995; Amano et al. 1,991; Cdceres-Rios et al.
1995). However, outbreaks have also been reported in
formerly nonendemic areas over recent years and barto-
nellosis (Carri6n's disease) appears to be an emerging
disease with an expanding geographical distribution.
Outbreaks of bartonellosis were reported in late 1996 in
Utcubamba River Valley in the Amazonas Department
in Northern Peru (Kosek et al. 2000) and in 1998 in the

Urubamba River Valley (Cusco) of Peru (22 case-
patients, Ellis et al. 1999), regions not previously consid-

ered endemic for this disease. as well as in 1997 in

Zamora Chinchipe Province in Ecuador involving 19

cases (Cooper et al. 1997). In a prospective, population-

based study of bartonellosis in the Caraz District, an

endemic area in Peru. the incidence of bartonellosis was

12.711 000 persons/year and the prevalence of asympto-

matic B. bacilliformis bacteremia was 0.5 percent. The

incidence was highest in children, particular young chil-

dren aged 0-4 years (38/100 person-years) and 5-10

years (16i100 person years). The age-related incidence

pattern found suggests an acquired immunity following

exposure to this agent (Chamberlin et al.2002).

Bartonella bacilliformis is transmitted by the bite of

the sandfly Lutzomyia verrucarum. In the human host,

B. bacilliform ri causes a biphasic disease with two

distinct clinical forms.

The first and acute phase of bartonellosis, named

Oroya fever, has an incubation period of usually 1-3

weeks (range 7-100 days) and is characterized by fever,

headache, hemolytic anemia, pallor, myalgia, and

arthralgia. It may also be associated with generalized or

regional lymphadenopathy (1.5-3 cm, nonpainful,

nonadherent), severe thrombocytopenia, altered mental

status, seizures, meningeal signs, hemiparesis, and

hypoxic complications of delerium and coma. Fundu-

scopic abnormalities including flame-shaped hemor-

rhagies, cotton-wool exudates, and papilledema have

been described, as well as pericardial and pleural effu-

sions and cardiomegaly (Maguina and Gotuzzo 2000).

The severity of this stage ranges from subclinical infec-

tion to an acute hemolytic crisis, when B. bacilliformis

invade up to 90-100 percent of erythrocytes and causes

a massive destruction of red blood cells in all orsans

Tabf e 73.2 Currently recognized human diseases related to Bartonella species

Bartonella spp.

1 B. bacilliformi

2 B. quintana

3 B. henselae

4

5
o

l b

8

Endocardit is
B. el izabethae Endocardit is

Neuroretin i t is
B. clarridgeiae Cat-scratch disease
B. grahamii Neuroretinit is
B. vinsonii spp. arupensrs Fever, bacteremia
B. vinsonii spp. berkhoffii Endocarditis
B. washoensis Mvocarditis

Year of
Associated human diseases description

Carri6n'sdisease: Oroya-f iever, 1870
Verruga-Peruana

Trench fever

Baci l lary angiomatosis,
pel iosis

Endocardit is

Cat-scratch disease
Bac i l la ry  ang iomatos is ,  pe l ios is

Reference

(Garcia-Caceres and Garcia 1991)

(Werner  e t  a l .  1916)
(Re lman e t  a l .  1990)

(Spach e t  a l .  1993)
(Debr6 et al.  1950)
(Regnery et al.  1992a; Welch et al.
1992)
(Hadf ie ld  e t  a l .  1993)
(Daly et al.  1993)
(O 'Ha l lo ran  e t  a l .  1998)
(Kordick et al.  1997)
(Kerkhoff et al.  1999a)
(Welch et al.  1999)
(Roux et al.  2000)
(Kosoy et al.  2003)

1 9 1 6
1 990

1 993

1 950
1992

1 993
1993
1 998
1997

1999
1999
2000

2003
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(Reynafarie and Ramos L96L). Untreated, Oroya fever

is often life threatening. This acute stage may be accom-

plished by a variably-induced immunosuppression, and

may be associated with the presence of secondary infec-

tions. Up to 35 percent of Oroya fever patients may

develop infectious complications, including systemic

salmonellosis (Salmonella Typhi and enteric Salmo-

nella), shigellosis, reactivation of toxoplasmosis, dissemi-

nated histoplasmosis (Histoplasma capsulatum), malaria,

and infections caused by Staphylococcus aureus, Entero-

bacter spp., Pneumocystis jiroveci (carinii) (Colich6n and

Cuandra 1954; Cuandra 1956; Maguina et al. 2001).

After the acute phase, recurring episodes of fever and

transitory pain in the bones, joints, and muscles may

occur (Ricketts 1949).

Only limited data on the course of bartonellosis

during pregnancy are available. One study noted that of

five pregnant patients suffering from acute bartonellosis,

two died and only one had a successful outcome of preg-

nancy (Maguina et al. 200L). Bartonellosis seems to bear

a great risk for both the pregnant mother and the fetus.

During the Oroya fever outbreak of 1871 a fatality

rate of 80 percent was reported and during the

Shumpillan outbreak in 1990 (Gray et al. 1990) the

patient fatality rate in untreated cases was 88 percent.

A recent retrospective hospital-based study reported

a mortality rate of 8.8 percent despite appropriate anti-

biotic treatment (Maguina 1993). In a population-

based study during the Utcubamba outbreak in 1996 the

case fatality rate differed enormously from those

previously reported and was only 0.7 percent. In the

same study, the attack rate of Oroya fever was 13.8

percent and that of Verruga peruana 17.6 percent
(Kosek et al.2000).

Following the acute clinical manifestations of Oroya

fever, a period of dormancy or latency, generally noted

for months, may ensue. Subsequently, patients may

develop the second, chronic eruptive stage, named

verruga peruana ('Peruvian warts'). Although verruga

peruana was originally thought to occur only in patients

who had suffered and recovered from Oroya fever, some

recent studies found that 5 percent of the patients with

Verruga peruana had no history of an acute febrile

illness months before the skin eruptions. The acute

febrile stage is rarely seen among the natives in endemic

regions, on which Verruga peruana is common. Three

different types of cutaneous manifestations were

observed: (1) the miliary lesions typically consist of

multiple L-4 mm papular, erythematous, round lesions

that are frequently associated with pruritus; (2) the

nodular (subdermic) lesions appear as a subdermal

nodule without changes in the overlying skin, without

pruritus and usually few in number; and (3) the mular

skin lesions are typically >5 mm in diameter, erythema-

tous, and bleed easily. The verrugas vary in size and

number and occur predominantly on the head and distal

extremities. Lesions on the coniunctiva and on the nasal

and oral mucosa have also been described (Maguina

et al.200l; Welch and Slater 1999).

In a population-based study, the peak prevalence of

the appearance of new skin lesions occurred 1 month

after the peak prevalence of the febrile illness. The inci-

dence of Verruga peruana was highest in children aged

7-12 years (Kosek et al. 2000). The verrugas may perstst

for several months to years, but this stage is benign and

self-limiting.

In the outbreak study performed by Kosek et aI.

(2000), 77.5 percent of the native population were

found to have evidence of prior infection with B. bacilli'

formis. The seroprevalence ranged from 70.4 percent

in children aged <6 years to 85.1 percent in patients

aged >55 years. In the same study, the majority (56'4

percent) of seropositive patients reported no illness or

new skin lesions during the past year. Serological inves-

tigations of healthy volunteers living in an endemic area

for B. bacilliformis revealed that 45 percent of the

people tested were seropositive (Chamberlin et al.

2000).
Public health control measures have included educa-

tion in endemic areas and the use of insecticides. Visi-

tors going to endemic regions for B. bacillifornzls should

be aware of preventive measures against bartonellosis,

e.g. protection against exposure to sandflies, wearing

long-sleeve shirts and pants, using insect repellent, and

reducing outdoor activities around dusk and dawn when

sandflies are most active.

Diagnosis

LABORATORY DIAGNOSIS

For the diagnosis of acute Oroya fever, thin-fllm blood

smears are stained with Giemsa stain and examined by

Iight microscopy for the presence of intra- or extra-

erythrocytic coccobacillary bacteria (magnification

x1 000). Using bacterial isolation as the standard,

sensitivity, specificity, and positive predictive value of

thin blood smears were found to be 36, 96, and 44

percent, respectively (Ellis et al. t999). The percentage

of infected red blood cells range from 2 to 100

percent (mean 61, percent) (Maguina et al. 2001)
(Table 73.3).

Only few data concerning the laboratory parameters

during bartonellosis have been published. Increased

levels of aspartate aminotransferase, alanine amino-

transferase, alkaline phosphatase, and total bilirubin

have been reported.

CULTURAL AND BIOCHEMICAL
CHARACTERISTICS

B. bacilliformis can be isolated from blood and tissue

specimens (spleen, liver, lymph nodes, skin, cere-

brospinal fluid (CSF)) on a variety of media containing

fresh blood or hemoglobin (e.g. Columbia blood agar
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Oroya
Symptom fever (%)

Fever 99-100
Mala ise  99
Anorexia 93
Pallor 85-97
Headache 69-80
Prostration 69
Sweats 56
Card iac  murmur  78
Tachycardia 56
Cough t0
Dyspnea 2645
Pulmonary rales 21
Emesis 41-65
Abdomina l  pa in  46
Diarrhea 30
lcterus 55-71
Hepatomegaly 82
Splenomegaly 29
Lymphadenopathy 5-69
Myalgia 26-50
Arthralgia 35-41
Edema (pretibial) 20-29
Anasarca 9
Rash 5
Abnormal  resu l ts  o f  15
funduscopic examination
Verruga 0
Bleeding of verruga

Table 73.3 Clinical symptoms in patients with Oroya fever (acute
phase of bartonellosis) and verruga peruana (second, chronic
stage of bartonellosis) (modif ied after Ellis et al. 1999 and
Maquina et al 2001)

Verruga
peruana (%)

57

53
40

47

25

5

26

1

9

6
29

26

47
1 0

100

66

-, nor reporleo

incorporating 10 percent horse blood; Colichon's medium
consisting of soy agar plus sheep hemoglobin plus
alanine). Cultures should be incubated at 25-28.C for at
least 4 weeks in a humid atmosphere. In a study performed
by Maguina et al. (2001), the mean time for positive blood
cultures was 18 days (range 12-29 days) and isolates of
B. bacilliformls were also obtained from lymph nodes and
from CSF cultures. In the acute phase of bartonellosis,
B. bacilliformls has been isolated from blood cultures in 71
percent of the cases, whereas in the eruptive-phase barto-
nellosis thin-film blood smears and blood cultures have
been positive in 13 percent of the patients.

Morphologically, B. bacillformis occurs in young
cultures mainly in the form of short rods arranged
singly, in pairs, in chains, clumps, or chains and clumps.
In older cultures coccoid forms predominate. However,
there is a considerable degree of pleomorphism. The
rods are 0.3-1.5 pm long and 0.2-0.5 pm broad, motile
and a tuft of at least ten flagella can be demonstrated at
one pole. Ultrathin sections of red corpuscles examined
by electron microscopy show that the organisms are situ-

ated inside the corpuscles, as well as on the surface, and
that they have a trilaminar cell wall.

On solid media, growth occurs either in the form of
minute, circular colonies, or as an opaque, finely gran-
ular, mucoid film that has a tendency to outgrow the
original boundaries of the inocultm. Bartonella bacilli-

formis growth is strictly aerobic at a temperature of 25
to >28"C. It prefers a pH of 7.8, ferments no sugar and
survives in semisolid medium at -70C for years and at
25-28C for several weeks (Weinman 1968). For
biochemical reactions, see also Table 73.5.

POLYMERASE CHAIN REACTION AND
GENOTYPING

Polymerase chain reaction (PCR) methods have been
used in few studies to detect B. bacilliformis DNA in
blood specimens. However, the sensitivity of this
method for diagnosis of B. bacilliforzis infection is
currently unknown (Chamberlin et al. 2002). First geno-
typing studies of isolates obtained from different regions
in Peru revealed six genotypes of B. bacilliformis
(Birtles et al. 2002). Further studies are needed to
improve our understanding of the epidemiology and the
clinical importance of these different genotypes.

SEROLOGY

Detection of antibodies against B. bacilliformls seems to
be more reliable in patients suffering from Verruga
peruana than in patients with the acute phase of barto-
nellosis. Mallqui et al. (2000) have described an rmmu-
noblot test that uses sonication of whole B. bacilliformis
and reported 94 percent sensitivity for patients with
eruptive-phase bartonellosis and 70 percent sensitivity
for patients with acute bartonellosis; in healthy indivi-
duals, the test showed 100 percent specificity. A recently
developed indirect fluorescence antibody assay (IFA)

showed a sensitivity of 82 percent in detecting B. bacilli-

formis antibodies in acute-phase blood samples and a
sensitivity of 93 percent when convalescent-phase sera
were tested. The specificity of the test was 92 percent
and the positive predictive value was 89 percent (Cham-

berlin et al. 2000). Serological crossreactivity has been
noted between B. bacilliformis and Chlamydia psittaci
and has been attributed to similarities in the structure of
the lipopolysaccharides (Knobloch et al. 1988).

HISTOPATHOLOGY

Histologically, verruga peruana is characterized by endo-
thelial cell proliferation and neovascularization. Fibrosis
and involution occur. In Giemsa-stained verruga biopsy
sections, organisms may be seen in the cytoplasm of
vascular endothelial cells. The bacteria are best demon-
strated by Warthin-Starry staining. Electron microscopic
studies have shown that B. bacilliformis was found abun-
dantly in the extracellular space of the florid lesions and
that no organisms were present in the late resolving
subcutaneous nodules (Bass et al. 1997a; Arias-Stella
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et al. 1986). The microbial factors responsible for the
pathogenesis of these lesions are unclear.

Treatment and susceptibility to
antimicrobial agents

B. bacilliformls organisms in vitro are highly susceptible

to a large number of antibiotics, including B-lactams,
aminoglycosides, chloramphenicol, rifampin, macrolides,

tetracyclines, cotrimoxazole, and fluoroquinolones
(Sobraqus et al. 1999).

Chloramphenicol, given in a daily dosage of 2 g or more
for 10-14 days, was established as the drug of choice for

the treatment of Oroya fever in the 1950s (Urteaga and
Payne 1955). In a recent study, successful treatment of the
acute phase of bartonellosis with chloramphenicol was

seen in approximately 95 percent of patients. However,
chloramphenicol-resistant cases have been observed and
treatment with chloramphenicol did not eliminate the
patient's risk of the subsequent development of the erup-
tive phase of bartonellosis. Successful treatment of acute
bartonellosis has also been reported with other antibiotics,
e.g. penicillin, streptomycin, erythromycin, tetracycline,

and recently with ciprofloxacin (Maguina et al. 2001).
Rifampin at a dosage of 10 mg/kg/day for 10-14 days

is the drug of choice for patients suffering from Verruga
peruana. Alternatively, streptomycin at a dosage of
15 mg/kg/day for 10 days may be given, but rifampin
seems to be more effective (80 percent good response)

compared to streptomycin (56 percent good response)
(Maguina et al. 2001). More recently, ciprofoxacin
(500 mg twice a day for 7-10 days) was successfully used
for the treatment of multiple eruptive-phase lesions in
adults (Maguina and Gotuzzo 2000).

Pathogenesis

The flagella of B. bacilliformis are an important compo-
nent to allow invasion of human erythrocytes (Scherer

et al. 1993). In bacterial culture supernatants, a small
water-soluble molecule, called deformin factor or
deformin, could be identified and was shown to cause
deformation and invagination of red cell membranes, as
well as formation of intracellular vacuoles (Derrick and
Ihler 2001). Recently, a protein of B. bacilliformis with
hemolytic activity has been detected (Hendrix 2000).

INFECTIONS DUE TO BARTONELLA
H ENSELAE AND BARTON ELLA
QUINTANA

Clinical manifestations

B. HENSELAE AND CAT-SCRATCH DISEASE

Cat-scratch disease (CSD) was first described in 1950 by
Debr6, a French physician, who described several

patients with suppurative lymphadenitis following cat

scratches (Debr6 et al. 1950). Since then, a large number

of viral and bacterial organisms have been suspected as

etiologic agents for CSD, including Chlamydiae, acid-

fast bacteria, Pasteurella spp., herpes simplex virus,

feline bacteria and viruses, and finally in 7988 Afipia

/e/ls (English et al. 1988).

In 1992, B. henselae was first proposed as the etiologic

agent of CSD (Regnery et al.1992b, c) and thereafter a

large number of serologic, culture-, and molecular-based

data confirmed this conclusion. Currently, CSD is nearly

exclusively associated with B. henselae. Reports sugges-

ting additional etiologic agents still await confirmation.

However, a large number of other infective agents are

known to cause lymphadenopathy, e.g. staphylococci,

streptococci, Haemophilus spp., Mycobacterium spp.,

Francisella tularensis, B rucella spp., Treponema pallidum,

Leptospira spp., Chlamydia spp., Toxoplasma gondii,

B orrelia spp., Epstein-Barr virus, cytomegalovirlus, Histo-

plasma capsulatum, and others (Ridder et al. 2002;

English et al. 1988). All these agents should be considered

in the differential diagnosis of infective lymphadeno-

pathy. Lymphoma is the most common malignancy that

might be misinterpreted as CSD. So, in cases with atypical

clinical presentations, or when the serological results are

not indicative, surgical extirpation of the lymph node may

be required for histopathological investigations.

Cat-scratch disease occurs worldwide in all ages, in

children and adults. Most cases occur in late fall and

winter (October-March), when a closer and prolonged

contact to indoor cats occurs. Patients with cat-scratch

disease are likely to own a cat aged 12 months or

younger, and to have been scratched or bitten by a

kitten. These cats are often found to be infested with cat

fleas. Cat-scratch disease occurring in two or even in

three siblings has been reported and was often asso-

ciated with the acquisition of a new kitten in the house-

hold (Gonzalez et al.2003; Sander et al. 1998c).

Cat-scratch disease is the typical clinical manifestation

of a B. henselae infection in immunocompetent patients

and appears in two different forms.

Typical cat-scratch disease

Typical cat-scratch disease is a benign and selflimited

illness. Between 25 and 60 percent of patients report a

primary cutaneous granulomatous lesion of 0.3-1 cm in

diameter at the site of inoculation (Figure 73.3a). Ir.t' a

recent study performed by Ridder et al. (2002) only 57

percent of all CSD patients had been exposed to cats,

suggesting that other vectors (e.g. cat fleas or even other

parasites) may play an important role in transmission of

B. henselae to humans (Table 73.4). Of the 61 CSD

patients, 54 percent were female and 46 percent were

male, and the age range was 4-89 years (median

33.9 years). The primary skin lesions occur 3-10 days

after injury (scratches or bites) and precede the onset of
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Figure 73.3 (a) C5D patient Primary granulomatous lesion at the
site of inoculation a few days after cat scratch (b) CSD patient
(same patient as presented in panel (a): Supraclavicular
lymphadenitis followed 4 weeks after a cat scratch

lymphadenopathy by 1-3 weeks (range 7-60 days).
Regional lymphadenpathy is the most common clinical
manifestation of CSD and the site of lymphadenopathy
depends on the site of inoculation (Figure 73.3b). The
head and neck (28-43 percent) and the axillary (38-49
percent) lymph nodes are most often affected, followed
by supraclavicular, inguinal, cubital, epitrochlear, and
other localizations. Lymphadenopathy at more than one
anatomical site appears in 37-59 percent of all cases.
Lymph nodes may increase in size (usually 1-5 cm in
diameter or even larger) and number for up to 4-6
weeks. The whole extent of lymphadenopathy can be
best documented by ultrasonography (Ridder et al
2003). The usual duration of lymphadenopathy is
approximately 2 4 months, and in some cases even
longer. Only one-third of all patients presents with fever
up to 40'C in the f irst days (up to 3 weeks) of the i l lness.
Headache, weakness, weight loss, nausea, vomit ing, sore
throat, pharyngit is, anorexia, and hepatosplenomegaly
may occur. In addition, maculopapular eruptions,
erythema nodosum, and thrombocytopenic purpura have
been observed (Ridder et al. 2002; Regnery and
Tappero 1995; Anderson and Neuman 1997; Bass et al.
1997b; Carithers 1985; Hamilton et al.  1995).

Late in the course of illness, 10-L5 percent of the

lymph nodes may suppurate. In a recent study acute

lymphadenopathy was diagnosed in 64 percent of the

CSD patients, 18 percent had suppurated lymph nodes

and 18 percent had chronic lymphadenitis of more than

3 months of duration (Ridder et aL.2002).

In summary, CSD must be considered in all cases of

regional (acute or chronic) lymphadenopathy. Exposure

to cats or cat fleas is the main risk factor. Cat-scratch

disease may be more prevalent than previously realized.

lJnnecessary biopsy of the lymph node may be avoided

by use of adequate serological examinations.

Atypical cat-scratch disease

Atypical cat-scratch disease is characterized by unusual

manifestations of CSD and occurs in 5-25 percent of all

infections. Parinaud's oculoglandular syndrome, neuror-

etinitis, encephalitis, hepatic granulomas, osteomyelitis,

endocarditis, and pulmonary disease may occur, but

these complications usually resolve without sequelae.

OCULAR MANIFESTATIONS

Parinaud's oculoglandular syndrome (POGS) occurs rn

2-17 percent of all patients and manifests as unilateral,

granulomatous conjunctivitis and ipsilateral preauricular

lymphadenopathy. POGS occurs after direct inoculation

of the organisms into the eye. Recently, further ocular

features of Bartonella infections have been reported.

Mainly unilateral neuroretinitis and endophthalmitis

with acute visual loss, optic nerve edema, and macular

exudates are typical clinical manifestations (Wear et al.

1985; Grando et al. 1999; Dondey et al. 1997; Le et al.

1994; Kerkhoff et al.  1999b: Reed et al.  1998).

NEUROLOGIC MANIFESTATIONS

Neurologic manifestations associated with CSD occur 1n

2-3 percent of the patients. Encephalopathy, encepha-

litis, myelitis, radiculitis, and cerebral arteritis are the

most frequently reported symptoms. In patients with

CSD encephalopathy symptoms usually appear abruptly.

Patiens may develop headaches, convulsions, and may

become confused and disorientated. Status epilepticus in

children has been reported. A history of cat exposure,

regional lymphadenopathy. or a papule on the site of

inoculation is often missed and is not essential for the

diagnosis. Most patients have an abnormal electro-

encephalogram, but a normal computed tomographic

scan of the brain, and mononuclear pleocytosis in the

cerebrospinal fluid is found only in 2O-30 percent (Cari-

thers and Margileth 1991; Marra 1995; Noah et al. 1995;

Easley et al.1999).

DISSEMINATED CSD

Disseminated CSD has occasionally been described,
presenting with a large variety of clinical symptoms and

may be difficult to diagnose. Clinical manifestations
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Tabfe 73.4 Clinical findings in patients with CSD (modified after Ridder et al. 2002, Tsukahara 2002; Hamilton et al 1995, Margileth
1 993)

Reference

% of patients

Department

Symptoms of typical CSD:
Lymphadenopathy (LA) site:
Head and neck

Ax i l la

Ingu ina l

Other sites
LA at >1 site
Acute LA

5uppurative LA

Chronic LA

Primary skin lesion

Pharyng i t is
Fever

Mala ise

Parotid gland swell ing

Sk in  rash

Laryngit is

Headache
Arthralgia

Symptoms of atypical CSD.
Parinaud's syndrome
Encephalopathy

Systemic CSD
Neu roretin i t is
Erythema nodosum

Ridder et al. (2002)
o/o (of 61)

ENT

1 0 0

1 0 0

59
64

1 8
1 8

1 8

1 0

1 0
6.6

3
t . o

1 0

54
46
44
0

33.9
4-89

Hamilton et al.
(1995) Margi leth (1993)

a/. (of 246) "/o (ot 1 8521

Ped iatr ics

Tsukahara (2002)
o/" (ot 619)

85.6

92.2
41.6

33

1 5 . 9
19.7

6 5 . 1

68.9

14.4

14.6

7 .9

35

2.2
1 3 . 5

1 . 1

75.6

53.7

46.3

23

1-81

39.3

100
43
38
20
t 5

37

26
1 3
39
34

6

1

52
48
1 1
0

1 4
1-64

43

1 5

o l

I

32
30

5

1 4

3

6-8
1 .5-2.5

0.9-7

0.9-7
0.8

0.4

0 .3

0 .2

0.2-1 .5

3
95

100
80

14-730

34

Thrombocytopenic purpura

Hepatosplenic involvment

Pneumonia (atypical)

Osteolyt ic lesions

SeizureVcoma

Exposure to cats 57

Gender:
Female

Male

Hospital ized patients

Deaths

Duration of i l lness (days)

Age ( in years, mean)
range

)18 years

-, not reported; ENT, Ear, Nose, and Throat Department

include persistent fever (fever of unknown origin

(FUO)), hepatic and splenic abscesses, various skin

lesions, arthritis, pneumonia, pleural effusion, thrombo-

cytopenic purpura, and osteolytic lesions. Persistent

fever, abdominal pain, and vomiting are important

symptoms indicating visceral, especially hepatosplenic,

involvement (Waldvogel et al. 1994; Dunn et aI. 1997;

Sander and Frank 1997; Jacobs and Schutze 1998; Arisoy

et al. 1999; Robson et al. 1999; Ventura et al. 1999;
Ruess et al. 2000).

B. QUINTANA, TRENCH FEVER, AND
BACTEREMIA

Trench fever and its etiologic agerfi B. quintana was first

described during the First World War. Very soon, Henry

da Rocha Lima identified the body louse as the main
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vector of transmission of this pathogen. After the First
World War, the incidence of trench fever decreased, and
the illness reappeared during the Second World War.
Thereafter, living conditions improved and B. quintana
was nearly forgotten for half a century. A reemergence
of B. quintana infection was observed in recent years in
homeless people and chronic alcohol ill patients. The
major predisposing factors are living in poor hygienic
conditions and infestation with body lice. ln 1999,
Brouqui et al. reported that 30 percent of homeless
people at the University Hospital in Marseille had high
antibody titers against B. quintana, 14 percent were
bacteremic, and 7 percent had persistent bacteremia. B.
quintana infections among homeless people and in
patients with chronic alcoholism were also described in
the United States (Jackson and Spach 1996, Spach et al.
1995). Asymptomatic, prolonged bacteremia (up to 78
weeks) or intermittent bacteremia in homeless people
may occur. Treatment with gentamicin and doxycycline
was effective in preventing relapses of bacteremia
(Foucault et a\.2002). Headaches, severe leg pain, and
sweats were the main symptoms associated with bacter-
emia. In homeless people, B. quintana might cause
acute, severe illness, but chronic infection with few or no
symptoms has often been reported.

It was demonstrated that B. quintana invades human
erythrocytes. However, in infected people, the propor-
tion of infected erythrocytes is very low, ranging
between 0.001 to 0.005 percent without signs of anemia.
Bacteria may be detected in erythrocytes by confocal
mrcroscopy. However, this method lacks sensitivity and
the detection l imit is about 5 x l0a colony-forming units
(cfu) per ml. Infected erythrocytes each may contain up
to five bacteria (Rolain et al.2002).

Nonhemolytic intracellular colonization of erythro-
cytes is a unique strategy for bacterial persistence. It
facilitates efficient transmission by the body lice and
protects from host immune responses! as well as anti-
microbial therapy.

BACILLARY ANGIOMATOSIS AND PELIOSIS
HEPATIS (8. HENSELAE AND B. QUINTANA)

In immuncompromised, predominantly in human immu-
nodeficiency virus (HIV)-positive patients, infection with
Bartonella species manifests with vascular proliferative
lesions of the skin, known as bacillary angiomatosis
(BA). Skin lesions are solitary or multiple (up to 1 000)
and are usually red to purple. They develop from small
papules to form nodules or tumors which resemble
pyogenic granulomas, hemangiomas, or Kaposi's
sarcoma. The lesions are occasionally also found in the
lymph nodes, liver or spleen, known as bacillary peliosis
hepatis, but rarely found in other organs such as bones,
brain, and bronchi (Koehler et al. 1992; Koehler and
Tappero 1993). Clinical symptoms like fever, chills, night
sweats, vomiting, and weight loss are most often
reported along with extracutaneous manifestations.

HlV-infected patients with BA are severely immuno-
compromised and the disease is classifled as an AIDS-
defining opportunistic infection (Mohle-Boetani et al.
1996). The prevalence of Bartonella infection among
febrile HlV-infected patients was demonstrated to be 18
percent, and should be considered in the differential

diagnosis for patients with fever and late-stage HIV
disease (Koehler et al. 2003).

Bartonella henselae and B. quintana are equally likely
to cause cutaneous bacillary angiomatosis. However,

there is a strong predilection for B. henselae to cause
hepatosplenic and lymph node disease (similar to the
organs involved in immunocompetent CSD patients),

whereas B. quintana is more closely associated with
osseous and subcutaneous infections (Koehler et al. 1997).

ENDOCARDTTTS (MATNLY B. HENSELAE AND
B. QUINTANA)

Blood culture negative endocarditis occurs between 5
and 30 percent of all cases of endocarditis. Recently,
Bartonella species have been recognized as one of the
various causes of blood culture-negative endocarditis.
Recent studies have shown that Bartonella endocarditis

represents 3 percent of all cases of endocarditis (Raoult

et al.1996; Sander et al.200la).

In 1993, Spach et al. reported the first case of endo-
carditis caused by B. quintana in an HlV-infected
patient, Hadfield el al. (1993) described the first case of
endocarditis caused by B. henselae and Daly et al. (1993)

the first case of B. elizabethae endocarditis. Since then.
nearly 100 case reports of Bartonella endocarditis have
been reported in the literature.

Since Bartonella spp. are fastidious and very difficult
to culture, serologic investigations for antibodies against
Bartonella sp. might give the flrst indication of the
presence of Bartonella endocarditis and should be
included in the diagnostic work up of blood culture
negative endocarditis. Endocarditis caused by B. quin-

tana is mostly reported in homeless and alcoholic
patients with no previous cardiac history, whereas B.
henselae endocarditis is mostly found in patients with
previously known valvular heart disease and contact
with cats and/or cat fleas (Fournier et al. 2001). The
pathologic changes of the heart valves are suggestive of
prolonged infection. Compared with other cases of infec-
tive endocarditis. cases of Bartonella endocarditis are
more fibrotic and calcified, less vascularized, with less
extensive vegetation and chronic inflammation (Lepidi

et al. 2000).

Diagnosis

The diagnosis of CSD is primarily based on clinical
examination and should be suspected in cases of
regional lymphadenopathy, primary skin lesions, and
exposure to cats or cat fleas. The patients are usually in
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good general condition and only about two-thirds of
them are afebrile.

LABORATORY DIAGNOSIS

Routine laboratory studies do not provide important
clues for the diagnosis of CSD. The illness is usually
associated with a normal or slightly elevated white blood
cell count. The erythrocyte sedimentation rate and the
C-reactive protein may be increased. All other routine
laboratory tests are usually within normal ranges. In
cases complicated with hepatosplenomegalia, liver func-
tion tests may show increased concentrations of alkaline
phosphatase, aspartate aminotransferase, and y-gluta-
myltransferase.

CULTURAL AND BIOCHEMICAL
CHARACTERISTICS

Isolation of B henselae from lymph nodes of CSD
patients has rarely been reported in the literature and
seems not to be a reliable method for the diagnosis of
CSD. In most studies, cultures of lymph nodes extracted
tissue from CSD patients remained sterile. However, a
recent study from Australia reported the isolation of
B. henselae strains from 20.5 percent of 83 PCR-positive
human specimens (Fournier et al. 2002b). In contrast,
most isolates of. B. henselae obtained worldwide have
been collected from blood cultures of their natural reser-
voir, the cat. Bartonella isolates of human origin are
usually obtained from blood and tissue cultures of
immunocompromised patients suffering from bacillary
angiomatosis or peliosis hepatis.

Since Bartonella species may be intracellular and
reside within erythrocytes, blood cells lysis by saponin or
by freezing improves their recovery. If EDTA-blood
tubes are stored frozen at -65"C for several days,
recovery of Bartonella isolates is even higher than that
from the IsolatorrM tubes (Brenner et al. lggT).
However, using the lysis-centrifugation method
(IsolatorrM tubes, Wampole, Cranbury, NJ, USA) is
more effective than other conventional automated blood
culture systems, e.g. Bact/AlertrM (Organon) (Tierno

et al. 1995). If conventional blood culture systems are
used, blind subcultures on solid media are required,
because the organisms produce little or no CO2 and
bacterial growth will not be indicated. In addition,
Bartonella species can be detected by routine acridine
orange staining of aliquots from aerobe bottles after 8
days of incubation (Larson et al. t994). Acridine orange
stain is known to be more sensitive than the Gram stain.
Subcultures with prolonged incubation times (up to
4 weeks) on chocolate agar or Columbia agar base are
required for isolation of the strains.

Growth of Bartonella species on solid media is hemin
dependent. B. henselae and B. quintana grow well on
freshly prepared chocolate agar, Columbia blood agar,
brain-heart infusion agar, or trypticase soy agar, supple-
mented with 5-10 percent sheep blood or rabbit blood.

Plates should be incubated in a humid atmosphere

containing 5-10 percent CO2 at 35-37"C for at least 4

(to 8) weeks. On solid media, first visible growth does

not occur before 6 to 12 days of incubation. Primary

colonies may be very heterogeneous, and appear as very

small, smooth colonies and/or as rough, irregular, and

cauliflower-like colonies. They are whitish-cream and

are usually highly adherent and deeply embedded into

the agar. Initially, subcultivation might prove difficult

and there is a risk of losing the isolate. However, after

three to four subpassages, the organisms become

adapted, the colonies become smooth and less adherent,

and growth occurs within 3-4 days (Sander 2001).

Isolation of organisms from tissue samples may

require co-cultivation in cell cultures such as the human

endothelial cell line ECV304 described by Drancourt

et al. (1995) or a bovine pulmonary artery endothelial

cell line detailed by Koehler et al. (1992), before plating

on to solid agar media.

Identiflcation of Bartonella species in the routine

microbiology laboratory might be difficult. AII Barto-

nella species are catalase-, oxidase-, indole-, esculin-, and

citrate-negative, and they do not produce acid from

carbohydrates such as glucose, lactose, maltose,

mannitol, sucrose, fructose, inositol, mannose, raffinose,

or rhamnose. Conventional biochemical tests are of little

use in the differentiation of the organisms and commer-

cially available identification systems do not contain

Bartonella species in their database. However, anaerobic

identif,cations systems (e.g. RapID ANA II, Rapid ID

32 A, MicroScan rapid anaerobic identification system,

An-IDENT System) are shown to be useful for detec-

tion of preformed enzyme profiles for Bartonella spp.

(Regnery et al. 1,992a; Clarridge et al. 1995; Sander

1998). Whole-cell fatty acid analysis (CFA) is useful for

identification of Bartonella strains at the genus level and

there are some characteristic amounts of fatty acid

compositions for some species (..9. B. elizabethae, B.

bacilliformis). However, the different Bartonella species

are not available in the database and differentiation

between B. henseale, B. quintana, and B. clarridgeiae by

this method is not possible (Clarridge et al. 1995; Sander

1998). Table 73.5 details the differential characteristics

of Bartonella species. There are only small differences

between B. henselae and B. quintana in all diagnostic

tests available, and these two species can be distin-

guished from each other only by molecular based

methods. Bartonella claruidgeiae differs from B. henselae

and B. quintana by the production of p-NAG in the

Rapid ID 32 A test (Figure 73.4).

POLYMERASE CHAIN REACTION AND
GENOTYPING

PCR ampliflcation of a Bartonella DNA fragment from

human specimens is widely used to diagnose Bartonella

infections. Several different PCR-based assays have

been described using primer pairs with different target
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Tabfe 73.5 Biochemical reactions of human Bartonella species

B. bacilliformis

€haracteristics
Hemolysis +
F lage l la  +
Optimal growth 1!
temperat-ure (ic) 25-30

Growth at:
25'C +

30'C +
36"C
42C

Catalase, oxidase,
indole, urea, nitrate
reduction, citrate,
escul in hydrolysis,
gelat ine hydrolysis,
acid production from
carbohydrates

%Cellular fatty acids:
16:'l a7cl15 rso 2OH 17-21
16:0 22-28
'17:0 0
Summed feature 7 

",tie,lo,irirsi,,iza 4o-s2
18:0 2
Biotype codes of commercial systems
RaplD ANA l l
Rapid lD 32 A

000 64(7)1

0000 0737 05

B. quintana

d

35-37

0-1
15-23
0-5

48-56

16-32

000 671
0000 0737 0s
0040000

B. henselae

a

35-37

0-1
't6-23

0-3

48-59

1 9-36

000 671
0000 0737 05
0040000

B. clarridgeiae

35-37

0-1
1  1 -19
0-3

39-58

14-26

o04 671
0001 0s(7)37 0s
0040000

B. elizabethae

35-37

1

24-25
14-19

38-41

11-12

000 67 1

0000 0737 05

0040000

T

T

f+
f

?

i

Rapid -Strep 0040000

+, positive reaction; -, negative reaction; n d , not done
a) Possess pili and may show twitching motility in wet preparations
Modified after Sander 1998; Sander 2001
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Figure 73.4 Biotype codes of B. clarridgeiae and B henselae in the Rapid ID 32 A system (bioMrieux). Cultures were grown on
chocolate agar plates for 34 days; lnoculum size: McFarland 5. Negative control (c).
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genes. However, large differences were found in the
sensitivity of these assays, depending on the primers
used and on whether fresh (sensitivities ranging from 60
to 100 percent) or formalin-fixed, paraffin-embedded
(sensitivities ranging from 43 to 78 percent) tissues were
investigated (Sander et al. 1999).

Using a semiquantitative, species-specific PCR
enzyme immunoassay, the approximate number of cfu in
clinical specimens from patients with CSD or bacillary
angiomatosis peliosis (BAP) were calculated to range
between 103 and 106 cfu/ml (Sander and Penno 1999).

A recent study has shown that the results of PCR-
based techniques in CSD strongly depend on the dura-
tion of disease. Bartonella henselae DNA was detected
in the extirpated lymph nodes only within the first 6-9
weeks after onset of lymphadenopathy (Ridder et al.
2002). Since CSD lymphadenopathy may last for
months, negative PCR results and a positive serology is
common in the later stage of the illness.

Based on investigations of different genetic regions,
two different genotypes (I and II) of B. henselae have
been found to be involved in CSD. In different
geographic regions, different B. henselae genotypes seem
to be predominant. In Australia, Germany, and The
Netherlands the majority of B. henselae isolates from
cats belong to genotype II, whereas isolates from
humans are mostly identified as genotype I (Fournier

et al.2002b; Sander et al. 1999', Bergmans et al. 1996). In
contrast, in Switzerland and France, both cat and human
B. henselae isolates mainly belong to genotype II (Box
et al. 1996; Zeaiter et aI.2002).

However, no differences in the clinical presentation of
CSD were found for the different genotypes. In contrast,
a recent study suggested that the two B. henselae geno-
types determined by pulsed field gel electrophoresis
(PFGE) may induce different pathological features in
HlV-infected patients. Genotype I infected patients
were found more likely to have vascular proliferative
lesions of the liver and/or spleen than patients with
genotype II infections (Chang et aI.2002).

Comparing several different typing techniques for
molecular typing of B. henselae strains, such as PFGE,
repetitive extragenic palindromic (REP)-PCR, enter-
obacterial repetitive intergenic consensus (ERIC)-PCR,
or arbitrary primed (AP)-PCR, PFGE was shown to
provide the highest discriminatory potential for
subtyping of B. henselae strains (Sander et al. 1998b).

SEROLOGY

Until recently, CSD was diagnosed by exclusion or by a
positive cat scratch disease skin test reaction. However,
this test was never standardized, was not commercially
available, and is no longer recommended for the diag-
nosis of CSD. In the last few years, reliable serological
tests and molecular based methods have been estab-
lished worldwide.

Serological testing for Bartonella antibodies should be

the first step in the diagnosis of typical and atypical CSD

and in suspected Bartonella endocarditis. A primary

negative serological test result does not necessarily

exclude a current infection. In some patients, sero-

conversion may not occur until 3 weeks after onset of

disease (Dalton et al. 1995).

Different serological methods, e.g. indirect fluores-

cence assay (IFA), enzyme immunosorbent assay (EIA),

and Western blot have been established for the diag-

nosis of Bartonella infections. The antigen preparation

seems to be essential for these tests and antigen

extracted from plate-grown Bartonella species may lead

to false negative results.

IFA is currently the most common test used. It is

commercially available and based on antigens prepared

from organisms co-cultivated in cell cultures (e.g. Vero

cells, human endothelial cell line ECV 304). Comparing

different indirect fluorescence assays (e.g. slides from

BION Enterprises, Park Ridge Chicago, IL, USA; Focus

Technologies (formerly MRL Diagnostic), Cypress, CA,

USA; or in-house slides) it was shown that the commer-

cial slides are higly sensitive (85-100 percent), but less

specific (73-87 percent) (Maurin et aI.2002; Sander et al.

1998a; Zbinden et al. 1997). Slides for specific detection

of B. henselae and B. quintana are available. However,

many studies have demonstrated that serological differ-

entiation between B. henselae and B. quintana infections

is definitely not possible, due to the very high cross-

reactivity between both species (95-100 percent). In

some cases, titers against B. quintana are even higher

than those against B. henselae in proven B. henselae

infections (Dalton et al., 1995; La Scola and Raoult

1996; Sander et al. 1998a; Maurin et al. 2002). Similar

results have been reported for proven B. quintana infec-

tions, where 68 percent of patients exhibited higher

titers of antibodies to B. henselae than to B. quintana

(Fournier et al. 2002a).

The prevalence of antibodies to B. henselae is very

high in particular geographic regions. Up to 30 percent

of the adult population has detectable IgG antibodies

(titers of l:64 to l:256) in Europe and no differences

between cat owners have been reported (Rath et al.

1997; Zbrnden et al. 1997; Sander et al. 1998a). In the

United States the seroprevalence in the general popula-

tion is reported to be 4-6 percent (Zangwill et al.1993),

but healthy family members of patients with CSD may

be seropositive in about 30 percent of cases (Demers

et al. 1995). Finally, the prevalence of antibodies to

Bartonella depends on the age of the individuals investi-

gated. A lower seroprevalence of 3.5-13 percent

(depending on the test used) was found in children
(Sander et al.  2001b).

Due to the high seroprevalence in the general popula-

tion, the diagnosis of CSD may be difficult in some

cases. In general, IFA titers of <L:64 suggest that the

patient does not have a current Bartonella infection. IgG
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antibodies in CSD patients are usually high ()1:512),

whereas low antibody titers between 1:64 and 1.:256 are
found not only in CSD patients, but also in up to 30
percent of healthy controls. Therefore, low antibody
titers might indicate the beginning or the end of CSD,
but may also indicate only prior exposure to Bartonella

spp. In such cases, a titer increase in a second serum
sample (collected 2-3 weeks later) may confirm the

diagnosis. Only seroconversion, high IgG titres of

2l:51,2, or a four-fold titer increase in a second serum
sample are indicative of CSD. Specific IgM antibodies
are less frequently detected in CSD patients and lack of
IgM does not exclude a Bartonella infection (for a
review see Sander et al. 2001b). Bartonella endocarditis
usually evokes high IgG antibody titers (>1:800). Thus,
in cases of culture negative endocarditis high antibody

titers may therefore be considered diagnostic (Fournier

et aI.2002a).

Western blot analysis and enzyme-linked immu-

noassays have been described for diagnosis of Bartonella

infections. Based on whole cell antigen of B. henselae,

both tests lack sensitivity and specificity, and cross-
reactions with different other bacterial infections have
been described (Ehrlichia chaffeensis, Mycoplasma
pneumoniae, Escherichia coli, Francisella tularensis,
Treponema pallidum, Chlamydia spp., Coxiella burnetii,

and, Rickettsia rickettsii) (McGill et al. 1998; La Scola
and Raoult 1996; Maurin et al. 1997). Western blotting
and crossadsorption of the sera with B. henselae- and B.
quintana-antreen suspensions (shaken for 24 h at 4'C)
was described to allow identification of the Bartonella

species in cases of infective endocarditis on a serological

basis (Houpikian and Raoult 2003).

Under circumstances where serological testing and the
clinical presentation of the patient do not clearly indi-
cate the diagnosis of CSD, fine needle aspiration or
surgical removal of the lymph node for histopathological
and molecular-based diagnostic procedures is strongly
recommended to rule out more severe diseases such as
lymphoma or mycobacterial infection. Using a mono-
clonal antibody against B. henselae, which reacts with a
B. henselae specific 43-kDa epitope, the CSD agent was
recently detected by immunofluorescence in lymph node
smears of CSD patients (Rolain et al. 2003).

HISTOPATHOLOGY

Histopathological examination of the lymph nodes from
patients with CSD shows three evolutionary stages: (1)

enlargement of the lymph node caused by the expansion

of the cortex and hyperplasia of the germinal centers
with epithelioid granulomas and Langhans' giant cells;
(2) enlarged granulomas, which become infiltrated with
polymorphonuclear leukocytes developing central necro-
sis with progressive suppuration; and (3) development of
pus-filled sinuses and rupture of the capsule may occur.
The histopathological presentation of CSD is very

similar to those of other granulomatous diseases, e.g.

sarcoidosis, infectious mononucleosis, mycobacterial

infections, lymphogranuloma venereum, brucellosis or

tularemia (Kaschula 1996). Detection of speciflc

bacterial DNA by PCR in any biopsy specimens and

serological investigations may be helpful to avoid

misdiagnosis in such cases.

Histological findings of BA consist of tumor-like capil-

lary proliferations with plump endothelial cells that

protrude into the vascular lumen. These changes are

very similar to those seen in verruga peruana and

may resemble lesions from Kaposi's sarcoma, pyo-

genic granuloma, epithelioid hemangioma, and angio-

sarcoma.

Detection of the Bartonella bacilli by Warthin-Starry

silver staining of fixed tissue sections in patients with

CSD during the early stages of lymphadenopathy

was demonstrated, but not in the later granulomatous

stage of the illness. In a study performed by Demers

et al. (1995), Bartonella bacilli were found by this

method in only L2.5 percent (four of 32) of patients with

CSD and in four of seven patients with BA (Gasquet

et al. 1998). In a study performed by Fournier et al.

(2002a) argyrophilic organisms have been detected by

Warthin-Starry staining in 50 percent of PCR-positive

lymph nodes.

In summary, detection of Bartonella spp. by culture

(extremely unreliable), by Warthin-Starry staining (very

insensitive), as well as detection of Bartonella DNA by

PCR (highly specific, sensitivity depends on the duration

of illness) in lymph nodes of patients with CSD seems to

be successful only in the first weeks of lymphadeno-

pathy. The early disappearance of the bacteria in the

enlarged, persistent lymph nodes, illustrate the impor-

tance of highly sensitive and specific serologic methods

in the diagnosis of CSD. In more severe and atypical

cases, other diseases (e.g. lymphoma) should be

excluded by histological examination of the lymph nodes

and/or by other additional tests.

Treatment and susceptibil i ty to
antimicrobial agents

In vitro, all Bartonella isolates were highly susceptible to

most antibiotics tested, including macrolides, tetra-

cyclines, aminoglycosides, fluoroquinolones, B-lactams
(penicillin G, aminopenicillins, third-generation cepha-

losporins), trimethoprim-sulfamethoxazole, and

rifampin. Vancomycin, which is known to be effective

against gram-positive bacteria, shows minimum inhibi-

tory concentration (MIC) close to the breakpoint of

4 mgll. However, in vivo, treatment of B. henselae or

B. quintana infections may be diff,cult. Penicillins and

first-generation cephalosporins are not effective.

Cat-scratch disease is a self-limiting disease and the

effectivity of antimicrobial therapy remains unclear.
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In cases of typical CSD, antibiotic therapy is usually not

indicated. Antibiotic treatment should be considered in
patients with prolonged fever and severe systemic symp-

toms (usually atypical CSD). Macrolides (erythromycin.

azithromycin), tetracyclines, rifampin, and in some cases

ciprofloxacin, have been shown to be effective and are

considered as the drug of choice for the treatment of

CSD. Unfortunately, only one prospective, randomized,

double-blind and placebo-controlled study on the treat-
ment of CSD is reported (Bass et al. 1998). Oral azithro-

mycin taken for 5 days (500 mg in the first day, and

250 mg on days 2-5) was shown to be effective (decrease

in the size of the lymph node) within the first 4 weeks of
treatment. However, new enlarged lymph nodes or lymph

nodes increazing in size may appear despite therapy. In
both the azithromycin-treated and the placebo-treated

group, the lymph nodes disappeared within 4 months.

In contrast to CSD, antimicrobial therapy in immuno-

compromised patients is absolutely indicated. In patients

suffering from BA or peliosis hepatis, erythromycin at a

dose of 250-500 mg, four times/day is considered the

drug of choice. Newer macrolides and tetracyclines are

also effective. The duration of treatment should be at
least 2 months, in some cases even longer (Spach and

Koehler 1998).

In patients suffering form Bartonella etdocarditis,

surgical valve replacement could not be prevented in

most cases despite antbiotic treatment.

Pathogenesis

Bartonella infections are vector-borne diseases. Many

species were shown to multiply and persist in red blood

cells of their natural hosts. Bartonella henselae was

found in red blood cells of cats (Kordick and Breitsch-
werdt 1995; Rolain et al. 2001), B. tribocorum in those

of rats (Schiilein et al. 2001), and B. quintana (Rolain

et al. 2002) and B. bacilliformis (Benson et al. 1986)

were shown to invade human erythrocytes. The ability

of Bartonella to persist in erythrocytes for long periods

increases its transmissibility by blood sucking arthropods
(cat flea, human body louse, sandfly). On solid media,
growth of Bartonella species is strongly hemin depen-
dent. For B. henselae it was shown that the bacteria are

unable to synthesize heme itself. The heme precursor
protoporphyrin IX alone, or in combination with FeCl2

or FeCl3, as well as transferrin or lactoferrin, do not

support growth (Sander et al. 2000b). A large number of
different outer membrane proteins involved in the utili-

zation of heme compounds are known. Recently, Carroll

et al. (2000) detected nine different outer membrane
hemin-binding proteins from B. quintana by hemin blots,

including a 30-kDa protein, which showed a close
homology to the phage-associated membrane protein

Pap3l of B. henselae (Bowers et al. 1998). It was demon-

strated that the pap31 gene of B. henselae was necessary

and sufficient to restore srowth of a heme-deficient

mutant of E. coli (Zimmermann et al. 2003). Pap31

seems to be one of the hemin-binding proteins involved

in heme acquisition and may be an important virulence

factor in this human pathogen.

A second typical pathogenic feature of Bartonella spp.

is the ability to induce endothelial cell proliferation and

to trigger neoangiogenesis, as observed in bacillary

angiomatosis (8. henselae and B. quintana) and verruga

peruana (8. bacillifurmis). Bartonella sp. can provoke

angioproliferation by at least two independent mechan-

isms: directly by triggering proliferation and inhibiting

apoptosis of endothelial cells; and indirectly, by stimu-

lating the infected host cells to produce VEGF, the

angiogenic vascular endothelial growth factor (Kempf

et al. 2001; Schweyer and Fayyazi 2002; Kirby and

Nekorchuk 2002; D ehio 2003).

Endothelial interactions involve a unique mode of

cellular invasion, the activation of proinflammatory

responses and the formation of vasoproliferative tumors

(Dehio 200t). Bartonella-endothelial cell interaction is

not restricted to angiogenesis stimulation. Invasion of

endothelial cells was shown for B. quintana, B. henselae,

and B. bacilliformis and a proinflammatory activation of

endothelial cells was postulated to be a result of

receptor-ligand interactions between the activated endo-

thelium and circulating neutrophils (Greub and Raoult

2002). Further research is needed to elucidate the inter-

actions between these pathogens with erythrocytes and

endothelial cells.

INFECTIONS CAUSED BY OTHER
BARTONELI.A SPECIES

Bartonella henselae, B. quintana, and B. bacilliformis are

the most common Bartonella species associated with

human diseases. In recent years, further Bartonella

species were reported to be pathogenic to humans, most

of them isolated from blood cultures of patients

suffering from cardiac diseases.

Bartonella elizabethae was first described in 1993 by

Daly et al. (1993) and was isolated from a 31-year-old

man with fever (39"C) and endocarditis. He reported a

2-month history of fatigue, malaise, anorexia, and short-

ness of breath accompanied by a weight loss of 9 kg. A

two-dimensional echocardiogram revealed large vegeta-

tions on the aortic valve and severe aortic regurgitation.

Despite therapy with intravenous nafcillin and genta-

micin, and lack of fever after 48 h of therapy, he devel-

oped increasing congestive heart failure and the aortic

valve had to be replaced surgically.

A second case report with serologic evidence (titer

1:128) of a B. elizabethae infection was presented in

1998 by O'Halloran et al. from a patient suffering form

Leber's neuroretinitis.

Two recent case reports implicated Bartonella clarrid-

geiae as another possible agent of CSD. Based solely on

the detection of antibodies. Kordick et al. (1997\
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presented the first report of CSD supposed to be caused
by B. clarridgeiae. A veterinarian was bitten by a kitten
and presented symptoms similar to CSD. Initial cultures
from the patient and the cat were negative. Bartonella
clarridgeiae was isolated from the blood of the cat at
1.5 months and again at 4 months after the initial event.
The patient developed fever, headache, and lymphade-
nopathy within 3 weeks of the bite. He did not sero-
convert to B. henselae, B. quintana, or B elizabethae
antigens, but demonstrated a reciprocal titer of 1,024
against the B. clarridgeiae cat isolate.

The second case was presented by Margileth and
Baehren (1998), The authors describe a patient with an
extensive axillary and chest-wall abscess and the diag-
nosis based on a seroreactivity only to B. clarridgeiae, at a
titer of 1:128. However, a culture of the drainage yielded
Streptococcus pneumoniae. Unfortunately, no molecular
based diagnostic tests were applied to confirm the
presence of B. clarridgelae DNA in the abscess mass and
a possible role of the isolated S pneumoniae in the
etiology of this abscess cannot be ignored.

Lack of information on the seroepidemiology of B.
clarridgeiae complicates an assessment of the organism's
true role in infection. Up to now, no culture-proven, or at
least PCR-proven, B. clarridgeiae infection in humans has
been reported and serologic crossreaction between B.
henselae and B. clarridgeiae is seen by IFA. In contrast to
B. henselae, B. clarridgeiae is flagellated. Based on the 41-
kDA FlaA protein, an immunoblot was developed and
antibodies against this protein were detected in 3.9
percent of patients suffering from lymphadenopathy
(Sander et al. 2000a). However, whether antibodies to the
FIaA protein of B. clarridgeiae are a useful indicator of
acute infection remains to be clarifled. Future studies are
needed to define this organism better as the causative
agent of CSD.

Bartonella grahamii was recently detected by PCR
analysis from the intraocular fluid of a 55-year-old HIV-
negative patient suffering from bilateral neuroretinitis
and behavioral changes. The patient was successfully
treated with doxycycline (200 mg/day) and rifampin
(600 mg/day) for 4 weeks (Kerkhoff et al. I999a).

B. vinsonii slbsp. berkhoffij is known to cause bacter-
emia and endocarditis in dogs. In 2000, Roux et al.
described a 35-year-old male patient with a history of
feeling unwell for a month, shortness of breath, and
chest pain for a week. The patient had both a cat and a
dog and was exposed to several other animals. C-reac-
tive protein and erythrocyte sedimentation rate were
elevated. Transthoracic echocardiography showed a
dilated left ventricle and a bicuspid aortic valve with
thickened cusps and significant regurgitation. The
patient was afebrile, all blood cultures collected were
negative, and no antibiotics were administered. After
3 weeks the patient underwent an aortic valve replace-
ment and B. vinsonii slbsp. berkhoffil was detected by
PCR. Anti-Bartonella antibodies asainst B. henselae

were 1:200, against B. quintana L:400, and against

B. vinsonii slbsp. vinsonll 1:100.

Bartonella vinsonii sttbsp. arupensis was isolated tn 1994

from the blood culture of a 62-year-old Caucasian cattle
rancher from Wyoming, presenting with acute onset of
fever (38.3'C), bacteremia, and a relapse of the vasculitis

and the associated neurologic manifestations of his

Sjogren's syndrome, diagnosed in 1960 (Welch et al. 1999).
Bartonella washoensis was first isolated in 1995 by

Regnery from the blood culture of a 7O-year-old male

resident of Washoe Country, Nevada, who developed
fever and myocarditis. The sequences of three genes of
this novel species were submitted to GenBank in 1998

and in 2003 the same species was isolated from a Cali-
fornia ground squirrel, suggesting that these animals

may serve as a reservoir for human infections (Kosoy

et al. 2003).

In recent years the recognized diseases caused by
Bartonella spp. increased continuously. As more labora-

tories are engaged in the study of these organisms, the

spectrum of disease will continue to expand.

AFIPIA

THE GENUS AFIPIA

Epidemiology and cl in ical  s igni f icance

Detection of Afipia species from human specimens is

extremely rare and was initially related to CSD. In 1988,
Afipia felis was flrst isolated from the lymph nodes of
ten patients suffering from CSD (English et al. 1988).

Three additional isolates of A. felis have been cultured

from lymph node aspirates of two children by Brenner

et al. (1991). The same authors described two other

Afipia species (A. clevelandensis and A. broomeae), as

well as three unnamed Afipia genospecies (1, 2, and 3).
The name Afipia is derived from the acronym AFIP, for
Armed Forces Institute of Pathology, where the type

species was isolated. A further isolate of Afipia felis was

cultured from a lymph node of a CSD patient in 1998 by

Giladi et al. However, in the same study 32 lymph node

specimens of CSD patients tested positive for B.

henselae by PCR, but negative for A. felis.
Indirect evidence suggests that A felis may indeed be

associated with some human infections. Drancourt et al.
(1992) reported a patient with acute meningoencepha-

Iitis who seroconverted to positivity for A. felis anti-

bodies. Antibodies against A. felis have been demonstra-
ted in 17 percent of CSD patients (Fumarola et al. 1994).

However, Amerein et al. (1996) found no differences in
A. felis antibody titers among CSD patients and controls.

Since the flrst description of A. felis, a large number of

serological, molecular based, and cultural methods

demonstrated that B. henselae and not A. felis is the main
etiologic agent of CSD worldwide. Additionally, there is
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Tabf e 73.6 Currently known A|pia species and the source of isolation

Species

A fel is ATCC 53690

A. clevelandensis AfCC 49-120
A broomeae AfCC4971l
A broomeae ATCC 49718
A broomeae ATCC 49719
Afipia genospecies 1 ATCC 49721
Afipia genospecies 2, AfCC 49722
Afipia genospecies 3, ATCC 49723
Af i p i a genospecies 3-related stra i n
(c rP 106343)

Source

Lymph nodes, lymph node aspirates

T ib ia l  b iopsy  (nosocomia l  in fec t ion)

Sputum
Bone mar row

Synovium, wrist abscess
Pleura l  f lu id

Bronch ia l  wash ing
Environmental water
Water supply of a hospita

Reference

Brenner  e t  a l .  (1991) ;  Eng l ish  e t  a l .
(1 e88)
B r e n n e r  e t  a l .  ( 1 9 9 1 ) ;  H a l l  e t  a l .  ( 1 9 9 1 )

Brenner  e t  a l .  (1991)

B r e n n e r  e t  a l .  ( 1 9 9 1 )

B r e n n e r  e t  a l .  ( 1 9 9 1 )

Brenner  e t  a l .  (1991)

B r e n n e r  e t  a l .  ( 1 9 9 1 )

Brenner  e t  a l .  (1991)

La Scola et al.  (2000, 2002)

La Scola et al.  (2000, 2002)

La Scola et al (2000, 2002)

La Scola et al.  (2000, 2002)

Afipia birgiae (ClP 106344) Water supply of a hospital
Afipia massi l iensrs (ClP 107022) Water supply of a hospital
Afipia fel is genospecies A (ClP 106335) Water supply of a hospital

ATCC, American Type Cul ture Co lect lon;
Modi f  ed af ter  Brenner et  a l  1 991 and La

ClP, Col lect ion de ' lnst l tut  Pasteur,  Pars,  France
Scola et  a l  2002

no evidence indicating that cals represent a reservoir for
A. feln as they do for B henseloe. Therefore, the term
'cat-scratch-disease' should be reserved for infections
caused by agents which indeed are transmitted by ca1s.

The natural reservoir for A. felis was unknown for a
long time. Recently, successfully isolation of A. felis and
olher A.fipia species from hospital water in an amoebac
co-culture procedure was reported (La Scola and
Raoult, 1999; La Scola et aI.2002). Therefore, it cannot
be excluded that the reported isolation of A. felis lrom
lymph nodes in the three inst i tut ions might have becn
caused by water contamination. However. the clinical
relevancc of AJipia species remains to be further eluci-
dated. and hospital-aquired infect ions might occur.
These organisms may play a role as opportunistic patho-
gens in respiratory and wound infections in elderly
patients and in those with severe underlying medical
problems. The currently described At'ipia species are
presented in Table 73.6.

Cultural  and biochemical  character ist ics

Members of the genus Afipia belong to the s-2 subgroup
of the Proteobacteria and are gram-negative, oxidase-
posit ive. urease-posit ive, weakly catalase-posit ive rods
Afipia species have been shown to have similar axenic
growth requirements to Legionella species and co-
culture studies demonstrated that A .felis has the ability
to grow associated with amebae, indicating that they
may exist in aquatic environments (La Scola et al. 2000).

A.fipiu species appear Lo be relatively fastidious and
diflicult to cultivate in the routine laboratory Original
reports on isolation of ,4 /e/ls described successful
growth using ground lymph node tissue in brain-heart
infusion broth and on brain heart inlusion agar (BHIA)
(English et al.  1988; Giladi et al.  199ti) In primary
cultures. visible srowth occurs after l-2 weeks of

incubation at 30-32'C without CO2. Subcultures should

be performed on BHIA or on buffered charcoal yeast

extract agar (BCYE) and after several passages, the

time to detection of growth is reduced to 3-5 days. A.

clevelandensis has been recovered on chocolate blood

agar at 35"C and on brain heart infusion agar with

blood and potato dextrose agar at 25'C (Hall et al.

1991). Colonies of Afipia sp. are gray-white, shiny,

convex, opaque with entire edges, measuring 0.5-1 5 mm

in width (Figure 73.5a).

(b)

Figure 73.5 (a) A felis colonies grown on BCYE agar for
at 30"C (b) Microscopic morphology of Gram-stained A fel is
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Additional isolates of A. felis have been recovered

using a tissue culture system. Sonicated fluid and tissue

specimens added to HeLa cell monolayers incubated for

up to L8 h at 35'C with subsequent passage on to

secondary cell monolayers and on to buffered charcoal

yeast extract agar have yielded growth (Brenner et al.

1991; Birkness et al. 1992). It was shown that Afipia felis
induces uptake by macrophages directly into a non-

endocytic compartment and the mechanism of intracel-

lular survival of A. felis is due to a phagosome-lysosome

inhibiting factor (Brouqui and Raoult 1993; Li.ihrmann

et al.  2001).

Microscopically, the organisms vary in staining char-

acteristics from relatively uniform gram-negative rods to

pleomorphic slender gram-negative rods with vacuoles.

In broth cultures, on prolonged incubation for 3 weeks

at 37'C, A. felis may demonstrate delicate pleomorphic

forms (English et al. 1988) consistent with cell wall-defi-

cient organisms. Giladi et al. (1998) describe the Gram-

staining characteristic of their isolate as a small, thin,

curved gram-negative bacillus when taken from 5-day-

old growth (Figure 73.5b).

All Afipia strains are nonhemolytic and grow at 25-

30'C. Restricted growth occurs at 35'C, but strains fail

to grow at 42C or on media containing 6 percent NaCI.

With the exception of A. birgiae, all strains were motile

by means of a single polar or subpolar flagellum.

The biochemical reactions that allow differentiation

between the species are given in Table 73.7. Biochemical

tests can be performed by inoculation of API 20NE and

API 50CH strips (bioM6rieux) according to the manu-

facturer's instructions, followed by incubation at 30"C

for 7-I5 days. Strains are negative for hemolysis. argi-

nine dihydrolase activity, esculin and gelatin hydrolysis,

B-galactosidase activity, HzS production and acid

production of most carbon substrates, including glucose,

fructose, mannose, sucrose, mannitol, and maltose. The

G + C contenr of Afipia species varies from 59.3 to 69.0

mol7" (Brenner et al., 1997;La Scola et al.2002).

The profiles of the whole-cell wall fatty acid composi-

tions of members of the genus Afipia showed that all

strains shared relatively large amounts of hexadecanoic

acid (C16.e), cls-octadec-9-enoic acid (Crs,r.z"), and octa-

decanoic acid (C16e). With the exception of A. birgiae,

all strains contained cis-hexadec-9-enoic acid (Cro,r.z.)

(Brenner et al. l99l; La Scola et al.20O2).

Antimicrobial susceptibil i ty

No standards exist for testing and interpreting in vitro
susceptibility data for Afipia species and no detailed
therapeutic clinical efficacy exists during treatment for
putative infections with these organisms.

In vitro testing of Afipia strains using the microbroth
dilution test method in nutrient broth with an inoculum
of 1 x 105-5 x 10s cfu/ml (plates were incubated at

30"C and read 72-96 h later) revealed a high suscept-

ibility to imipenem, aminoglycosides, and rifampin, but

intermediate susceptibility or resistance to penicillins,

cephalosporines, ciprofloxacin, doxycycline, and cotri-

moxazole. Great differences concerning the MICs have

been observed among the different species, the most

resistant strain seems ro be Afipia genospecies 1 (La

Scola et a\.2002). Brenner and colleagues (1991) used

the Sceptor system (Becton Dickinson Microbiology

Systems, Cockeysville, MD, USA) incubated at 30"C for

48 h to determine specific minimal inhibitory concentra-

tions for all Afipia species. Their data demonstrate

Afipia genospecies 3 to have the lowest MICs among all

strains tested. Other species showed higher MICs to

most of the antimicrobial agents tested, including first-,

second-, and third-generation cephalosporins, ampicillin,

and extended spectrum penicillins, B-lactamase inhibitor

combinations, aminoglycosides, and tetracycline. The

lowest MICs for all species were with imipenem.
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because rat-bite fever is also known to be caused by

StreptobacillLts moniliformls (Brown and Nunemaker

1942).

Habitat

The principal reservoir of S. minus is the rat. Other

reservoirs or carriers of the bacterium may be mice,

guinea pigs, squirrels, weasels, gerbils, wild and domestic

cats, and possibly other carnivores. In infected rats the

organism is consistently demonstrated in blood and peri-

toneal fluid, the conjunctival fluid, and muscles of the

tongue. The latter two foci obviously f,gure prominently

in transmission of the spirilla to the bite victim. Carrier

rats and mice may occasionally show eye infections

(Manouelian 1940). Carrier rates of S. minus among rats

vary widely, from 0 percent in Atlanta, GA, USA, to 25

percent in London, UK, where serous fluid and blood of

trapped rats were examined for the bacterium (Biber-

stein 1975; McHugh et al.  1985).

Staining reactions and culturabil ity

S minus is readily stained by aniline stains such as

Giemsa's or Wright's stains and Loeffler's methylene

blue. The Gram reaction of S. minus is not stated in

Bergey's Manual of determinative bacteriology (Holt

et al. 1994). Hitzig and Liebesman (1944) described in

detail their investigation of a case of subacute bacterial

endocarditis caused by S minus. They described their

successful efforts to cultivate S. minus from blood of this

Spirillum minus and Streptobacillus
moniliformis
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SPIRILLUM MINUS

Defini t ion

Morphologically this organism is motile and spiral-
shaped. but i ts uncertain taxonomic placement is l ikely
to remain so unti l  appropriate nucleic acid phylogenetic

studies can be performed. The likelihood of such studies
is uncertain because the organism has not been grown in
pure culture. Spirillum mintts is the etiological agent of
rat-bite fever or Sodoku (Hitzig and Liebesman 1.9441.
Roughgarden 1965). This infectious disease is trans-
mitted in the secretions of the mouth or nose or urine of
an infected rodent, most commonly via a rat bite.

Introduction and historical perspective

Carter, in 1888. was apparently the first to describe what
he termed Spirillum minor in wet mounts prepared from
the blood of a wild rat. The specific epithet 'minor' is
grammatically incorrect and was subsequently changed
to S minus (Robertson 1924). This spirillum was initially
described as being a rigid cell with two or three spiral
turns or planar waves. The cells have blunt or pointed

ends, a cell length of 0.8-5 pm, a diameter of approxi-
mately 0.2 pm, and a wavelength of 0.8-1.0 pm. The
cells are actively motile with bipolar flagella. S. minus
had been isolated from the blood of infected patients in
blood culture medium. but efforts to subculture on solid
medium have failed (Roughgarden 1965). The history of
this bacterium and its disease is further comolicated
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patient in two different veal infusion broths in a COz
extinction candle-jar and the bacterium was maintained
in this environment for 11 months. Microscopic exam-
ination of Gram stains of the veal infusion broth
cultures showed gram-negative and gram-positive spiral-
shaped organisms. These results suggest that S. minus is
gram-variable. Others have tried to repeat this work.
Although successful primary isolations have been
reported (Roughgarden 1965), the successful long-term
in vitro subcultivations of S. minus on solid media and
its Gram reaction remain unsolved. A similar lack of
data obviously applies to growth requirements, meta-
bolism, pathogenicity, antigenicity, and genetic mechan-
tsms.

Antibiotic susceptibility

In vivo, antimicrobial susceptibility studies stem largely
from empirical efficacy studies with penicillin, tetra-
cycline, chloramphenicol, and streptomycin given to
experimentally infected mice (Roughgarden 1965).
Although these studies were done primarily to deter-
mine therapeutic efficacy, they also served to establish a
spectrum of antibiotic susceptibility that is still accepted
today.

STR E PTO BACI LLU S M O N I LI F O RM I S

Definit ion

Streptobacillus moniliformis is a fastidious, highly pleo-
morphic, aerobic and facultatively anaerobic, gram-nega-
tive rod with characteristic yeast-like swellings that
readily give rise to L-phase and transitional variants.
The organism ferments a range of carbohydrates: it is
catalase-negative, oxidase-negative, indole-negative, and
urease-negative. The bacillus causes a type of rat-bite
fever and is responsible for outbreaks of Haverhill fever.
The guanine and cytosine (G+C) content of the DNA is
24 to 26 mol%.

Classification

Currently there is only one species in the genus Strepto-
bacillus and the taxonomic position of S. moniliformis rs
uncertain. It appears to have properties more in
common with the Mycoplasmatales (Costas and Owen
1987).

Introduction

S. moniliformls, isolated by Levaditi et al. (1925) from
the blood of a laboratory worker, is now considered the
same organism as Streptomyces muris ralrl (Schottmuller
1914; Tunnicliff 1916). It is similar to Haverhillia

multiforme (Parker and Hudson 1926) although the two

organisms have not been directly compared. Over the

years various synonyms have been associated with this

organism (Brown and Nunemaker 1942).

Klieneberger (1935) found that colonies of S. monili-

/ormls consisted of two elements: the streptobacillary

form and what she took to be a mycoplasma, which she

named L-form or L1. Even though the L1 appeared not

to revert to the streptobacillary form (Klieneberger

1942),rt is now regarded as an L-phase variant.

Habitat

The bacterium occurs worldwide as a commensal of the

nasopharynx of healthy laboratory rats (Strangeways

1933) and wild rats, sometimes being excreted in the

urine. It is also isolated from the nasopharynx of

diseased mice and from other rodents.

Morphology

It is a gram-negative, highly pleomorphic bacterium that

generally occurs as short coccobacillary forms or rods,

appoximately 0.5 pm in width, as well as chains and

intertwining wavy filaments (Figure 74.1a). The flla-

ments may show spherical, oval, or club-shaped gram-

variable swellings up to 3 pm in diameter and may give

rise to a 'string-of-beads' appearance - hence the

description'moniliformis' (Latin monile, necklace;

forma, shape or form). In aging cultures, filaments show

degenerative changes with the formation of granules and

extracellular droplets, irregularity or failure of staining,

and fragmentation. In broth medium and in vivo, pleo-

morphism is less pronounced. The organism is non-

motile. In general, older cultures may not stain well with

the Gram stain; Giemsa or Wayson stain may yield

better results (Piot 1991).

Culture characteristics and growth
requirements

On serum or blood agar it forms circular, translucent

colonies with a smooth glistening surface. It is nonhemo-

lytic. Smaller, rougher 'transitional' colonies may be

present, and in older cultures mutant L-phase colonies

may be recognizable, with their typical 'fried-egg'

appearance; these are best seen on a clear medium
(Cohen et al. 1968). Blood, serum, ascitic fluid, or syno-

vial fluid, is required for growth. It may appear to be an

obligate anaerobe on primary isolation, but it is a facul-

tative anaerobe on subculture. Optimum growth is prob-

ably best achieved on chocolate-blood agar or tryptose

soy agar, both enriched with 10-20 percent serum and

incubated in a microaerophilic atmosphere with addi-

tional CO2 and humidification. Basal medium containing

15 percent sterile defibrinated rabbit blood supports the
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Figure 74.1 (a) Typical bacilli (some tn chains) and filaments with
bulbous swellings (oil immersion, origtnal magnification xl 000)
(b) Thioglycolate broth with 'puff-ball' colonies Reproduced with
permission from Graves and Janda (2001)

bacterial-phase organisms well. whereas a clear medium

will enhance the isolation of the more nutritionally fasti-
dious L-phase variants (Jenkins 1988). The optimal

temperature for growth is 35-37'C, optimal pH 7.4-7.6.

The choice of a fluid blood-culture medium is critical:
Shanson et al. (1985) recommend brain-heart infusion
broth with 0.05 percent cysteine and 2.5 percent

Panmede. This could be used in conjunction with a

suitable L-ohase fluid medium.

Metabolism

The organism is generally nonreactive, with negative

reactions for catalase, oxidase, indole production, nitrate

reduction, and urease (Table 74.1). It attacks sugars

fermentatively; acid is produced from glucose (without

gas), galactose, glycogen, dextrin, raffinose, and starch

and variably from fructose, maltose, mannose, salicin,

lactose, sucrose, trehalose, and xylose, depending on the

basal medium employed. Acid is not formed from

sorbitol or mannitol.

The alkaline phosphatase reaction is positive. The end

products of glucose metabolism consist mainly of lactic

acid with some succinic acid.

Cell-wall and envelope composition;
antigenic structure

The major long-chain fatty acids are C(16:0), C(18:2),

C(18:1), and C(18:0) (Rowbotham 1983). The electro-

phoretic proliles of cellular proteins are characteristic

and can be used to type strains, 'Haverhill fever' strains

being distinguishable from'rat-bite fever' strains (Costas

and Owen 1987).

Strains are antigenically homogeneous, but L-phase

variants lack an antigen present in the bacillary form.

The species can be identified by fluorescence with a

conjugated specific antiserum.

Table 74.1 Differential characteristics o/ Streptobacillus monili-
formis

Characteristic

Oxidase

lndo le
Nitrate reduction

H2S production

Methyl red

Hydrolysis of starch
Hydrolysis of aescul in

Hydrolysis of casein

Arg in ine  d ihydro lase
Lysine decarboxylase

Ornithine decarboxylase
Glucose O-F test

Acid production from
g I ucose
maltose

sucrose
lactose

mann i to l
fructose

mannose
trehalose
xylose

Reaction

+ (weak)

-, negative reactlon; +, positive reaction; F, fermentative; V, variable;
.  no informat ion or  not  aool icable

F

f
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Pathogenicity and virulence factors

Streptobacillary rat-bite fever occurs worldwide and may

occur following the bite of a rat or occasionally a mouse,

squirrel, weasel, dog, or cat. Most human infections

probably occur in children sleeping in rat-infested dwell-

ings. Infections among rodent handlers, laboratory

workers, as well as rodent pet owners also occur (Berger

et al. 2001). The incubation period is usually 1-4 days

and rarely more than 10 days. Onset is typically abrupt

with fever, headache, vomiting, and migratory arthral-
gias and myalgias (Hudsmith et al. 2001). At the time of
presentation, the bite wound has generally healed and

regional lymphadenopathy is typically not noted. Within

24 days after onset, a rash develops over the palms,

soles, and extremities. It may present as maculopapular,
petechial, or pustular. Symptoms generally resolve over

the period of 2 weeks.

Haverhill fever, or erythema arthriticum, is a form of

streptobacillary fever that occurs in outbreaks, with
vomiting and pharyngitis as prominent symptoms. It

appears not to be attributable to direct contact with

animals. It was named after Haverhill. Massachusetts.

where the first recorded epidemic of the disease

occurred (Parker and Hudson 1926); this was thought to

be associated with the consumption of raw milk and

milk products. The first outbreak in the UK (Shanson

et al. 1983) affected pupils and staff of a boarding school

in Essex. Of some 700 people exposed, 304 (43 percent)

became ill in a period of 10 days (McEvoy et al. 1987).

Adult rats are generally resistant to experimental

infection, although newborn rats may develop pneu-

monia (Strangeways 1933). Mice given the organism

intravenously develop either a rapidly fatal septicemia

or arthropathy of the lower limbs, with longer survival,

the severity of the condition being dose-related (Savage

et  a l .  1981) .

Laboratory isolation and identif ication

Streptobacillary rat-bite fever is usually diagnosed by

the isolation of S. moniliformis from blood, joint fluid,

or pus. If isolation is unexpected, the organism may not

be readily identified. Clinically similar conditions such as

tularaemia, leptospirosis, rickettsia, and various viral

infections should be ruled out. If streptobacillary fever is

suspected and routine laboratory cultures are negative,

the organism may sometimes be isolated by intraper-

itoneal inoculation of infected material into mice.

Because of the fastidious nature and the slow growth of

these gram-negative facultative anaerobic rods and the

strict growth requirements, including special media that

are not readily available, the diagnosis of streptobacil-

lary rat-bite fever is difflcult (Berger et al. 2001).

An enzyme-linked immunosorbent assay (ELISA) for

monitoring rodent colonies for S. moniliformis has been

described by Boot et al. (1993). Twelve strains origi-
nating from cases of rat-bite fever and Haverhill fever in
humans and from various rodent species showed consid-
erable serological relationship. The ELISA appeared
specific since antibodies to S. moniliformis were
absorbed by autologous and homologous antigen, but
not by heterologous bacterial antigens. Acholeplasma
laidlawii showed a partial serological relationship with
S. moniliformis.

Recent research has used the polymerase chain reac-
tion (PCR) to detect S. moniliformls (Berger et aL.200L;
Boot et al. 2002). Berger et al. (2001) were able to
detect ,S. monilffomils in blister fluid using their PCR
technique, whereas the PCR technique developed by
Boot et al. (2002) detected S. moniliformis infection in

orally or intravenously infected rodents and in five of
eight rats exposed to natural infection. Boot et al. (2002)

also reported that ELISA and PCR were equally
successful in detecting infection in rats.

Graves and Janda (2001) identify or conflrm S. monili-

formis isolates using four tests: (1) a growth requirement
of 10-20 percent serum; (2) the presence of typical
gram-negative bacilli (sometimes in chains) and fila-
ments with bulbous swellings in a Gram stain
(Figure 74.1.a); (3) growth in broth (thioglycolate
medium) with'puff-ball' colony formation (Figure 7 4.1b);
and (4) a positive direct fluorescent antibody test using
an in-house-produced polyclonal antibody. S. monili-

formis can also be identified by cellular fatty-acid
profiling using gas-liquid chromatography (Rygg and
Bruun 19921 Pins et al. 1996).

Susceptibil i ty to antimicrobial agents

The bacillary form is sensitive to penicillin and to ther-

apeutically attainable concentrations of cephalosporins,

aminoglycosides, tetracycline, erythromycin, and clin-

damycin; it is less sensitive to chloramphenicol. The L-

phase variant is resistant to penicillin but sensitive to

tetracycline.

CONCLUSION

S. minus and S. moniliformis are the etiological agents

of rat-bite fever, a disease that occurs throughout the

world in areas where the rat population is heavy and the

living conditions of humans are slums. Our knowledge

of the fundamental microbiological characteristics of S.

minus and the epidemiology of rat-bite fever is rncom-

plete. More is known about 'S. moniliformis, but we do

not know the true incidence of this disease nor the

pathogenic mechanisms of these etiological agents.

Clearly this disease and its cause deserve increased

attention of microbiologists and infectious disease

specialists, not only for the science involved but also to
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control a disease that may be
harmful than presently known.
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Bacteroides, Prevotel Ia, and
Porphyromonas

HAROUN N SHAH, SAHEER E GHARBIA, AND INGAR OLSEN

Classi f icat ion
Bacteroides
Prevotella
Porphyromonas
The current status of species that

previously  belonged to the genus
Bacteroides

Gram-negative, nonsporing, anaerobic bacilli with
rounded or pointed ends, sometimes fusiform, some-
times filamentous, and often pleomorphic, that produce
mixed acidic endproducts were previously classified in
the genus Bacteroides. Recognized as important causes
of human and animal infection since the latter part of
the nineteenth century, they are also a major component
of the normal bacterial flora of humans and animals.
colonizing the mucous membranes of the mouth,
urogenital, and lower gastrointestinal tract of humans. In
animals they are found in the mouth and at various sites
in the alimentary tract. Some species metabolize cellu-
Iose and other polysaccharides in the rumen of some
herbivores; some of the most oxygen-sensitive species
have been found in the cecum of chickens and other
poultry.

CLASSIFICATION

The isolation and classification of these organisms has
presented particular difficulties. These were partly tech-
nical, because reliable anaerobic conditions were diffi-
cult to achieve and many workers were unable to obtain
pure cultures, but they also reflected the diverse proper-
ties of members of the group. There was confusion in
nomenclature and disagreement between different
observers over the description of the same organisms.

1913 Ant ib iot icres is tance
1917  Mo lecu la rana l ys i s
1921 Bacteroides, Prevotella, and
1926 Porphyromonas in the normal f lora

Ant imicrobia l  suscept ib i l i ty
Pathogenicity

1929 References

1 930
1 931

1932
1 935
1 935
1 938

The classification of gram-negative anaerobic bacilli

has undergone many changes since Veillon and Zttber

(1898) named their isolates Bacillus fragilis, Bacillus

fusiformis, etc. This was recognized by Castellani and

Chalmers (1919) who proposed the genus Bacteroides to

contain species of obligately anaerobic nonsporing

bacilli. B. fragilis was adopted as the type species from

the first edition of Bergey's manual (1923). Subse-

quently, Weiss and Rettger (1937) redefined the genus

to exclude gram-positive organisms; spindle-shaped

gram-negative anaerobic bacilli were placed in the genus

Fusobacterium by Knorr (1922).

Eggerth and Gagnon (1933) produced a scheme based

upon the classification of Castellani and Chalmers (1919)

for the identification of strains isolated from the gastro-

intestinal tract. They defined 18 species on the basis of

morphology and carbohydrate fermentation tests, but all

of their strains were later found to belong to the Bacter-

oides fragilis group (Holdeman and Moore 1974a).

The system proposed by Pr6vot (1938) employed

generic names that differed from those in general use

and included the pigmented species Bacteroides melani-

nogenicus (proposed by Oliver and Wherry in 1921) as

Ristella melaninogenica. He divided gram-negative

anaerobic bacilli into two families. Ristellaceae with

Iive genera (Ristella, Pasteurella, Dialister, Capsularis,

Zuberella) and Sphaerophoraceae with two genera
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(Sphaerophorus and Sphaerocillus). In the sixth edition
of Bergey's manual (1948) the Bacteroidaceae,
comprising the two genera, Bacteroides and Fuso-
bacterium, was a tribe of the family Parvobacterraceae.

Most of the 23 species of Bacteroide.r were members of
the B fragilis group, except for B. melaninogenicus,
which was described as saccharolytic, and one asacchar-
olytic species, Bacteroides caviae. In the seventh edition
of Bergey's manual (1957), gram-negative, anaerobic
bacilli were reclassified as the family Bacteroidaceae and
comprised five genera. The genus Bacteroides contained
30 species distinguished by gas production, gelatin lique-
faction, cellular morphology, and the production of acid
from carbohydrates; two species were motile and two
(Bacteroides coagulans and Bacteroides putredinis) were
nonfermentative. There were six species of Fuso-

bacterium and two of Dialister. The second largest genus

was Sphaerophorus with 14 species, and aerobic but
facultatively anaerobic organisms of the genus Strepto-
bacillus were also included in the Bacteroidaceae. In the

sixth edition of this book (1974) only three species of
Fusobacterium and five of Bacteroides, and a third
genus, Dlalrster, to contain the minute gram-negative

bacillus Dialister pneumosintes,were included.
The first general agreement on taxonomy and classifi-

cation was reached at the meeting of the International

Commission for Systematic Bacteriology Sub-committee
for gram-negative anaerobic rods at Lille in 1967, when
new principles for classification were defined (Beerens

1970). These were embodied in the eighth edition of
Bergey's manual (Holdeman and Moore 1.974a). 'Ihe

Bacteroidaceae were divided into three genera: Bacter-
oides, Fusobacterium, and Leptotrichia. The genus

Bacteroides contained 22 species in five groups:

I B. fragilis included most of those species described by
Eggerth and Gagnon (1933) and previous workers

and was divided into flve subspecies
2 Phenotypically similar strains that were inhibited by

bile included Bacteroides ruminicola, Bacteroides

oralis, Bacteroides ochraceus, and Bacteroides amylo-
philus

3 A group of six species that did not produce succinic
acid, but were otherwise unrelated

4 Non-saccharolytic non-pigmented strains

5 B. melaninogenicus produced black-pigmented colo-
nies on laked-blood asar and was divided into three
subspecies.

The genus Fusobacterium contained 16 species that
formed n-butyric acid as a major metabolic product and
Vincent's organism (Fusobacterium plauti-vincenti) was
assigned to the third genus, Leptotrichia (Gilmour et al.
1961), under the name Leptotrichia buccalis, because it
produced lactic, but not n-butyric acid as a major
product.

In the ninth edition of Bergey's manual (Holdeman

et al. 1984; Jousimies-Somer et al. 2003), 42 specles were

assigned to the genus Bacteroides. These included eight

species previously encompassed by '8. 
fragills', eight

species of saccharolytic nonpigmented oral bacteroides
(previously '8. oralis'), seven saccharolytic pigmented

species (previously' B. melaninogenicus'), three species

concerned with cellulose degradation in the rumen of

herbivores, and nine nonfermentative (asaccharolytic)

species of which two, Bacteroides asaccharolyticus and

Bacteroides gingivalis, were pigmented. In addition,

three more species were proposed within the fragilis-like
group of fecal bacteroides (Bacteroides merdae, Bacter-

oides stercoris, Bacteroides caccae; Johnson et al. 1986),

another oral nonpigmented species (Bacteroides hepar-

inolyticus; Okuda et al. 1985) and a third asaccharolytic

pigmented species (Bacteroides endodontalis; van Steen-

bergen et al. 1984).

The genus Bacteroides, which contained species with a

molTo content of 26-61,, has undergone major taxonomic

revisions (Shah 1991a, b). This was inevitable because of

the considerable heterogeneity in biochemical and

chemical properties that became apparent. The genus

now includes species that were formerly described as the
'Bacteroides 

fragilis' group. More than L5 new genera

have been proposed for organisms formerly classified as

Bacteroides, most of which are monospecific. However,

two genera, Porphyromona-r and Prevotella (Shah and

Collins 1989, 1990), contain large numbers of species

and appear to be of major clinical importance.

Comparative 165 rRNA sequence analysis has consid-

erably reshaped the taxonomic status of the members of

the family Bacteroidaceae. In this chapter, genera that

cluster in the Bacteroides group of division 2J.5 (Flex-

ibacter-Cytophaga-Bacteroides) and are designated as

Bacteroides, Prevotella, and Porphyromonas, are

discussed.

Criteria for classification

Early workers relied almost exclusively upon observa-

tions of microscopic and colonial morphology. However,

these properties can vary considerably among species

depending on their growth conditions. Eggerth and

Gagnon (1933) established the first biochemical key for

the group, but their tests were performed under varied

and often unsuitable conditions. Pr6vot (1938) used an

extensive series of biochemical tests, which included the

determination of metabolic endproducts. Conventional

bacteriological tests remain an important part of identifi-

cation schemes for gram-negative anaerobic bacilli

(Holdeman and Moore L974a;Dterden et al. 1976, 1980:

Holdeman et al. 1984) and several commercial systems

for rapid identification are currently available. Barnes

and Goldberg (1968a, b) analyzed the data obtained

from phenotypic tests by numerical methods and

concluded that the most useful properties were cellular

morphology, terminal pH in glucose broth, production
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of formic, acetic, propionic, and butyric acids, deamina-

tion of threonine, stimulation of growth by 20 percent

bile, and inhibition by certain antibiotics.

The short-chain fatty acids formed as endproducts of
protein or carbohydrate metabolism were particularly

important in the classification of anaerobic bacteria.

They were first detected by distillation and paper chro-

matography (Guillaume et al. 1956), but this was super-

seded by gas-liquid chromatography (GLC) (Werner

1969; Moore 1970; Carlsson 1973). The family Bacter-

oidaceae was assigned to two principal genera, Bacter-

oides and Fusobacterium, on the grounds that Fuso-

bacterium spp. produce n-butyric acid as a major

product, whereas most Bacteroides spp. do not. The

third genus, Leptotrichia, comprises oral fusiform

bacteria that produce lactic acid as the only major
product.

Several groups of workers have used comparisons of

the molTo G+C content of the DNA to determine
similarities and differences between members of the
groups of Bacteroidaceae (S6bald 1962; Shah et al.

1976). It was a widely held view that a genus should

comprise species that do not differ by more than 10-12

mol% G+C. Thus, the fact that the Bacteroides

contained species within the range 28-61 mol% G+C

indicated that several genera existed within this taxon.

DNA-DNA hybridization was used to verify the intra-

species status of several taxa such as the subgroups

within the B. fragilis group (Johnson 1973; Cato and

Johnson 1976) and the subspecies of B. melaninogenicus
(Coykendall et al. 1980; van Steenbergen et al. 1981;

Shah et aI.1982).

In the mid-1970s and 1980s. attention turned increas-

ingly towards chemical analyses of cell constituents for

the provision of characters that are useful for classifica-

tion. Cell wall composition, a major differentiating char-

acter among gram-positive taxa, had less impact among
gram-negative bacteria. Like most gram-negative micro-

organisms, Bacteroides and Prevotella spp. possess a

directly crosslinked peptidoglycan based upon zeeso-

diaminopimelic acid, whereas some species of Porphyr-

omonas appear to have a peptidoglycan structure based

upon lysine (Shah et al. 1,976; Hammann and Werner

1981). However, the chemical composition and structure

of many species remain unknown; thus the full value of

this property in the classification of these microorgan-

isms is still to be determined. Multilocus enzyme electro-
phoresis using oxidoreductases provided a useful means

of accentuating the diversity that existed among taxa

that were considered to be homogeneous. Thus five elec-

trophoretic patterns were found among B. melaninogen-

icas strains (Shah et al. 1976) that were subsequently

assigned to different species, whereas among bacteroides

considerable diversity was revealed (Shah and Williams

1982). This technique not only provided evidence of

relationships and differences within the genus (Shah and

Collins 1983), but also shed light on aspects of inter-

mediary metabolism (Shah and Williams 1987a, b). The

black/beige pigments produced by B. melaninogenicus

and related taxa were regarded as one of the most

important distinguishing properties. Chemical analysis

revealed that the pigments were porphyrins and not

melanin or ferrous sulflde as previously reported and

that two major compounds existed (Shah et al. 1979;

Shah 1991a). The black pigment was identified as proto-

hemin and the fluorescent light-brown pigment was

characterized as protoporphyrin (see Figure 75.1).

Current studies indicate that several other pigments

exist and porphyrin genes are present even among

nonpigmented members of the group (Shah and

Gharbia, unpublished data). Gram-negative bacteria,

particularly anaerobic bacteria, possess a plethora of

diverse lipids, such as sphingolipids and plasmalogens

(Miyagawa et al. 1978; Shah and Collins 1983). Among

the lipids, long-chain cellular fatty acids (Miyagawa et al.

1979; Shah et al. 1982) have provided excellent

taxonomic markers and were one of the key chemical

characters used to differentiate Porphyromonds and

Prevotella. In addition, analysis of polar lipids (Kunsman

1973; Kunsman and Caldwell 1974; Shah 1991b) and

menaquinones (Shah and Collins 1980) have had a

signiflcant impact in reshaping the structure of the

Bacteroidaceae. Menaquinones are the sole isoprenoid

quinones produced by Bacteroides spp. and determina-

tion of the length of the C-3 polyprenyl side chains have

enabled clearer circumscription of several species (Shah

and Collins 1980). For example, B. ochraceus was shown

to differ markedly from Bacteroides spp. in possessing

menaquinones with six isoprene lunits. Bacteroides spp.

and related taxa possess menaquinones with isoprene

units in excess of nine. Proteins in whole cell extracts of

Bacteroides cultures analyzed by discontinuous gradient

polyacrylamide gel electrophoresis (PAGE) have been

helpful in delineating specific, subspeciflc, and strain-

specific patterns (Strom et al. 1'976). Cell surface

proteins released by EDTA treatment and mild sonic

disintegration, and analyzed by sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE), have

revealed species-speciflc patterns among the Bacteroides

(Poxton and Brown 1979).

The impact of rRNA sequence analysis

Initially, rRNA cataloguing and later, 5, 16, and 23S

rRNA sequence analysis, were used to devise a classifi-

cation system based on natural relationships (Woese

1987). Members of the Bacteroidaceae, like other taxa,

were subjected to rigorous analysis and several phyloge-

netic trees have been constructed (see for example,

Lawson et al. 1992; Paster et al. 1994; Shah et al. 1995).

In general, ribosomal RNA sequence data have in the

main supported previous proposals and there is now

general consensus for the genera Bacteroides, Prevotella,
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and. Porphyromonas. However, some proposals have
been made using only partial 165 rDNA sequences,
consequently some taxa remain in a state of flux. For
example, recent studies using complete 165 rDNA
sequences have confirmed that Bacteroides splanchnicus
does not belong to the genlus Bacteroides, whlle B.
merdae and Bacteroides distasonis, which phenotypically

resemble other members of the Bacteroides belons to
separate lineages (see Figure 75.2).

Prevotella zoogleoformans, which is not inhibited by
bile, and Prevotella heparinolytica are phenotypically

different from other Bacteroides species and form
distinct groups on the basis of 165 rDNA sequence data.

Species of the genus Prevotella share a large number of
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Figure 75.2 Unrooted phylogenetic tree showing the position of species of the genera Bacteroides, Prevotella, and Porphyromonas
The tenuous relationship of several species such as Bacteroides merdae, B distasonis, and B. splanchnicus are shown B forsythus was
recently transferred to a new genus Tannnerella forsythia (see Olsen and Shah 2003)
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common traits and demonstrate high 165 rDNA

sequence homologies, but there are exceptions. Prevo-

tella tannerae, for example, differ from other members in

cellular fatty acid composition, shows considerable

sequence divergence, and is probably not a Prevotella,

while B. forsythus was recently transferred to a new
genus Tannnerella forsythia (see Olsen and Shah 2003).

BACTEROIDES

This genus contains gram-negative bacilli of closely

related species that share many common properties and

a common ecology. They are tolerant of bile and resis-

tant to penicillin and are commensals in the lower
gastrointestinal tract in humans. They form a major part

of the normal human fecal flora and some species are
important pathogens, causing infections particularly

after accidental or surgical injury to the gastrointestinal

tract or in association with pathological lesions of it.

Most of the species described by Veillon ar'd Znbet
(1898) and by Eggerth and Gagnon (1933) were
members of this group, but its classification was

confused. Based on 165 rDNA sequence analysis, the

current status of the genus Bacteroides is as shown in

Table 75.1.

In the eighth edition of Bergey's manual (Holdeman

and Moore L974a) galhered all the members of this group

into a single species - B. fragilis - with five subspecies:

fragilis, vulgatus, distas onis, ovatus, and thetaiotaomicron.

They believed that the species represented a continuum

of variants with clusters of strains that were designated

subspecies and smaller numbers of intermediate strains.

However, Cato and Johnson (1976) found poor DNA

homology between the reference strains of the five

original subspecies of B. fragilis. They proposed that they

should be reinstated to specific rank and this was

accepted by the International Committee for Systematic

Bacteriology (ICSB). Other clusters of strains that fell

within the group were given specific status; these

included B. splanchnicus, B. merdae, and B. stercoris.The

relationship between the species remains the subject of

considerable debate. They share many properties, and

ecological and epidemiological studies support the

concept of a closely related group. The results of a wide

Baafefotoes forswnus FUc JJ6 |

Bacteroides merdae ATCC 43184 T
Bacteraides distasonE ATCC 8503 T

Bacteroides putredinis str I Ando ATcc 29800 T
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Bacteroides cluster

Bacteroides caccae
Bacteroides eggerthii
Bacteroides fragilis

Bacteroides merdae
Bacteroides ovatus
Bacteroi des spl a nch n icus
Bacteroides stercoris
B a cte ro i d e s th eta i ota o m i c ro n
Bacteroides uniformis
Bacteroides vulgatus
Related cluster
Bacteroides merdae
Bacteroi d es d istason is

Table 75.1 Species of the genus Bacteroides with their type
strain

violet (1 in 100 000) and ethyl violet (L in 100 000). All

strains are resistant to penicillin and to high concentra-

tions (1 000 pg disks) of neomycin and kanamycin. They

decarboxylate glutamic acid but threonine is not dehy-

drogenated, nitrate is not reduced, and urease is not
produced. Most strains hydrolyze esculin rapidly and
produce acid from xylose. Members of the genus are
identified by a small number of variable characteristics

that include indole production, esculin hydrolysis, and
the fermentation of lactose, sucrose, rhamnose, treha-

lose, mannitol, salicin, and arabinose (Table75.2).

BACTEROIDES FRAGILIS

Isolates of this species cannot be distinguished from
other members of the genus by their colonial form, or by

their microscopic morphology, except that freshly

isolated strains usually form a capsule. B. fragilis hydro-

lyzes esculin and produces acid from glucose, lactose,

sucrose, maltose, and usually xylose, but not from rham-

nose, trehalose, mannitol, salicin, or arabinose. Indole is

not formed and charcoal-gelatin disks are digested

slowly or not at all.

B. fragilis forms less than 10 percent of the Bacter-

oides in normal human feces, yet it is by far the most

common species of Bacteroides to be isolated from

infections related to the large intestine (Duerden

1980a). It thus appears to be particularly pathogenic for

humans. This may be attributable to its possession of a
polysaccharide capsule (Kasper 1976a, b) or to the
action of one or more of the extracellular or

membrane-associated enzymes that it forms: protei-

nases, including collagenase, fibrinolysin, hemolysin,

neuraminidase, phosphatase, DNAase, hyaluronidase,

chondroitin sulfatase, and heparinase (Gesner and

Jenkin 1961; Miiller and Werner 1970; Rudek and

Haque 1976).

The cell wall of B. fragilis contains a lipopoly-

saccharide (LPS) with weak endotoxic activity, the
polysaccharide portion of which confers type-specific

O-antigenic specificity. A species-specific protein compo-

nent of the outer membrane has been identifled. Its
presence may be used for the identification of B. fragilis.
The pattern of proteins in the outer membrane shown
by SDS-PAGE is also species-specific. External to the

outer membrane is a thick polysaccharide capsule 1.5-2

times the thickness of the cell wall. It is composed of a

high molecular weight polysaccharide (>7.5 x 103 kDa;.

It has antiphagocytic properties and also protects the

cell from complement-mediated lysis by antibodies

against cell wall antigens. The capsular antigen is
species-specific. This capsule is found only in B. fragilis.
All clinical isolates of B. fragilis are capsulate, but the

capsule is often lost on repeated subculture. It can be
demonstrated in India ink preparations and identified by
the Quellung reaction and in an indirect immuno-

fluorescent assay.

NCTC 13051
N C T C  1 1 1 5 5

NCTC 9343
- Type species
NCTC 13052

N C T C  1 1 1 5 3
NCTC 10825

NCTC 130s3
NCTC 10582
NCTC 13054

N C T C  1 1 1 5 4

NCTC 13052

N C T C  1 1 1 5 2

range of phenotypic tests on members of the fragilis
group form a continuous spectrum with clusters of
strains that represent the named species.

Description of_ the genus

The genus Bacteroides comprises small nonmotile gram-
negative bacilli and coccobacilli; they are moderately
pleomorphic, but long filaments, bizarre shapes, L-forms,
and spheroplasts are rare. They grow well in 24-48 h on
horse blood agar plates incubated anaerobically at 37"C
to form circular, low-convex colonies, 1-3 mm in
diameter with an entire edge. The colonies are usually
smooth, shiny, translucent, or semi-opaque and gray.
Colonies of fresh isolates are often moist and some are
mucoid. Most strains do not produce hemolysis, but a
few strains are slightly hemolytic and a very small
proportion (<1 percent) are a-hemolytic. All species will
grow on a medium that contains glucose, hemin, vitamin
B12, minerals, ammonium chloride, and a sulfide and is
provided with a CO2/CO3 buffer system. They do not
use organic nitrogen compounds. They have generally
been regarded as catalase-negative, but B. fragilis and
some other saccharolytic species have been shown to
produce small amounts of catalase and superoxide
dismutase (Gregory ef al. \977). The G + C content of
the DNA is in the range 40-48 mol% and 165 ribosomal
RNA analysis revealed over 93 percent similarity among
species. All species ferment a range of carbohydrates,
including glucose, with the production of acid and gas.
The major volatile fatty acid-products of metabolism are
acetic and succinic acids; n-butyric acid is not produced
except by B. splanchniczs. Most strains are stimulated
by 20 percent bile and are tolerant of the bile salt
sodium taurocholate, but inhibited by sodium deox-
ycholate. They will grow in the presence of Victoria blue
4R (1 in 80 000), but most are inhibited by gentian
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BACTEROIDES VULGATUS

This species was first isolated from human feces by
Eggerth and Gagnon (1933). It is the most common
Bacteroides species in normal human feces, but is only
occasionally implicated in infections. Results of toler-
ance tests resemble those given by other members of the
genus, but approximately 50 percent of strains are
tolerant of ethyl violet. Indole is not produced but char-
coal-gelatin disks are digested within a few days. Unlike
other members of the genus, approximately 50 percent
of B. vulgatus strains fail to hydrolyze esculin and others
do so only weakly.

BACTEROI DES DISTASONIS

This species was described by Eggerth and Gagnon
(1933) in their studies of the fecal flora and named after
the Romanian bacteriologist A. Distaso. Like B.
vulgatus, it is a common member of the normal human
fecal flora but seldom appears to cause clinical infec-
tions. Most strains ferment rhamnose but a significant
minority do not. Indole is not produced and charcoal-
gelatin disks are digested slowly or not at all.

BACTEROIDES MERDAE

Described by Johnson et al. (1986) in a study of human
fecal bacteroides, this species shares the general char-
acters of the genus. Indole is not produced, charcoal-
gelatin disks may be digested slowly or not at all, and it
is distinguished from other members of the genus by the
ability to produce acid from trehalose and salicin, but
not from rhamnose or arabinose.

BACTEROIDES CACCAE

B. caccae was described in the same study as B. merdae
(Johnson et al. 1986), from which it is distinguished by
the ability to produce acid from rhamnose, but not from
salicin.

BACTEROIDES OVATUS

B. ovatus is one of the less commonly encountered
species of the genus. It is not a major component of the
normal fecal flora and is isolated only occasionally from
clinical specimens. When present in an infection it is
usually in large numbers and appears to be a significant
pathogen. It produces acid from a wider range of carbo-
hydrates than other members of the genus. The ability
to produce acid from salicin and mannitol is used to
identify B. ovatus. Indole-positive, it digests charcoal-
gelatin disks within a few days.

BACTERO I D ES TH ETAI OTAO M ICRO N

B. thetaiotaomicron was named by Distaso (1912) as a
combination of the Greek letters theta, iota, and
omicron. It is a common commensal in normal human
feces and the second most common species of the genus
isolated from clinical infections, where it appears to

have a significant pathogenic role. Acid is not formed

from mannitol by this species and a variable reaction is

obtained with the charcoal-gelatin disk. Some strains

digest it readily but others do so only weakly or not at

all. In some studies all indole-positive members of the

genus that were not B. ovatus were assigned to B.

thetaiotaomicron. However, other indole-positive

subgroups or species are known.

BACTEROIDES EGGERTHII

B. eggerthii was named after the American bacteriologist

A.H. Eggerth and described by Holdeman and Moore
(1974b) following their studies on the human fecal flora.

Acid formation from rhamnose but not sucrose distin-

guishes B. eggerthii from other indole-positive species of

the genus. Isolates are able to digest charcoal-gelatin

disks.

BACTEROIDES UNIFORMIS

This species was described by Eggerth and Gagnon in
1933. The organisms are normally found in human feces,

but rarely implicated in clinical infections. In many

studies, strains of B. unifurmis have been included with

other indole-positive strains as B. thetaiotaomicron. Llke

B. variabilis, some strains that grow well in 20 percent

broth are inhibited by sodium taurocholate. Charcoal-
gelatin disks are usually digested within a few days.

BACTEROIDES STERCORIS

B. stercoris was described by Johnson et al. (1986) in a

study of human fecal bacteroides. Acid is produced from

sucrose and rhamnose but not from trehalose, arabinose,

or salicin and this distinguishes it from other indole-posi-

tive species of the Bacteroides.

BACTEROIDES SPLANCH NICUS

B. splanchnicus has been isolated from normal human

feces and from several infections related to the lower
gastrointestinal lract (Werner et al. 1,975); in particular,

several strains were isolated in significant numbers from

infectious complications of appendicitis. It shares many

characters with other members of lhe Bacteroides. bu.t

differs from them in one important respect: it is the only
fermentative species of Bacteroides to form signiflcant

amounts of n-butyric acid. This it does in addition to

forming a variety of other acids including lso-valeric, lso-

butyric, and propionic acids, as well as acetic and

succinic acids that are produced by all members of the

Bacteroides. A minority of strains that grow well in 20
percent bile broth are inhibited by sodium taurocholate.

Some strains digest charcoal-gelatin disks, but others do
not. This species shares many chemotaxonomic proper-

ties with members of the genus Porphyromonas and the

result of 165 rRNA sequence analysis suggests that it is

a separate lineage (Figure 75.2).
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PREVOTELLA

Oliver and Wherry (1921) described gram-negative

anaerobic bacilli that produced black pigmented colo-

nies when grown on blood agar. They called their strains

B acterium melanino genicurz; subsequently all pigmented

strains were assigned to the species Bacteroides melani-

nogenicus. This characteristic appearance was regarded

as highly specific and was the sole criterion for differ-

entiation from other Bacteroides spp. Confusion

surrounded studies on B. melaninogenicus because of

the diversity of characters among pigmented strains and

because of the specific requirements of some strains for

growth factors such as vitamin K (Lev 1959), hemin, and

sodium succinate. Some B. melaninogeniczs strains

isolated from the normal flora, particularly the gingival

crevice, are nutritionally demanding and require a

variety of growth factors provided by cocultivation with

other bacteria, but as yet are unidentified.

The pigmented strains appeared to share several char-

acters in addition to pigmentation, but there were major

differences in metabolic and biochemical activity

between groups, and B melaninogenicus was divided

into three subspecies: melanino genicus, interme dius, and

asaccharolyticus (Sawyer et al. 1962; Moore and

Holdeman 1973). Studies of cell wall composition and

DNA base ratios supported this division (Shah et al.

1976). Werner et al. (1971) found that pigmented strains

from human feces and from infections related to the

lower gastrointestinal tract formed a homogeneous
group of asaccharolytic strains and recognized only these

as B. melaninogenicus. The differences between the

subspecies cast doubt upon the validity of assigning all
pigmented strains to a single species. The asaccharolytic

strains were distinguished from the saccharolytic strains

by their production of n-butyric acid and also by differ-

ences in G + C content of the DNA and in cell wall

composition. The ICSB taxonomic subcommittee on
gram-negative anaerobic rods (Finegold and Barnes

1977) therefore proposed that the asaccharolytic strains

should be classified as a separate species, B. asacchar-

olyticus. Further differences were found subsequently

between B. asaccharolyliczs strains associated with the

intestinal flora and with superflcial necrotizing

infections, and pigmented nonfermentative strains asso-

ciated with periodontal disease and dental root-canal

infections. The latter two groups of isolates were

assigned species status as B. gingivalis (Coykendall et al.

1980) and B. endodontalls (van Steenbergen et al. 1981),

respectively, and both were later placed in the genus

Porphyromonas (Shah and Collins 1988).

The fermentative pigmented species that remained

('8. melaninogenicus') was also heterogeneous and was

divided into several distinct species. B. melaninogenicus
subspecies melaninogenicrre was shown to comprise three

species - B. melaninogenicus (sensu stricto), Bacteroides

loescheii, and Bacteroides denticola (Holdeman and

Johnson 1,982) - whereas B. melaninogenlcas subspecies

intermedius was divided into two species, Bacteroides

intermedius and Bacteroides corporis (Johnson and

Holdeman 1983). Before the elevation to species status,

a weakly fermentative subspecies levii was proposed.

The latter has now been elevated to species rank as

Porphyromonas levii (Shah et al. 1995) and a second

weakly fermentative species, Porphyromonas macacae

(synonymous with Porphyromonas salivosa) has been

proposed.

It is now clear that the production of pigmented colo-

nies on media that contain blood has less taxonomrc

significance than was previously thought and both

Prevotella and Porphyromonas include nonpigmented

species. Formerly the B. melaninogenicus-oralis group

included the fermentative pigmented species and several

nonpigmented species that shared many common char-

acters. The species B. oralis was originally proposed for

nonpigmented bile- and penicillin-sensitive strains of

Bacteroides isolated from the human mouth (Loesche

et al.1964), but the type strain of B. oralis proved to be

pigmented and was flrst reclassified as B,{ mblaninogen-

icus subspecies melaninogenicus (Holbrook and

Duerden I974) and subsequently as B. loescheii

(Holdeman and Johnson 1982). However, other nonpig-

mented strains were described that corresponded to the

original description of B. oralis or appeared to be

related to it. These were represented by B. oralis,

Bacteroides veroralis (Watabe et al. 1983), Bacteroides

oris, Bacteroides buccae (Holdeman et aI. 1'982), Bacter-

oides zoogleoformans (Cato et al.1982), and Bacteroides

buccalis (Shah and Collins 1981). Two other nonpig-

mented members of the melaninogenicus-oralis group,

Bacteroides disiens and Bacteroides bivius, were isolated

from human clinical infections by Holdeman and

Johnson i19'77\ and have since been found in the normal

vaginal flora and infections of the genitourinary tract,

and occasionally in the mouth.

Description of the genus

The organisms are gram-negative, obligately anaerobic,

nonspore-forming, nonmotile pleomorphic rods. Surface

colonies on blood agar plates vary from minute to

2.0 mm in diameter arid are generally circular, entire,

convex, shiny, and smooth. Colonies on blood agar are

translucent, opaque, gray, Iight brown, or black. Hemo-

lysis is variable. Glucose broth cultures are usually

turbid with smooth or stringy sediments, and the term-

inal pH is between 4.5 and 5.2. The optimum tempera-

ture for growth is 37'C, but some strains grow at 25 and

45'C. Growth of most species is inhibited by 6.5 percent

NaCl. Hemin and menadione are required for growth of

most species. Growth is inhibited by 20 percent (w/v)

bile. Thev are inhibited bv sodium taurocholate and
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sodium deoxycholate and will not grow in 20 percent
bile broth. They are inhibited by most dyes but many
strains are tolerant of Victoria blue 4R (1 in 80 000). In
antibiotic resistance tests, most strains are sensitive to
neomycin (1 000 pg), rifampicin (15 f,g), and resistant to
kanamycin (1 000 pg) disks. Many strains are sensitive
to benzylpenicillin, but some strains of all species of the
genus are resistant as a result of plasmid-coded B-lacta-
mase production. Threonine is not dehydrogenated. The
major fermentation products are acetic and succinic
acid. Occasionally lower levels of lso-butyric, iso-valeric
or lactic acid are produced. Proteolytic activity is vari-
able. Nearly all species are indole-negative Nitrate is
not reduced to nitrite. The cell wall peptidoglycan
contalns rneso-diaminopimelic acid. The principal
resplratory quinones are unsaturated menaquinones,
often with 10-13 isoprene units. Both nonhydroxylated
and 3-hydroxylated fatty acids are composed of predo-
minantly straight-chain saturated, anteiso- and iso-
methyl, branched-chain types. Sphingolipids are
produced. The DNA base compositions are within the
range of 40-52 molo/" G+C. Other currently described
species that conform to the generic description of Prevo-
tella are given in Table 75.3. The genus was emended by
Willems and Collins (1995c) to include species that are
phylogenetically coherent but possess DNA base compo-
sitions within the range 40-60 mol% G+C. The type
species is Prevotella melaninogenica (Table 75.4). Char-
acteristics that differentiate species of the genus Prevo-
tella are given in Table 75.3, while those that differ-
entiate the pigmented species (Prevotella and
Porphyromonas) are given in Table 75.5.

PR EVOTE LLA M E LAN I N OG E N ICA

P. melaninogenica rs a common commensal in the
human gingival crevice and in the vagina and is found in
infections related to these sites. Most strains are short

gram-negative bacilli or coccobacilli and many are

moderately pleomorphic. Colonies are l-2 mm in

diameter, round, convex, and opaque. After incubation

for 48 h, they are typically light gray, becoming brown

after further incubation. Pigmentation develops more
rapidly on lyzed blood agar and varies between strains
from light brown to almost black. It begins in the center

of the colony and the colonies of many strains have a
light brown or pale annulus around a dark-brown center.
Charcoal-gelatin disks are digested within a few days.
The G + C content of the DNA is 40-42 mol% (Shah

et a|.1,9'76). Strains contain a peptidoglycan based upon

m e s o - diaminopimelic acid.

PREVOTELLA LOESCHEII

This pigmented species is named after W.J. Loesche.

The type strain is ATCC 15930, originally designated B.

oralis. Pigment production is fairly slow, but is enhanced
by growth on lyzed blood agar. Ability to hydrolyze

esculin distinguishes it from P melaninogenica. The
DNA G + C content is 46-48 mol%.

PREVOTELLA DENTICOLA

Described by Shah and Collins (1981), this pigmented

species is found in the gingival crevice and in human

clinical specimens from sites in and around the mouth. It

is distinguished from P. melaninogenica and P. loescheii

by tests for hydrolysis of esculin and fermentation of
cellobiose. The G + C content of its DNA is 49-51

mol%.

PREVOTELLA INTERMED'A AND PREVOTELLA
ru,GREsCErus
Isolates of these species initially belonged to P. inter-
media. They are associated with the gingival crevice and
are often isolated from cases of gingivitis and other
purulent lesions related to the mouth. Most strains are

Tabf e 75.3 Characteristics that differentiate nonpiqmented Prevotella species

Species

P. albensis
P. bivia
P. brevis
P. bryantii
P. dentalis
P. disiens
P. enoeca

Arabinose Cellobiose Lactose Mannose Raffinose

+ + + -

f f

+ + + + +

+ + + + +
+ + + + +

V

Salicin Xylose

+ +

Esculin Gelat in

+ +

+ +
+ +

Pigment

P.heparinolytica + + + +
P.oral is + + + +
P.oris + + + + +
P.oulora r * +
P-ruminicola + + + + +
P.veroralis V + + +
P.zoogleoformansV V V V v

f

+

V +

+ -

+ +

+ V

+ -

+ +

+ V

+ V

+ +

+ +
+ +

+, Positive result; -, negative result; v, variable result
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Table 75.4 Species of the genus Prevotella with their type strain

Species

Prevotella albensis
Prevotella bivia
Prevotella brevis
Prevotella bryantii
Prevotella buccae

Prevotella buccalis
Prevotella corporis
Prevotella dentalis
Prevotella denticola

Prevotella disiens

Prevotella enoeca
Prevotella gulae

Prevotel I a hepa ri no lytica
Prevotella intermedia
Prevotella loescheii

Prevotel I a mel a n i nogen i ca

Prevotella nigrescens
Prevotella oralis
Prevotella oris
Prevotella oulora
Prevotella pallen

Prevotella ruminicola
Prevotella tannerae
Prevotella veroralis
Prevotel I a zoog Ieoforma ns

which do not produce indole or ferment sucrose. The
DNA G + C content is 4346 mol"/".

PREVOTELLA ORALIS

Strains that correspond to the original description
(Loesche et al. 1964) are an important component of the
normal flora of the gingival crevice, and similar strains
have been isolated from the normal vagina. Nonpig-
mented oral strains have also been implicated in infec-
tions derived from these sites. All these infections are
associated with tissue necrosis and the production of
foul-smelling pus. Colonies of P. oralis arc !-2 mm in
diameter, semi-opaque, and light-buff or gray. After
prolonged incubation some become pale brown and
some develop a spreading edge with an irregular outline.
Most strains are predominantly coccobacillary but a few
produce longer, more regular bacilli. Most strains hydro-
lyze esculin and digest charcoal-gelatin disks within a
few days.

PREVOTELLA PALLENS

P. pallens isolates were separated from P. nigrescens
based on their weak pigmentation of colonies on blood
agar plates. A distinct halo of metallic sheen is seen
around the colonies and exhibit red fluorescence under
UV light. All strains are resistant to vancomycin but
susceptible to colistin.

PREVOTELLA VERORALIS

This species differs from P oralis in failing to ferment
salicin and has negligible DNA homology with that
species (Watabe et al. 1983). It more closely fits the
original description of P. oralis (Loesche et al. 1964)
than the strains now designated P. oralis. The DNA
G + C content is 42 mol"/".

PREVOTELLA BUCCALIS

P. buccalis is indistinguishable from P. veroralis in most
routine conventional tests and has a similar DNA base
composition. However, unlike P. veroralis, it produces
jso-valeric acid as a major metabolic product and it does
not hydrolyze starch (Watabe et al. 1983). These differ-
ences are supported by lack of DNA homology between
P. buccalis strains and other Prevotella spp.

PREVOTELLA ZOOG LEO FORMANS

This species was described by Weinberg et al. (1937),
and Pr6vot (1938) proposed a new gents Capsularis for
these strains. Moore et al. (1994) emended the descrip-
tion of the species. No early strains remain extant, but
Cato et al. (1982) isolated strains that fulfllled the
description from the gingival crevice of patients with
periodontal disease. The speciflc epithet 'zoogleofor-

mans' represents the character of this organism's growth
in broth culture. It forms a viscous, glutinous mass,
especially in the presence of fermentable carbohydrate.

Type strain

NCTC 13060

N C T C  1 1 1 5 6

NCTC 13061
NCTC 13062
NCTC 13063

NCTC 13064
NCTC 13065

NCTC 13066

NCTC 13067

N C T C  1 1 1 5 7

NCTC 13068

NCTC 13180
NCTC 13069

NCTC 13070
N C T C  1 1 3 2 1

NCTC 12963
Type species
NCTC 9336
NCTC 11459

NCTC 13071
NCTC 1  1871

NCTC 13042
NCTC 13072
NCTC 13073
NCTC 13074
NCTC 13075

short gram-negative bacilli and coccobacilli and
many are pleomorphic. The colonies are t-2 mm in
diameter, round, convex, and opaque. After incubation

for 48 h, isolated colonies are typically gray, but
become uniformly black after further incubation.

Some strains are shiny and glistening, but others are
dull with a rough, dry surface and these may adhere to

the underlying medium. Pigmentation develops more
rapidly on lyzed blood agar. Most strains produce clear
zones of complete hemolysis in blood agar and are

inhibited by Victoria blue 4R. Strains produce indole,
readily digest charcoal-gelatin disks and do not ferment
lactose. The G + C content of the DNA is 4042 mol%.
Lambe and Jerris (1976) described two distinct sero-
groups. Johnson and Holdeman (1983) have described
two DNA homology groups, which were recently
confirmed (Shah and Gharbia 1992) using multilocus
enzyme electrophoresis, DNA-DNA homology and
subsequently 165 rRNA sequence analysis. This resulted

in the proposal of the species P. nigrescens for the

second homology group.

PREVOTELLA CORPORIS

P. corporis was described by Johnson and Holdeman
(1983) to represent strains isolated from clinical human

specimens previously considered to be P. intermedia,but
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Most strains except the type strain produce indole,

ferment cellobiose, and hydrolyze esculin. The major

cellular fatty acids are predominantly lso-C15.6 and

anteiso-Cy5.s acids. The G + C content of the type strain

ATCC 33285 is 47 mol"/". Recently rRNA sequence

analysis has indicated a closer affinity with the genus

Bacteroides.

PREVOTELLA ORIS AND PREYOTELLA BUCCAE

These two species accommodate strains of human origin

that were previously identified as B. ruminicola subspe-

cies brevis biovar (biotype) 3. Similar strains have been

isolated from chicken ceca. The human isolates are

mostly from gingival margins and periodontal pockets

and infections at related sites. They differ from P. oralis

by their ability to ferment pentoses, which is the reason

for their earlier confusion with P. ruminicola. The DNA

G + C content for P. oris is 4246 mol%, whereas for P.

buccae it is 50-52 mol% (Holdeman et al. 1982).

PREVOTE LLA H EPARI N OLYTICA

Isolated from patients with periodontitis, this species
produces acid from a range of sugars, including
pentoses, is indole-positive, hydrolyzes esculin, and
produces heparinase (Okuda et al. 1985). rRNA

sequence analysis indicates a closer affinity with the

gents Bacteroides.

PREVOTELLA OULORA

P. oulora is also found in the mouth. It ferments only a

limited range of sugars, is indole-negative, and does not

hydrolyze esculin. It produces a lipase (Shah et al. 1985).

PREVOTELLA BIVIA

Isolated from human infections by Holdeman and

Johnson (1977), this is the most common species of

Prevotella in the normal human vaginal flora (Duerden

1980b). Most clinical isolates are from infections related

to the female genital tract. It cannot be recognized by

cell morphology or colonial appearance and does not

form pigment, but colonies are often pale brown after
prolonged incubation on lyzed blood agar. Few strains

hydrolyze esculin, but charcoal-gelatin disks are

digested within a few days. The DNA G + C content is

40 mol%.

PREVOTELLA DISIENS

Described by Holdeman and Johnson (1977) at the same

time as P. bivia and isolated from similar infections and

from the normal vaginal flora, strains of P. disiens differ

from P. bivia by their inability to ferment lactose. The

DNA G + C content is 40-42 mol%.

PREVOTELLA DENTALIS

Isolates of this species were previously reported as
Hallella seresens or Mitsuokella dentalis. rRNA

sequence analysis confirmed that they are similar and

are genealogically related to Prevotella (Willems and

Collins 1995c). Strains are isolated from dental root

canals and are distinguished from other Prevotella spp.

by the typical water drop appearance of its colonies on

solid medium. The DNA G + C content is 56-60 mol%.

PREVOTELLA ENOECA

This saccharolytic species was isolated from the gingival

crevice of humans. Colonies are small, 1-2 mm in

diameter, nonhemolytic, nonpigmented, and strains char-

acteristically ferment glycogen and lactose, but not

sucrose, and are unable to ferment gelatin. The endpro-

ducts of metabolism are acetic and succinic acids and, in

common with most Prevotella sPP., P. enoeca contains

anteiso-C$.s as its major cellular fatty acid. The G + C

content of the type strain ATCC 5126I is 47 mol"/".

PREVOTELLA TANNERAE

This species colonizes the human gingival crevice and

contains strains that produce small, circular colonies,

L mm in diameter, that may be black, tan to brown,

reddish, or colorless on rabbit blood agar medium. Most

strains are unable to hydrolyze esculin, but produce acid

from glycogen and lactose. The fermentation acids are

mainly succinic and acetic with lower levels of formic,

iso-valeric and r.so-butyric acids. Its major cellular fatty

acids are lso-C15.6 and anteiso-C15.s acids. The G + C

content of the type strain ATCC 51259 is 45 mol"/".

PREVOTELLA RUMINICOLA

This species is isolated from the rumen and from the

hindgut of many mammalian species. Most strains

produce clear zones which are visible after staining with

congo red. Most strains ferment arbutin and salicin, and

are stimulated by heme in the absence of rumen fluid.

The DNA G + C content is 45-52 molo/o.

PREVOTELLA ALBENSIS

P. albensis is isolated from the rumen and from the

hindgut of many mammalian species. Strains do not

ferment melibiose, sucrose, or mannose, but ferment

xylose. The DNA G + C content is 39-43 mol%.

PREVOTELLA BREVIS

P. brevis is isolated from the rumen and from the

hindgut of many mammalian species. Most strains

produce abundant extracellular DNAase activity and do

not ferment xylose. Many strains can grow with gum

arabic as an energy source. The DNA G + C content is

45-52 mol"/".

PREVOTELLA BRYANTII

P. bryantii is isolated from the rumen and from the

hindgut of many mammalian species. Most strains
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produce abundant extracellular DNAase and ferment
xylose. The DNA G + C content is 39-43 mol%.

NEW PREYOTELLA SPECIES

Following the completion of this chapter, two new
Prevotella species: Prevotella shahii sp. nov. and Prevo-
tella salivae sp. nov. have been proposed (see Sakamoto
et aL.2004).

PORPHYROIVONAS

Description of the genus

Porphyromonds spp. are gram-negative, obligately anae-
robic nonspore-forming, nonmotile rods, or coccobacilli
(Table 75.5). Most cells in broth are small (0.5-0.8 by
1.0-3.5 pm), but occasionally longer cells (4-6 pm) may
be formed. Surface colonies on blood agar plates are
smooth (rarely rough), shiny, convex, circular, entire,
and vary from minute to 3.0 mm in diameter and darken
progressively from the edge toward the center after 6-10
days. Eventually the entire colony becomes black due to
an overproduction of protoheme. The optimum
temperature for growth is 37"C. Growth is not signifi-
cantly affected by carbohydrates. Nitrogenous substrates
such as proteose peptone, trypticase, and yeast extract
markedly enhance growth. The major fermentation
products from media containing these substrates are ,?-
butyric, propionic, and acetic acids with lower levels of
lso-butyric, lso-valeric, succinic, and phenylacetic acids.
Some species are strongly proteolytic, whereas others
show weak peptidase activities. In general there is a
paucity of reliable characters for differentiation of these
species (see Table 75.5), thus new techniques such as

matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF-MS) may be useful in
helping to delineate these species (see, for example,
Figure 75.3) (Shah et aI.2000,2002).

Malate and glutamate dehydrogenases are present in
cell extracts. With the exception of a few species
isolated from animals, glucose-6-phosphate and 6-phos-
phogluconate dehydrogenases are absent. Amino acids,
particularly aspartic and glutamic acids, are fermented.
Indole is produced by most species and nitrate is not
reduced to nitrite.

Growth of all the pigmented species is inhibited by
vancomycin. The cell wall peptidoglycan contains lysine
or meso-diaminopimelic acid. The principal respiratory
quinones are unsaturated menaquinones. Both nonhy-

droxylated and 3-hydroxylated fatty acids are present.

The nonhydroxylated fatty acids are composed of predo-

minantly lso-methyl branched-chain types (iso-C15 e) and
lower levels of straight-chain saturated types. The 3-
hydroxylated fatty acids are the straight-chain saturated
types. Sphingolipids are produced. The DNA base
compositions are within the range 40-55 molYo G + C.
Salient phenotypic features of the species of the genus

are given in Table 75.5. The genus was emended
recently by Willems and Collins (1995b) to include
species that are phylogenetically coherent, but lack some
of the key features of the original description of this
genus, such as pigment production and their inability to
ferment carbohydrates. The type species of the genus

Porphyromonas is Porphyromonas asaccharolytica.

PO RP H Y RO M O N AS ASACCH ARO LYTI CA

These organisms are mainly coccobacilli with only a few
slightly longer bacilli. Very small colonies may be visible

%ln t . x l0
P maccacae NCTC 13100

P. catoniae NCTC 13056

1 [c]
600 800 1000 1200 1400 1600 1800

Mass/Charge
Figure 75.3 Differentiation of four species of Porphyromon as using MALDI-TOF-MS of intact cell surfaces The mass ions (m/z value) of
the surface components of the cell is given along the horizontal axis, while the mass intensities (0-100 percent) of each spectrum is
shown by the peak height. The results show that the mass spectral fingerprint of each species is dintinctive, therefore species may be
characterized by reference to a database of existinq spectra
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on blood agar after 24 h, bttt some strains do not appear

for 48 h. They are smooth, shiny, and grey or brown.

Pigmentation begins to develop after 3-4 days on whole

blood agar, but may be visible in the inoculum after 36-

48 h on lyzed blood agar. After 4-5 days, colomes are

0.5-1 mm in diameter, black or very dark brown. The

colonies are smooth and shiny; they are often very moist

and can be smeared over the agar surface, although the

organisms do not produce large amounts of extracellular

mucus. Most strains have a characteristically strong,

putrid smell. The major endproducts of metabolism in a

cooked meat-carbohydrate medium are n-butyric and

acetic acids together with lower levels of propionic, lso-

butyric and lso-valeric acids. P. asaccharolyrica is inhib-

ited by bile and bile salts and by dyes, resistant to kana-

mycin and sensitive to penicillin and rifampicin. Most

strains are sensitive to neomycin (1 000 pg per disk), but

some are resistant. P. asaccharolytica does not aggluti-

nate sheep or horse erythrocytes (Slots and Genco

1979). The G+C content of the DNA is 52-54 mol%.

P. asaccharolyrica is found in normal human feces, but

less consistently and in smaller numbers than Bacter-

oides spp. It has also been reported in the normal

vagina. It is an important pathogen in mixed infections

but is rarely isolated alone. It is found in infections

related to the lower gastrointestinal tract and in destruc-

tive ulcers and gangrene in diabetics and others with

peripheral vascular disease. It should be noted that early

work on the experimental pathogenicity of '8. melanino-

genicus' (Werner et al. l97L) was probably done with

P. asaccharolytica.

PORPHYRO M O NAS CAN G I NG IVALI S

This species is isolated from the subgingival flora of

dogs. Cells are coccoids, 0.3-0.6 pm, and occur singly or

in clumps. Occasionally filaments up to 16 pm long are

observed. On sheep blood agar plates, surface colonies

after 2 days are 1 mm in diameter, circular, dome-

shaped, nonhemolytic, and smooth. Colonies are poorly

pigmented and creamy after 3-5 days and by L0 days are

light brown. On egg yolk agar, colonies are yellow or

orange. This species produces acetic, propionic, lso-

butyric, n-butyric, lso-valeric, succinic, and phenylacetic

acids as metabolic endproducts. Strains produce catalase

and acid and alkaline phosphatases, but do not produce

any proteinases or lipases. The G+C content of the

DNA is 49-51. mol"/o.

PORPHYROMONAS CANORIS

Isolated from the gingival sulcus of dogs, the cells are

rod-shaped and are 0.3-0.6 by 0.8-1.5 pm, but filaments

up to 16 pm are sometimes present. After growth for

48 h on sheep blood agar plates, surface colonies are

1.5 mm in diameter, circular, rough, and have an orange

pigmentation. Between 3 and 6 days colonies exhibit a

brick red fluorescence when irradiated with shortwave

UV radiation (265 nm), but this changes to a light

orange after t3 days. Pigmentation occurs faster with

laked blood. The major endproducts of metabolism in

cooked meat-carbohydrate medium are acetic,

propionic, iso-valeric, and succinic acids together with

low levels of n-butyric and iso-butyric acids. Lactate is

converted to propionate, but neither pyruvate nor threo-

nine is utilized. Strains are catalase-, acid- and alkaline

phosphatase-positive, liquefy gelatin, and possess

chymotrypsin activity. Both acid and alkaline phospha-

tases are produced. A wide spectrum of oxidoreductases

are produced, including malate, glutamate, glucose-6-

phosphate, and 6-phosphogluconate dehydrogenases.

The nonhydroxylated fatty acids are composed of predo-

minantly lso-methyl branched types, with lso-C15.s acid

predominating. The G+C content of the DNA is 49-51

mol7".

PO RPHYRO M O NAS CANS U LCI

This species is isolated from the subgingival flora of

dogs. Cells are coccoid, 0.3-0.6 pm, and occur singly or

in groups. On sheep blood agar plates, surface colonies

after 3 days are 12 mm in diameter, circular, dome-

shaped, and smooth. Colonies are black or brown after 5

days. On egg yolk agar colonies are yellow or orange.

This species produces a wide spectrum of fermentation

products that includes acetic, propionic, lso-butyric, n-

butyric, iso-valeric, succinic, and phenylacetic acids.

Neither lactate nor pyruvate is utilized and threonine is

not converted to propionate. Strains produce catalase

and acid and alkaline phosphatases, but do not produce

any proteinases or lipases. The G+C content of the

DNA is 49-51 mol"/".

PORPHYROMONAS CATONIAE

Isolated from the gingival crevice of humans, strains

were of uncertain taxonomic designation initially and

were temporarily placed in a group referred to as
'Bacteroides D26'. These were subsequently assigned to

a new genus, Oribaculum catoniae, by Moore and Moore

(1994), but later transferred to the gents Porphyr'

omonas by Willems and Collins (1995b) based on

comparative analysis of approximately 96 percent of the

total primary sequence of the 165 rRNA. At present,

this is the only nonpigmented and saccharolytic member

of the genus. Colonies on blood agar plates are 0.5-

2 mm in diameter, circular, entire flat to low convex,

and transparent. Cells grown in a glucose-containing

medium (e.g. peptone-yeast extract-glucose (PYG))

produce a terminal pH of 5.0-5.5 and their metabolic

endproducts are mainly acetic and succinic acids with

low levels of formic, lactic, and lso-valeric acids. The

major cellular fatty acids are lso-C15.6 and anteiso-C15.s

but substantial levels of lso-C13.s are also produced. The

DNA base compositions are in the range 49-51 moI"/"

G+C.
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PORPHYRO MO N AS CI RCU M D E NTARIA

This species is isolated from soft tissue infections, the
gingival margins, and gingival plaques of cats. On sheep
blood agar plates, colonies after 72 h are 1-2 mm in
diameter, circular, entire, dome-shaped, and are greenish
brown, but become creamy brown by 7 days. During this
period, colonies exhibit a brick red fluorescence when
irradiated with shortwave UV radiation (254 nm). By 14
days, colonies are brown to black. Cells are rod-shaped
and are 0.3-0.6 by 0.8-1.5 pm, but filaments up to 10 prm
are sometlmes present. The major endproducts of meta-
bolism in cooked meat-carbohydrate medium are acetic,
n-butyric, and iso-valeric acids with lower levels of
propionic, lso-butyric, succinic, and phenylacetic acids.
Strains are catalase-positive, produce ammonia, and
liquefy gelatin. Both acid and alkaline phosphatases are
produced. The G + C content of the DNA is 4042
mol%.

PO RPHYRO M O N AS CREVI O RICAN S

P. crevioricans is isolated from the gingival crevicular
fluid of beagle dogs. Colonies on rabbit blood agar
plates after '72h 

are tiny, 0.8*1.5 mm in diameter,
circular, entire, dome-shaped, opaque, and brown or
black. The major endproducts of metabolism in GAM
medium (Nissul, Tokyo, Japan) are acetic, propionic,
and lso-valeric acids with lower levels of n-butyric, lso-
butyric, succinic, and phenylacetic acids. Malate and
glutamate dehydrogenases are present in cell extracts,
but glucose-6-phosphate and 6-phosphogluconate dehy-
drogenases are absent. Cells hemagglutinate sheep
erythrocytes. Strains so far tested (Hirasawa and Takada
1994) are susceptible to penicillin (0.5 U per disk),
amoxycillin (2 pg per disk), sulbenicillin (5 pg per disk),
and erythromycin (0.5 frg per disk) The nonhy-
droxylated fatty acids are composed of predominantly
zio-methyl branched types, with lso-C15.0 acid predomi-
nating. The G + C conrent of the DNA is 4445 mol%.

PO RPHYRO M O NAS E N DO DO NTALIS

This pigmented species is more difficult to culture on
primary isolation, but becomes easier to maintain with
repeated subculture. Initially, colonies are very sticky
and adhere strongly to the medium. It is isolated from
infected dental root canals with severe periapical
destruction (van Steenbergen et al 1984). Colonies on
blood agar plates are shiny, smooth, convex, and
circular. Major fermentation products are n-butyric and
acetic acids. Lower levels of propionic, lso-butyric, and
lso-valeric acids are produced, but phenylacetic acid is
not produced. The G + C content of the DNA is 49-51
mol%.

PO RPHYRO M O NAS G I NG IVALIS

Cells are nonmotile rods or coccobacilli and are 0.5-
2 pm long. Colonies on blood agar are smooth, shiny,

convex, and 12 mm in diameter and darken from the
edge of the colony toward the center between 4 and 8
days. Nonpigmented colonies rarely occur. Growth is
markedly affected by the presence of protein hydro-
lysates such as trypticase, proteose peptone, and yeast
extract. Growth is enhanced by 0.5-0.8 percent NaCl.
Major fermentation products are n-butyric and acetic
acids. Lower levels of propionic, lso-butyric, lso-valeric,
and phenylacetic acids are also produced. Cysteine
proteinases and collagenases are present. Cells aggluti-
nate sheep erythrocytes. Cell wall peptidoglycan
contains lysine as the diamino acid. Both nonhy-
droxylated and 3-hydroxylated fatty..acids are present.
The nonhydroxylated fatty acids are composed of predo-
minantly lso-methyl-branched types, with lso-C15.6 acid
predominating. The major respiratory quinones are
menaquinone with nine isoprene units. The G + C
content of the DNA is 46-48 mol%.

PO RPHY RO M O NAs G I N G IVICANS

This species is isolated from the gingival crevicular fluid
of beagle dogs. Colonies on rabbit blood agar after 72h
are tiny, 0.8-1.5 mm in diameter, circular, entire, dome-
shaped, opaque, and brown or black. The major endpro-
ducts of metabolism in GAM medium (Nissul, Tokyo,
Japan) are acetic, n-butyric, and lso-valeric acids with
lower levels of propionic, lso-butyric, and succinic acids.
Malate and glutamate dehydrogenases are present in cell
extracts, but glucose-6-phosphate and 6-phosphogluco-
nate dehydrogenases are absent. Strains are catalase-
positive. Cells neither agglutinate sheep erythrocytes nor
exhibit trypsin nor N-acetyl-B-glucosaminidase activity.
Strains so far tested (Hirasawa and Takada 1994) are
susceptible to penicillin (0.5 U per disk), amoxycillin
(2 pg per disk), sulbenicillin (5 pg per disk), and
erythromycin (0.5 pg per disk). The nonhydroxylated
fatty acids are composed of predominantly lso-methyl-
branched types, with lso-C15.e acid predominating. The
G + C content of the DNA is 4I-42 mol"/,.

PREVOTELLA GULAE

Described by Fournier et al. (2001), this species was
isolated from the subgingival plaque of several animals.
Strains are catalase-positive and produce indole. A
brown pigment is produced on aging of the cultures, but
colonies do not fluoresce under UV light. The DNA
G + C content is 51 mol%.

PORPHYROMONAS LEVII

Named after M. Lev, who isolated it from cattle (Lev

1959), this species produces dark brown colonies slowly
on blood agar and more promptly on lyzed blood agar.
Unlike most pigmented members of the genus, it is
weakly fermentative and weakly ferments glucose and
lactose, but not other carbohydrates. Charcoal-gelatin
disks are digested within a few days. P. levii produces
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n-butyric acid as its major product of metabolism with

moderate levels of acetic, propionic, lso-butyric, and lso-

valeric acids. The nonhydroxylated fatty acids are

composed of major levels of lso-C15.s and'anteiso-C15.6

acids. The G + C content of the DNA is 45-48 mol%.

PORPHYROMONAS MACACAE

This species is weakly fermentative and has been

isolated from periodontal lesions in monkeys (Slots and

Genco 1980). Strains are catalase-positive, produce

ammonia, and possess both trypsin and chymotrypsin

activities. Strains are indole-positive and are further

distinguished from P. levii by production of propionic

acid and not butyric acid as the major metabolic

product. This species possesses a wide spectrum of

oxidoreductases that include malate, glutamate, glucose-

6-phosphate, and 6-phosphogluconate dehydrogenases.

The nonhydroxylated fatty acids are composed of predo-

minantly lso-methyl branched types, with lso-C15.6 acid

predominating. The DNA G + C content is 43-44 molo/"
(Coykenda l l  e t  a l .  1980) .

THE CURRENT STATUS OF SPECIES
THAT PREVIOUSLY BELONGED TO THE
GENUS BACTEROIDES

The emphasis now is to develop taxonomic schemes that

reflect 'natural' or 'evolutionary' relationships among

bacteria which has led to re-examination of many taxa

that only superficially resemble the generic description

of type species. Members of the genus Bacteroides have

been subjected to rigorous chemotaxonomic analysis and

the results from these studies have been largely

confirmed by molecular systematic analysis. Thus, the

more restricted definition of the genus Bacteroides and

the proposal of Prevotella and Porphyromonas have

been borne out by data derived from comparative

sequence analysis of 165 rDNAs (see Figure 75.2),

whereas others that have been excluded from the genus

have been substantiated by these tests (see reviews by

Shah and Collins 1983; Shah et al. 1.997; Olsen and Shah

2003). The current status of some of these taxa is

described below.

Bacteroides u reolyticus and
Bacteroides gracilis

B. ureolyticus is a nonfermentative, nonpigmented

species that characteristically'pits or corrodes' the agar

around the colonies. It was first described by Henriksen

(19a8) in clinical specimens and later by Eiken (1958)

who isolated 21 strains from abscesses, principally from

the buccal region, and assigned them to the genus

Bacteroides as Bacteroides corrodens. Khairat (1967)

cultivated a similar organism from blood cultures after

tooth extraction and also three strains phenotypically

similar from the gingival crevice. Reinhold (1966) found

it in abscesses and Schroter and Stawru (1970) in

diseased tonsils. It was renamed B. ureolyticus to clarify

the distinction between it and Eikenella coruodens, an

aerobic and facultatively anaerobic, carbon dioxide-

dependent organism that also forms'corroding' colonies.

The two were often confused in early reports (Jackson

and Goodman 1978). This species was subsequently

shown to share few biochemical and chemical properties

with the genns Bacteroldes sensu stricto (see Shah and

Collins 1983) and was excluded from the redeflned

genus. B. gracilis shares a number of common properties

with ^8. ureolyticus in that it is nonpigmented, asacchar-

olytic, microaerophilic, and colonies often show pitting

or corroding growth indistinguishable from that of B.

ureolyticus. However, it is oxidase-negative and does not

produce urease, although some strains reduce nitrate to

nitrite (Tanner et al. 1981). Chemotaxonomic analyses,

DNA-rRNA hybridization, and 165 rRNA sequence

analysis have shown that both species belong to the

genus Campylobacter and B. ureolyticus has been

formally reclassified in this genus (Vandamme et al.

1ee5).

Ba ctero i d es p raeacutu s

Strains have been isolated from human feces and from

clinical specimens. B. praeacutus differs from other

species of Bacteroides in being motile by means of peri-

trichous flagella and differ so markedly in biochemical

and chemical properties (e.g. its G + C content is 28

mol%) from other members that it was excluded from

the emended description of the genus Bacteroides (Shah

and Collins 1983) and was reproposed in the genus

Tissierella, as Tissierella praeacuta. The 165 RNA gene

sequence has shown that this species is synonymous with

Clostridium hastiforme.

B acteroides pneu mosrntes

B. pneumosintes is a very small bacillus that is filterable

through Berkfeld V and N filters and is unreactive in

most conventional bacteriological tests. It was described

by Olitsky and Gates (1921', 1922) in nasopharyngeal

washings from patients in the 1918 influenza pandemic

and called Dialister pneumosintes. These authors thought

that it was a signiflcant pathogen. It has since been

isolated from normal persons, but it may be concerned

in secondary infections of the respiratory tract, including

lung abscesses, and in metastatic brain abscesses. Long

considered to be outside the generic description of

Bacteroides (see Shah and Collins 1983), the genus Dial-

ls/er was revived by Moore and Moore (1994) to accom-

modate this species. More recently, it was shown by

Willems and Collins (1995a) that these microorganisms
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belong to the Sporomrzsa sub-branch of the Clostridium
subphylum.

Bacteroides nodosus

B. nodosus is a significant pathogen, causing foot rot in
sheep (Egerton and Parsonson 1966) and possibly also in
goats and cattle (Wilkinson et al. 1970). The hoof seems
to be its natural habitat. The cells are irregular with
terminal enlargements, especially in smears prepared
directly from lesions. It is strongly proteolytic and will
digest powdered hoof in vitro. The DNA G + C content
is 45 mol%. It was reclassified in a new genus, Dichelo-
bacter, as Dichelobacter nodosus.

Bacteroides putredinrs and Bacteroides
microfusus

Despite being nonfermentative, some strains of B. putre-
dinis grow in a glucose broth to produce cells that are
either straight or curved with rounded ends. Some cells
produce swellings at one end, but spores have not been
detected. Strains are proteolytic and some may digest
cooked meat. B. putredinis produces fibrinolysin and
may be isolated from feces, abdominal and rectal
abscesses, cases of acute appendicitis, and foot rot in
sheep. It has been reported from the human oral cavity.
It shares very few characters with members of the genus
Bacteroides and recent 165 rRNA sequence analysis
(Paster et al. 1994) has shown this species to be most
closely related to Rikenella microfusus (formerly Bacter-
oides microfusas). Both species show close afflnity to the
gents Cytophaga.

Bacteroides ochraceus

This species was shown to be distantly related to the
gents Bacteroides and to contain several centers of
variation. These have now been assigned to the genus
Capnocytophaga as Capnocytophaga ochracea (the type
species), Capnocytophaga canimorsus, Capnocytophaga
cynodegmi, Capnocytophaga gingivalis, Capnocytophaga
granulosa, Capnocytop haga haemolytica, and Capnocyto-
phaga sputigena.

B actero i des s u cci n oq enes a nd
Bacteroides a mylop'h i t u s

Both these species are associated with the rumen and
are biochemically and chemically unrelated to the genus
Bacteroides. They have been reclassified in the genera
Fibrobacter and Ruminob acter, respectively.

B actero i des f u rcos u s, Ba cte ro i des
termitidis, Bacteroides multiacidus,
B a ctero i d es hypermeg as

These species share few properties with the genus
Bacteroides and have been reclassified as Anaerorhabdus

furcosus, Sebaldella termitidis, Mitsuokella multiacidus,
and Megamonas hypermegas (see review, Shah and
Gharbia 1997; Shah and Collins 1986). 165 rRNA
sequence analysis has shown that some of these genera,
such as Sebaldella and Anaerorhabdus, show a close affi-
nity with gram-positive taxa of the Clostridium
subphylum. The genera Mitsuokella and Megamonas
cluster with Selenomonas and Pectinatus.

Prevotel I a zoog leoformans and
Prevotel I a h epa ri n o lyti cu s

These species are classified in the genus Prevotellabased

on their phenotypic properties, but 165 rRNA sequence
data suggest that they are distinct lineages (see Olsen
and Shah 2003).

ANTIBIOTIC RESISTANCE

Gram-negative anaerobes are sensitive to metronida-
zole, but are resistant to aminoglycosides, quinolones,

and monobactams. Until a few years ago, most members
of the Bacteroidaceae were susceptible to antimicrobial
agents such as clindamycin, chloramphenicol, erythro-
mycin, and tetracyclines. Over the years antibiotic resis-
tance has been increasingly reported. Bacteroides spp.
have been shown to acquire resistance rapidly to most
betalactam antibiotics (minimal inhibitory concentra-
tion usually exceeds 16 mg/l). This is associated with the
production of broad spectrum beta-lactamases (Olsson

et al. 1979). In 1955, the first cases of resistance to peni-

cillin were described (Garrod 1955). A noninducible
cephalosporin was isolated from strains of B. fragilis and
to date 93 percent of resistant strains produce B-lacta-
mases. Similar patterns were reported among B. ovatus,
B. vulgatus, B. thetaiotaomicron, and B. distasonis.
Lower incidences of B-lactamases (40-60 percent) have
been reported for Prevotella and Porphyromonas.
Pencillinases and cephalosporinases were reported from
P. disiens, P. buccae, P. oris, P. melaninogenica, and P.
asaccharolytica. Most BJactamases produced are consti-
tutive cephalosporinases, although penicillinases and
enzymes that hydrolyze cefoxitin and imipenem have
been described. Both chromosomally mediated and
plasmid-mediated penicillin resistance have been
described, with the production of at least six different B-
lactamase types.

Resistance to chloramphenicol is mediated by either a
nitroreductase or an acetyltransferase. Although both
mechanisms have been observed amons Bacteroides
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spp., the acetyltransferase activity is transferable among

Bacteroides spp. However, the rate of transmission in

vivo is apparently low since chloramphenicol resistance

is detected in less than 1 percent of isolates. This may be

due to the infrequent use of this potentially toxic drug
(Jenkin 2001).

Clindamycin is one of the most widely used anti-

microbial drugs in the treatment of anaerobic infections.
Recent studies suggest that resistance to clindamycin in

B. fragilis is 5-20 percent, less than 5 percent in other

Bacteroides spp., and 10 percent for Prevotella and

Porphyromonas species. Resistance is mediated by an
RNA methylase that alters the 50S subunit of ribosomal

RNA and modifies the site of action of the drug. Resis-

tance is due to the transfer of transposable elements,
such as 

-1n4351 
andTn4400 (Shoemaker et al. 1985).

Metronidazole resistance in Bacteroides spp. is asso-

ciated with plasmids that have been shown to transfer to

other species via conjugation. Despite the low incidence

of resistance to metronidazole. the fact that such resis-

tance is transferable suggests the possibility of increased

resistance in the future.

Tetracycline resistance in Bacteroides isolates was
uncommon, but today all clinical isolates of Bacteroides

spp. are resistant to tetracycline due to the spread of
conjugative elements throughout Bacteroides spp.

Increased use of tetracyclines for the treatment of perio-

dontal diseases and other oral infections is largely

responsible for the spread of resistance among Prevo-

tella and Porphyromon .r spp. Such resistance is medi-

ated by chromosomally expressed ribosomal protection

mechanisms. ln Bacteroides and Prevotella spp., conjuga-

tive elements harboring the genetic determinants terQ

and tetM were reported (Salyers and Shoemaker 1995).

Resistance to macrolides is usually plasmid or trans-
poson mediated and is related to lincosamide resistance

and results in the dimethylation of the 50S ribosomal

subunit. The most frequently detected genes responsible

for such activity in B. fragilis, B ovatus, and B.vulgatus

are ermF and ermFS (Garcia-Rodriguez et al. 1995).

MOLECULAR ANALYSIS

Most of the early work on the genetics of the Bacter-

oidaceae focused on the gents Bacteroldes. This is due

in part to the fact that members of this genus are among
the most oxygen tolerant of all obligate anaerobes, they

are not nutritionally fastidious and their growth rates are
1-3 h per generation time. They harbor conjugative plas-

mids that are transferable to Escherichia coli and other

members of the Bacteroidaceae. The fact that Bacter-

oides spp. are opportunistic pathogens, B. fragilis
accounting for almost half of all human anaerobic infec-

tions, has promoted interest in its genetics.

The physical and genetic map of B. fragilis was

compiled using the chromosome of strain YCH46
(Kuwahara et al. 2002). It is a single circular DNA

molecule of 5.3 Mb. The physical map was constructed

by comparative analysis of the data generated from

cross-southern hybridization, partial restriction digest,

pulse field gel electrophoresis, and linking clone analysis.

The map revealed six rRNA operons (rrn loci). The

location of ten genes including recA, rprX, and tuf were

identified. The loci for the enzymes ATP-synthase, fruc-

tanase, neuraminidase, and glutamine synthetase, as well

as ccrA encoding class beta-lactamases were described.

It is envisaged that the localization of genes across the

physical map can be linked to the data currently being

annotated for the B. fragilis and B. thetaiotamicron

genomovars and will play a significant role in detecting

reorganizational events directing the emergence of

species (Xu et al. 2003).

Many Bacteroides strains have cryptic plasmids (3-

6 kb) that are mobilized by conjugative elements.

However, clindamycin and erythromycin determinants

are harbored on plasmids isolated from B. ovatus.-fetra-

cycline resistance determinants were isolated down-

stream from these genes. However, the gene products of

these tetracycline resistance elements are functional only

under aerobic conditions.

Conjugative transposons are elements that integrate

within the bacterial chromosome but, unlike transpo-

sons, do not duplicate the target site. Furthermore, a

circular intermediate structure is formed during excision

and transfer. Bacteroides conjugative transposons

usually carry the tetracycline determinant tetQ (Salyers

and Shoemaker 1995). Some conjugative transposons

carry erythromycin-resistance genes that also confer

resistance to clindamycin. However, cryptic conjugative

elements were detected. Interestingly, strains expressing

multiple resistance carry conjugative transposons, which

may explain the rapid and widespread occurrence of

such resistance among members of the genus Bacter-

oides. In many cases, conjugative transposons can also

mediate the excision and mobilization of coresident

plasmids.

This transfer is stimulated by the exposure of donors

to low concentrations of tetracycline prior to conjuga-

tion. This was shown to increase the frequency of

transfer by 1 000-10 000-fold. Clindamycin was also

shown to stimulate the rate of transfer. Bacteroides

conjugative elements have been shown to transfer resis-

tance to Prevotella and Porphyromonas spp. in the

presence of tetracycline.

Conjugative transposons are extremely stable and,

unlike antibiotic resistance plasmids, are maintained in

Bacteroides strains in the absence of selection through

exposure to antibiotics. Several genes from B. fragilis,
such as recA and sialidases, were expressed in E. coli.

Therefore, plasmids isolated from B. fragilis and B.

thetaiotaomicron that harbor antibiotic markers were

integrated into E. coli-based shuttle vectors to construct

new systems for the cloning and expression of genes of

members of the Bacteroidaceae.
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P. gingivalis is an intensively studied species of the
gents Pophyromonas (Shah 1993) and sufficient genes
from a range of strains have been sequenced to enable
an insight into the structure of its genome when
compared to the sequenced chromosome of strain W83.
Once the process is completed, it will have a major
impact on resolving the molecular basis of pathogenesis
within this species. Early attempts to clone and express
surface-associated proteins failed to yield mature
proteins and resulted in the rearrangement of the cloned
fragments. Random cloning and selection of recombi-
nant was replaced with screening with degenerate
primers, constructed N-terminal sequences or conserved
motifs of similar proteins. The amplified fragments were
sequenced to ascertain their identity and used to screen
gene libraries and clinical isolates and better results
were obtained. Using this approach, the structure and
distribution of the fimbriae-encoding gene was deter-
mined (Hamada et al. 1994). Several sequences of the
major extracellular proteinase have been reported and
deposited in the databank. However, the biochemical
and physiological studies support the view that all the
extracellular proteolytic activity of P. gingivalls rs asso-
ciated with cysteine proteinases (Pavloff et al. 1995).
Furthermore, the results of cloning and molecular
analysis have revealed that the proteinase forms a
complex association with adhesin molecules on the
bacterial surface and is responsible for its attachment to
erythrocytes.

The metalloenzyme superoxide dismutase (SOD) of
P. gingivalis has the highest known activity of any
Porphyromonas or Prevotella species. It was reported
recently that an increase in temperature from 37 to 39"C
resulted in an increase in SOD messenger RNA and a
three-fold rise in SOD activity. Molecular analysis
revealed that the enzyme is transcribed as single apopro-
tein monomers, but post-transcriptional modification
yields two minor Fe-containing SOD isoenzymes (when
cell extracts are maintained anaerobically) and a major
Mn-containing SOD (when cells are aerated), both of
which are encoded by a single copy on the chromosome,
which is a unique feature.

The genes for several unrelated enzymes have been
deposited in databases, but the significance of these to
the biology of P. gingivalls has not yet been clarified.
These include a methylase-encoding gene, heat shock
protein operon, an insertion element, genes encoding an
alkaline phosphatase, and methylmalonyl-CoA mutase
(see review by Gharbia et al. 1995).

A unique molecular structure among bacteria was
revealed through the study of an adhesin gene from P.
loescheii. The gene, referred to as plaA, possesses two
overlapping reading frames which encode an 89 kDa
polypeptide (Manch-Citron et al. 1992). The leader
sequence and 28 residues of the N-terminus are encoded
within frame 1 and a second reading frame is initiated
on the complementary strand. Sequencing results and

confirmation using polymerase chain reaction (PCR)

amplification of several gene fragments strongly suggest

a frameshift within plaA, which represents an

uncommon phenomenon among bacteria. Such a
mechanism enables a single gene to encode several
proteins, fusion protein transcription, and truncated
gene products.

B ACTE RO I D E S, PR EVOT E LI.A, AN D
PORPHYROMONAS IN THE NORMAL
FLORA

ln  humans

Gram-negative anaerobic bacilli are a major component

of the normal commensal flora of the mucous

membranes of the mouth, lower gastrointestinal tract,
and vagina. Eggerth and Gagnon (1933) recognized their
importance in the fecal flora and Rosebury (1962)

stressed their normal occurrence at all three sites. The

species of gram-negative anaerobic bacilli found at the

three sites form distinct populations that account for

the majority of endogenous opportunistic infections.

ORAL MICROFLORA

The mouth does not have a uniform bacterial popula-

tion. The gingival crevice and subgingival plaque are the
principal sites of colonization with gram-negative anae-
robic bacilli (Socransky and Manganiello I97l; Hardie

and Bowden 1974). Gram-negative anaerobic bacilli are
rarely detected in infants before the eruption of teeth.
As dentition develops during childhood, the frequency

of colonization increases (Sutter 1984). Kelstrup (1966)

found that the isolation rate of black-pigmented species
rose from 18 percent in children aged 5 years to 70
percent at 16 years. Prevotella spp. are present in large
numbers in the gingival crevice and subgingival plaque

of all healthy adults. Studies have shown that they repre-
sent 12 percent (Slots 1977) to approximately 30 percent

(Williams et al. 1976; Newman et al. 1978) of the culti-
vable flora. However, they constitute only approximately
4 percent of the cultivable flora of supragingival plaque

in normal subjects (Gibbons et al. 1964), although in
institutionalized subjects the proportion may reach l7
percent (Loesche et al. 1,972). In the presence of gingi-
vitis and peridontitis their numbers, particularly those of
P. gingivalis and P. intermedia, increase.

Pigmented species were first described in studies of
the microflora of mucous membranes, in particular, of
the gingival mucosa (Oliver and Wherry 1921). They are
useful marker species for the anaerobic flora of the
gingival crevice (Holbrook et al. 1978). Pigmented
strains consti1:fte 4-6 percent of the cultivable flora of
the normal gingival crevice (Gibbons 1974; Williams
et al. 1976) and 5-6 percent of the plaque flora from
institutionalized subjects (Loesche et al. 1972).
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Pigmented Prevotella spp. can be isolated from almost
all subjects and account for 10-20 percent of the gram-

negative anaerobic bacilli, whereas the nonpigmented

species account for about 35 percent (Loesche et al.

1972; Gibbons 1974; Duerden 1980c). Species of B.

fragilis are not part of the normal gingival flora (Hardie

7974).

Gingival strains of Bacteroidaceae are often nutrition-

ally demanding and may be difficult to maintain in pure

culture on solid media. Many species are nutritionally

interdependent and will grow only in mixed culture, in
which satellitism may be demonstrated. Growth is often

improved by the addition of 5-10 percent COz in the

anaerobic atmosphere (Watt 1973; Stalons et al. 7974)
and recognized growth factors include metal ions (Cald-

well and Arcand 1974) and hemin (Gibbons and
MacDonald 1968; Gilmour and Poole 1970). Most
Prevotella artd Porphyromonas spp. also require mena-
dione (vitamin K, Lev (1959)) or its precursors (Robins

et aI.1973) and succinate (Lev et al. 1971).

GASTROINTESTINAL MICROFLORA

Gram-negative anaerobic bacilli are generally the most
numerous bacteria in the normal flora of the gastro-

intestinal tract, similar in numbers to the bifidobacteria.
The genus Bacteroides forms the majority of the culti-
vable species (Drasar and Hill 1974). The anaerobic
intestinal flora develops early in life. In breast-fed
infants, bifidobacteria predominate and gram-negative

anaerobic bacilli are present in the first week of life only
in about 20 percent of such infants. However, more than

60 percent of bottle-fed infants are colonized by Bacter-
oides spp. in the same period. At weaning, the numbers

of bifidobacteria decrease, whereas the numbers of
Bacteroides rise to outnumber bifidobacteria by 3:1
(Long and Swenson 1977). Rotimi and Duerden (1981)

reported a heavy growth of Bacteroides from 75 percent

of 16 infants 5-6 days old who were breast fed, but

received supplementary bottle feeds. Obligate anaerobes

are seldom found in the normal stomach, duodenum,
jejunum, or proximal llelum. Bacteroides spp. and Bifido-

bacterium spp. begin to appear only in the distal ileum
(Finegold 1.977) and they form a major part of the cecal
and fecal flora. Viable counts of Bacteroides yield 1011

organisms per gram wet weight of feces and cecal
contents (Drasar 1967; Finegold et al. 1975). The
proportion of Bacteroides spp. in the fecal flora differs in

subjects from different countries and is related to the
type of diet. They are found in greater numbers in

subjects who consume a mixed western diet that

contains comparatively large amounts of fat and stimu-

lates the production of a large volume of bile. Fewer
Bacteroides spp. are found in subjects from developing
countries in Africa and Asia, and from Japan, who
consume a mainly vegetarian diet. Gram-positive anae-
robes and enterococci are the predominant fecal organ-

isms in these subjects. However, subjects in developed

countries who change to a vegetarian diet do not

convert their fecal flora to a gram-positive predomi-

nance and retain their Bacteroides organisms (Drasar

r974).
Some 80 percent of fecal gram-negative anaerobic

bacilli are members of the genus Bacteroides. The most

common species in most subjects arc B. vulgatus, B.

thetaiotaomicron, atd B. distasonis. B. eggerthii is found

regularly, but B. fragilis forms only a small proportion of

the bacteroides in the normal fecal flora (Werner L974;

Finegold et al. 1975; Moore and Holdeman 1975;

Duerden 1980a). Holdeman et al. (1976) identifled | 442

isolates belonging to 101 species from 25 specimens of

feces from three men; B. vulgatus, B. thetaiotaomicron,

and B. distasonis were three of the five most prevalent

bacterial species, representing 11.8, 8.9, and 6.0 percent

of isolates, respectively, whereas B. fragilis represented

only 0.3 percent. They also found that the proportion of

B. thetaiotaomicron isolates rose under stressful condi-

tions. Asaccharolytic species of the Bacteroidaceae form

a consistent part of the normal fecal flora, but are

present in much smaller numbers than Bacteroides

(Werner et al. l97l). The most commonly recognized

species is P. asaccharolytica and the lower gastro-

intestinal tract is probably the primary habitat of this

species. Nonpigmented asaccharolytic species are also

present in quite small numbers. They grow slowly to

form only small colonies and are difflcult to detect.

The gram-negative anaerobic bacilli play an important

part in the physiological activities of the large intestine.

They are responsible for much of the metabolism of bile

salts and bile acids. Bacteroides spp. and several clos-

tridia produce enzymes that deconjugate bile salts under

conditions of low E1, and they reduce cholic acid to

deoxycholic acid. This is important in the enterohepatic

circulation of bile salts. They may also be implicated in

the production of carcinogens from bile acids. Bacter-

oides spp. produce dehydrogenases and dehydroxylases

that convert bile acids into aromatic compounds and

eventually to substituted cyclopentaphenanthrenes,

which are known to be carcinogens. Differences in the

incidence of colonic carcinoma in various countries are

associated with the type of diet consumed and with the

relative numbers of gram-negative anaerobic bacilli in

the feces (Drasar and Hill 1974).

Several studies have been conducted to provide a

comparative analysis of the anaerobic microbiota of the

gastrointestinal tract in infants and adults. This is mainly

carried out by nonculturable 165 rRNA ampliflcation

and random sequencing or hybridization (see Rigottier

et al.2002).

VAGINAL MICROFLORA

The role of the Bacteroidaceae in the normal vaginal

flora has been the subject of controversy. The vagina is
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not a single environment. The flora of the lower vagina
is a mixture of organisms from the vagina with others
from the perineum and introitus, whereas the flora of
the cervix and fornices more closely represents the true
vaginal flora. Moreover, the environment is not constant.
The state of the mucosa and secretions changes with
age, with each menstrual cycle, and with pregnancy
(Hurley et al. 1,974).

Gram-negative anaerobic bacilli are common, but
not universal, commensals of the cervix and vaginal
fornices. The presence of Bacteroidaceae in the
vagina was reported first by Burdon (1928). He
isolated P. melaninogenica from 28 of 35 normal
women.

Bacteroides spp. were isolated from cervical cultures
in 57 percent (Gorbach et al. 1973) and 65 percent
(Sanders et al. 1975) of normal women and from the
posterior vaginal fornix in 65 percent and 100 percent of
two groups of 20 normal women (Duerden 1980b; Wilks
et al. 1984). However. other workers have found them
considerably less often: 8.6 percent of 246 preoperative
gynecological patients (Neary et al.1973);4.6 percent of
500 women attending a family planning clinic; 5 percent
of 200 patients attending a gynecological outpatient
clinic; 5.4 percent of 280 pregnant women (Hurley et al.
1974); four of 100 pregnant women; and one (4 percent)
of 23 normal women in a quantitative study by Taylor
et al. (1982). Some of these differences may reflect
differences between populations, but most are probably
attributable to different methods of investigation and, in
particular, to differences in sampling methods and in
anaerobic technique. In studies with good anaerobic
methods, isolation rates from normal women have been
generally higher in qualitative studies (approximately 60
percent, see above) than in quantitative studies - 41
percent (Masfari et al. 1986), 3440 percent (Bartlett

and Polk 1984),34 percent (Hammann 1982) - in which
small numbers of anaerobes may not have been
detected. In quantitative studies, mean viable counts of
Bacteroides spp. in those normal women from whom
gram-negative anaerobic bacilli were isolated varied
from 106 colony-forming units (cfu)/g (Masfari et al.
1986) to 108-e cfu/g or ml (Bartlett and Polk 1984; Wilks
et al. 1984) of vaginal secretions. Few consistent varia-
tions have been detected in sequential samples taken
during the menstrual cycle. Bartlett and Polk (1984) and
Wilks et al. (1984) both found that levels of aerobes
were higher during the first week of the cycle, but there
was little change in the levels of anaerobes. However,
Bacteroides spp. are reported to disappear during preg-
nancy and return soon after delivery (Hite et al. 1947;
Willis 1977)

The species of Bacteroidaceae isolated in early
studies of the vaginal flora were not identified. When
detailed identification methods have been used. the
predominant species have been members of Prevotella
spp. P. bivia is the most common species isolated in

most studies. P disiens, P. intermedia, and P. melani-

nogenica are also common. P. asaccharolytica can be

isolated in smaller numbers. The presence of signifi-

cant numbers of Bacteroldes organisms, and in parti-

cular of B. fragilis, indicates some pathological change

in the genital tract.

ln animals

Gram-negative anaerobic bacilli are part of the normal

flora of intestinal contents and feces in many species of

animals from invertebrates to humans. They are an

important component of the flora of two specialized
gastrointestinal structures, the rumen of ruminant

animals and the cecum of poultry.

Species that are now no longer considered as Bacter-

oides spp. are found in large numbers in the rumen:

Fibrobacter succinogenes, Ruminobacter amylophilus,

and P. ruminicola. F. succinogenes is found in most

ruminants and attains a viable count of approximately

0.5 x 108 cfu/ml, about 8.5 percent of the total viable

count. It is actively cellulolytic and is important in the

digestion of cellulose. It also ferments glucose, cello-

biose, and several other carbohydrates, producing

succinic acid (Hungate 1950). R. amylophilus and P.

ruminicola are not cellulolytic. They are active in the

digestion of starch and other carbohydrates. R. amylo-
philus ocatrs sporadically, but when present may be the
predominant starch digester and constitute 10 percent of

the total bacteria (Hamlin and Hungate 1956). The

fermentative activity of P. ruminicola rs more varied. It

is regularly present and constitutes 6-19 percent of the

total viable count.

The rumen bacteria are essential for the nutrition of

ruminants. The energy content of the feedstuff is made

available to the animal in the form of volatile fatty acids,
particularly acetic, butyric, and propionic acids,
produced by the bacterial fermentation of cellulose and

other carbohydrates. The acids are absorbed through the
rumen wall and metabolized by the animal. The removal

of these acid products is essential for the continuation of

fermentation. In addition, microbial protein constitutes a

major part of the ruminants' protein source. Nitrogenous

components of the feed are converted to microbial
protein during growth and multiplication of the rumen

bacteria, which contain approximately 65 percent of
protein. In the distal parts of the intestine, dead

bacterial cells are digested and provide protein for the

animal (Hungate 1966).

In poultry, the cecum is highly developed and has an
important role in digestion and absorption. Gram-nega-

tive anaerobic bacilli are found in large numbers
(approximately 108-eig) in the cecal contents. The most

common species is unique to this site - Megamonas

hypermegas - which ferments a variety of carbohydrates
(Barnes and Goldberg 1968a, b).
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ANTI MICROBIAL SUSCEPTI BILITY

Suscepti bi I ity towards different agents

A number of multicenter studies have been conducted in
the United States, Europe (including France, Germany,
Great Britain, Sweden, Italy, and Spain), Japan,
Australia, Israel, and South Africa in order to survey the
in vitro antimicrobial susceptibility of anaerobic bacteria
(Falagas et al. 2000). An alarming and gradual increase
in resistance rates to several antibiotics have been
reported in Bacteroides and other anaerobes. These can
be classified in four categories according to their effect
on the genus Bacteroides sensu stricto. The flrst group is

active against almost all (>99 percent) clinical Bacter-
oides isolates and includes metronidazole. chlor-
amphenicol, imipenem, and meropenem. Isolates of B.

fragilis resistant to this group of antibiotics have been
reported sporadically. Furthermore, B. fragilis isolates
resistant to multiple agents such as metronidazole,
imipenem, and amoxicillin/clavulanic acid have been
detected (Turner et al. 1995). The second group of
agents, which is active against most (95-99 percent) B.

fragilis isolates comprises the BJactam/B-lactamase inhi-
bitor combination drugs, i.e. ticarcillin/clavulanic acid,
piperacillin/tazobactam, and ampicillin/sulbactam. Many
Bacteroides strains produce B-lactamases that hydrolyze
most BJactams and addition of 0-lactamase inhibitor
increases the in vitro activity of B-lactams. Bacteroides
species other than B. fragilis are more apt to be resistant

to B-lactam/B-lactamase inhibitor combinations than B.

fragilis (Snydman et al. 1996). The third group of agents
that is frequently active against bacteroides includes
clindamycin and cephalosporins such as cefoxitin, cefo-
tetan, ceftizoxime, and cefmetazole. A lower resistance
rate to these agents has been observed in B. fragilis
compared to other bacteroides and there is also consid-
erable interspecies variability in the resistance rate of
these drugs between different bacteroides other than -8.

fragilis, as reflected in the susceptibility patterns of B.

fragilis species isolated from bacteremia (Aldridge et al.
2003). AIso among diseased animals (cattle, sheep,
goats, horses, pigs, dogs, cats, rodents, zoo animals),
resistant strains among Bacteroides, Prevotella, Porphyr-
omonas, and Fusobacterium belong mainly to the
Bacteroides sensu stricto (Even et al. 1998). Among the
Bacteroides, the highest resistance rates are observed for

the following organisms/drug combinations: for clin-
damycin/B. distasonis and B. ovatus; for cefoxitin/B.
thetaiotaomicron, B. distasonis and B. uniformis; for

ampicillin-sulbactamlB. distasonis, B. ovatus, and B.
uniformis; and for trovafloxacinlB. vulgatus (Aldridge

et al. 2001). With few exceptions all agents were highly
active against isolates of Prevotella, Porphyromonas,
Fusobacterium, and Peptostreptococcus. The efficacy of
cefoxitin in Bacteroides is low with onlv 43-46 oercent of.

the strains isolated being susceptible (Oteo et al. 2000;

Oteo-Iglesias et al. 2002). Fourthly, monobactams,

aminoglycosides, and the early quinolones have poor

activity against all or most groups of anaerobic bacteria

(Goldstein et al. 1993). More recently developed fluor-

oquinolones, such as trovafloxacin, have improved anti-

anaerobic activity. There has been a significant increase

in resistance to new fluoroquinolones from 0 percent in

1998 to 12 percent in 2001 (Oteo-Iglesias et aL.2002).

Penicillin, including amoxicillin, is only rarely active

against the bacteroides, but is frequently active against

Prevotella and Porphyromonas species (Falagas and

Siakavellas 2000). A gradual increase in the rate of resis-

tance to penicillin has been reported over the last 20

years (Niederau et al. 1980; Sedallian and Debrueres

1987; Olsvik and Tenover 1993). Aldridge et al. (2003)

found that all blood isolates of bacteroides tested from

1.987 to 1999 by the same NCClS-recommended broth

microdilution method were resistant to penicillin G, and

22 percent were resistant to clindamycin. A high preva-

lence of resistance to clindamycin, reaching 49-56

percent of the isolates in bacteroides has been reported

(Oteo et al. 2000; Oteo-Iglesias et aI.2002), while a high

incidence of clindamycin (50 to 70 percent) and cefoxitin

(31 to 65 percent) resistance was found in Bacteroides

spp. other than B. fragilis (Teng et al. 2002). Blood

isolates may be less susceptible to antibiotics than

isolates from intraabdominal, obstetric-gynecologic, and

other sources of clinically important anaerobes

(Aldridge et al. 2001). Beta-lactamase-positive strains

may be susceptible to agents such as imipenem and

chloramphenicol (Uraz and Turkmen 1999).

There is a synergistic effect between gentamycin and

penicillin, clindamycin, or metronidazol against some

Bacteroides isolates (Brook et al. 1984). Clindamycin,

rifampin, nalidixic acid, ticarcillin, erythromycin, and

spectinomycin show synergy with metronidazole against

less than 50 percent oI B. fragilis strains (Ralph and

Amatnieks 1980). Furthermore, in vitro synergy between

trovafloxacin and cefoperazone or ceftazidime has been

observed against a small minority oI Bacteroides spp.

(Falagas and Siakavellas 2000).

Mechanisms of resistance

In general, BJactamase production is the most impor-

tant cause of p-lactam resistance in anaerobic gram-

negative bacteria. All Bacteroides, except some strains

of B. distasonis, produce BJactamase (Nord 1986;

Appelbaum L992; Rasmussen et al. 1997). Beta-

lactamase is also produced by about half of Prevotella

spp. and about 20 percent of Porphyromonas spp.

(Falagas and Siakavellas 2000). Bernal et al. (1998)

reported that 20 percent of strains identifled as P. inter-

media were BJactamase-producing, as were 72 percent

of P. nisrescens.
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Carbapenemases have been reported from Japan
(Edwards and Greenwood 1996; Bush 1998). Other
mechanisms of antibiotic resistance in anaerobes
include alteration of penicillin-binding proteins and the
blockage of antibiotic penetration to the active site by
modification of outer membrane pores (Wexler and
Halebian 1990). Tetracycline resistance in anaerobic
bacteria is related to blocked antibiotic uptake (Tally
et al. 1984). In clindamycin resistance, nonenzymatic
alteration of the target site is the usual mechanism
(Dalmau et al. 1997), while the rare resistance generally
observed for metronidazole is due to decreased uptake
of antibiotic and decreased nitroreduction of the
compound (Appelbaum 1992). Enhanced pathogenicity
has been demonstrated in susceptible strains of Bacter-
olzles subjected to low doses of metronidazole (Diniz

et al. 2003). Mutational events in the gyrA quinolone
resistance-determining region seem to contribute to
quinolone resistance in Bacteroides spp. (Oh et al.
2001).

PATHOGENICITY

Members of the genera of Bacteroides, Prevotella, and
Porphyromoruz.r are part of the normal commensal flora
of man and animals. A large number of studies have
indicated that the most important pathogens of this
group are B. fragilis (intestinal) and P. gingivalls (oral),
consequently most investigations have been focused on
these two species.

Environmental factors

Bacterial virulence factors can be modified by a number
of environmental parameters such as nutrients, oxygen
tension, etc. In the oral cavity, the virulence of P. inter-
media and P. nigrescens was shown to decrease in the
presence of glucose, whereas no such effect was
observed on P. gingivalls (Saito et aI.2001). P. gingivalis
has an obligate requirement for heme or selected heme-
or Fe-containing compounds, however, the regulation of
the heme biosynthetic genes remains puzzling (Roper
et al. 2000). The influence of heme on the expression of
several putative virulence factors in this bacterium has
been demonstrated. A 35-kDa protein is one of the
hemin-binding proteins in P. gingivalls and its binding
ability is important for expression of virulence (Shibata
et al. 2003). Isolates of P. gingivalls, having a low
requirement for iron, are likely to have a higher poten-
tial for initiating periodontal infections (Grenier et al.
2007).

Microorganisms adapt to environmental cues by
turning on and off the expression of virulence genes
which allows for optimal growth and survival within
different environments (Forng et al. 2000). When P.
gingivalis in human dental plaque from periodontitis

patients were stressed in vitro by a temperature rncrease

of 5'C, a rapid rise occurred in the mRNA associated

with the molecular chaperons (htpG, dnak, groEL),

SOD (soda), and gingipain (r4p-L) genes (Shelburne

et al. 2002). Furthermore, the levels of stress gene tran-

scription for dnak and htpG were signiflcantly elevated

at diseased sites, and grEL gene transcription increase

approached statistical significance. There were also

correlations between probing depth and increased tran-

scription of groEL, htpG and rgp-l and between disease

status and elevated expression of dnaK and htpG.

Wu et al. (2002) suggested that knockout of lvl genes

reduced the ability of mutated P. gingivalis to survive

and cause infection compared to the wild-type strain at

the site of infection. Mutants also had lower capacity for

lnvaslon.

In a study by Liu and Fletcher (200Ia) the recA
promoter was found to be transcriptionally active during

active P. gingivalis infection in a murine host. The

expression of the recA gene is responsive to several

environmental signals, but is not regulated by a DNA

damage-inducible SOS-like regulatory system (Liu and

Fletcher 2001b). The recA downstream gene vimA (virv

lence-modulating gene) plays an important role in viru-

lence modulation of P. gingivalis W83, possibly repre-

senting a novel post-transcriptional or translational

regulation of virulence factors in this organism (Abaibou

et al.  2001).

Methyl mercaptan is highly toxic and its presence in

the periodontal pocket suggests that it could be involved

in progression of periodontal disease. P. gingivalis is

considered as the most potent producer of this

substance. Only 7.7 percent of mice infected with strain

W83 of P. gingivalis survived 4 days after subcutaneous

injection, whereas 36 percent of the mice survived injec-

tion with a mutant strain deflcient in methyl mercaptan
production (Nakano et at.2002). A marked decrease in

the formation of methyl mercaptan from t-methionine

and decreased virulence was seen in the mutant

compared to the wild-type strain (Yoshimura et al.

2000).

Lipopolysaccharide

LPS has been identified as a major factor in bone

resorption. Based on the role of IL-1 beta in P. gingi-

valis LPS-induced bone resorption, it was suggested that

it may be caused by enhancing osteclastogenesis, not by

increasing the osteoclast resorbing activity (Chiang et al.

2002). P. gingivalis LPS-induced bone resorption and IL-

6 production in the gingival tissue was inhibited with

antibody towards CD14 which is a significant receptor
for LPS on human gingival fibroblasts and gingival

epithelial cells (Wang et al. 2002). LPS from P. inter-

media participated in periodontal tissue destruction and

alveolar bone resorotion. but in addition inhibited bone
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formation (Pelt et al. 2002). LPS derived from perio-

dontal pathogens also cause imbalance in the regulation

of plasminogen activator and plasminogen activator inhi-

bitor in human gingival fibroblasts (Xiao et al. 2001).

This may contribute to the destruction of periodontal

connective tissue through dysregulated pericellular

proteolysis. Urokinase-type plasminogen activator

receptor (uPAR) presenting at the cell surface with
glycosylphosphatidylinositol anchor is a key component
in the plasminogen activator-plasmin system and plays a

critical role in extracellular matrix degradation. An

increase of the uPAR level by LPS may be important in

the progression of periodontal diseases through pericel-

lular proteolysis (Ogura et al. 1999).

P. gingivalis LPS is both agonist and antagonist for
p38 mitogen-activated protein kinase activation. LPS

from this organism may therefore selectively modify the

host response as a means to facilitate colonization
(Darveau etal.2002).

B. t'ragilis LPS effectively stimulated macrophage

inflammatory protein-2 (MIP-2) expression even in the

absence of functional TLR4 in the lOScNCr/23 cell line
(Lorenz et al.2002\.

Exotoxins

The enterotoxin of B fragilis is a protease specific for E-

cadherin and it promotes the reorganization of the actin

cytoskeleton (Richard et al. 1999). Similarly, protease-

active protein from P. gingivalis induces N-cadherin
proteolysis, loss of cell adhesion, and apoptosis in

human epithelial cells (Chen et al. 2001). Bacterial

toxins that modify the actin cytoskeleton induce various

cell dysfunctions including changes in the cell barrier
permeability and disruption of intercellular junctions.

Enterotoxigenic B. fragilis (ETBF) are present in chil-

dren and adults. They are distinguished by secretion of a

20 kDa zinc metalloprotease toxin (8. fragilis toxin
(BFT)) (Sears 2001). Three isotypes of BFT are encoded

by distinct bft loci which are located in a 6-kb chromo-

somal region unique to ETBF strains termed B. fragilis
pathogenicity island (BfPAI). The pathogenicity island

and its flanking regions (approximately 700 bp upstream

of the bft gene) are important to optimal BFT activity
(Franco et al. 2002). Interestingly, the BfPAI and its

flanking region may be two distinct genetic elements
(Franco et al. 1999). Attempts to construct a three-

dimensional model of BFT 2 were recently undertaken

in our laboratory (Schmid et at.2004, unpublished) using
protein sequence data, crystalline metalloproteinase

structures, and Silicon Graphics software (Figure 75.4).

Adhesion

Bacterial fimbriae play an

action between bacteria

important role in the inter-

and host cells or among

Figure 75.4 The deduced three-dimensional crystal structure of
the metalloproteinase encoded by bft lhe a-helices are shown in
red, while the f]-sheets are in yellow with the arrow tip displaying
the direction The blue strands indicate the turns, while the green
strands depict the amino acid residues which, according to
computer predictions, do not fold into secondary structures

bacterial cells. P. gingivalis fimbriae have been studied

most extensively. Its fimbrial structure is composed of

41-kDA fimbrillin proteins. The structure of the

fimbrillin gene (fimA) shows intraspecies variation, but

the common immunological specificities are retained

(Hamada et al. 1998). P. gingivalis fimbriae have a

variety of biological activities, including immunogeni-

city, binding to various host proteins, stimulation of

cytokine production, and promotion of bone resorp-

tion. The flmbriae of P. intermedia indtce hemaggluti-

nation reaction, while those of P. loescheii cause coag-

gregation with other bacteria. Also N-acetylneuraminic

acid and glucuronic acid are involved in the attach-

ment of P. gingivalis to epithelial cells (Agnani et al.

2003).

lnvasion

Invasion of epithelial cells may be an important viru-

lence factor in bacteria. Dorn et al. (1998) reported that

P. intermedia can invade an oral epithelial cell line and

that the type C flmbriae and a cytoskeletal rearrange-

ment are required for invasion. Entry rates of P. gingi-

valis into gingival epithelial cells are high and rapid and

internalized bacteria congregate in the perinuclear

region of the cells (Belton et al. t999). P. gingivalis

remained inside the epithelial cells for over a 24-h

period and induced rearrangement of the actin cytoske-

leton along with alteration of the size and shape of the
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epithelial cells. In coronary artery endothelial cells,
P. gingivalis evades the endocytic pathway to lysosomes
and instead traffics to the autophagosome (Dorn et al.
2002a, b). Microorganisms associated with root canal
infections can invade primary cultures of cardiovascular
cells (Dorn et aI.2002c). Further, periodontal pathogens
such as P. gingivalis, P. intermedia, Actinobacillus acti-
nomycetemcomitans, and B. forsythus are present in
atherosclerotic plaque where they may play a role in
development and progression of atherosclerosis possibly
ending with coronary valvular disease and other clinical
sequelae (Mastragelopulos et al. 2002). Long-term
systemic challenge with P. gingivalis can accelerate
atherogenic plaque progression as shown in a hetero-
zygous apolipoprotein E-deficient murine model (Li et al.
2002). P. gingivalis also seems to cause lymphocyte
apoptosis in peripheral blood mononuclear cells and this
may be an important feature of this pathogen in period-
ontal disease (Geatch et al. 1999).

Abscess formation

B. fragilis is the anaerobe most frequently isolated
from intraabdominal abscesses. The abscessogenic
nature of B. fragilis is related to capsular poly-
saccharide, a polysaccharide biosynthesis locus being
required for virulence (Coyne et aI.2001). Two
capsular polysaccharides from B. fragilis, PS A1 and PS
A1 from strain 9343. have been characterized structu-
rally. Their most striking feature is a zwitterionic
charge motif consisting of both positively and nega-
tively charged substituent groups on each repeating
unit (Kalka-Moll et al. 2001). The zwitterionic motif is
essential in abscess formation.

Neutrophil and monocyte responses

In periodontitis, polymorphonuclear neutrophils
(PMNL), primed or stimulated by the presence or
persistence of infection, express an elevated and exces-
sive response (Kantarci and Van Dyke 2002). This in
turn leads to tissue destruction mediated by neutrophil
activity.

The reduced susceptibility to phagocytosis found
among some periodontopathogenic anaerobes may
account for the differences between invasive and nonin-
vasive stains. Thus a great diversity in phagocytosis
susceptibility was determined by estimating the portion
of phagocytosing PMNL ranging from 10.6 percent
(strain W83) to >99.4 percent (ATCC 33277r) in P.
gingivalis and from 15.9 percent (strain MH5) to >95
percent (ATCC 33563r) in P. nigresceras (Conrads et al.
1999). Eick et al. (2000) found that the PMNL of
patients with rapidly progressive periodontitis show defi-
ciencies in phagocytic activity and in intracellular killing
of periodontopathogenic bacteria.

Proteases/protease i nh i bitors

P. gingivalis in a nonfermentative species requiring
peptides for growth which in vivo are probably

derived from the hydrolysis of native proteins by an
extracellular proteinase (Shah and Williams 1987a).

The enzyme appears to be a major virulence determi-
nant and was fully characlerized as a cysteine protei-

nase and designated the name, gingivain (Shah et al.
1991). This was subsequently confirmed by several
workers who then referred to the same enzyme as
grnglparn.

This enzyme subverts host defense systems with the

complement and neutrophils being the main targets
(Potempa et al. 2000). They also contribute to local
generation of bradykinin and thrombin through uncon-

trolled activation of the kallikrein/kinin pathway and the

coagulation cascade. Bradykinin and thrombin are
synergistically working proinflammatory reagents with a
strong stimulatory effect on bone resorption. Lourbakos

et al. (2001) found that arginine-specific gingipains-R

(RgpB and HRgpA) induced an increase in intracellular

calcium in human platelets at nanomolar concentrations

and caused platelet aggregation with efficiency compar-

able to thrombin. HRgp may be more important in the
virulence of P. gingivahs relative to rgpB because of the
presence of the hemagglutinin/adhesion domain which

can bind phospholipids and modulate errzyme activity
(Imamura et al. 2000). Furthermore, gingipains have a

strong effect on mechanisms controling host matrix
metalloproteinase at the level of gene expression and
zymogen activation (Potempa et al. 2000). The action of
gingipains and other proteinases produced locally by

subgingival bacteria would dysregulate most mechanisms

controlling infl ammatory reaction.
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The genera Fusobacterium and Leptotichla include several
species of nonsporing and nonmotile gram-negative, pleo-
morphic rods. They have in common a low guanine plus
cytosine (G+C) ratio and there are distinct similarities in
whole-cell fatty-acid patterns. Fusobacterium spp. are obli-
gately anaerobic, whereas most Leptotrichia strains are
aerotolerant. In contrast to Fusobacterium, all species of
which are virtually asaccharolytic, Leptotrichia ferments
glucose and a range of other carbohydrates. The habitat of
both is the mucous membranes of man and animals.

Fusobacterium and Leptotrichia are phylogenetically

related. Both genera are evolutionarily closer to the gram-
positive than the gram-negative bacteria. In the phylogenetic

classification of Woese (Woese 1987) Frcobacterium and
Leptotrichia are assigned to a separate division within the
Bacteria (Neefs et al. 1,993; Olsen et al.1994).
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Fusobacterium spp. are
nonsporing, nonmotile,

gram-negative rods that are

and obligately anaerobic. The

cells are often pleomorphic, may be filamentous, and are

spindle-shaped with pointed ends ('fusiform') in a few

species. Amino acids and peptides are used for energy

metabolism. n-Butyric acid is a major metabolic product.

Threonine is deaminated to propionic acid. The G + C

content of DNA rs 26-34 mol% and the type species of

the genus is Fusobacterium nucleatum.

H ISTORICAL PERSPECTIVE

The generic name Fusobacterium was introduced by

Knorr (1923) for obligately gram-negative bacilli that

were fusiform. He described three species: Fuso-

b acterium plauti-vincenti, Fusob acterium nucleatum, and

Fusobacterium polymorphum. The species name F.

plauti-vincentl was given to the spindle-shaped organism

observed in materials recovered from ulcerative stoma-

titis by Plaut (1894) and Vincent (1896) and cultivated

and named Bacillus fusiformis by Veillon and Zttber

(1898). This organism is now assigned to the genus

Leptotrichia under the name Leptotrichia buccalis.

Loeffler, in 1884, observed pleomorphic rods in diph-

theroid lesions of calves and doves. The orgamsm,
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named Bacillus necrophorus by Fliigge (1886), was
cultured by Bang (1890-91) from necrotic lesions of a
number of domestic animals and by Schmorl (1891)

from an epizootic in rabbits. Pr6vot (1938) proposed the
term Sphaerophorus for the pleomorphic anaerobic
gram-negative rods that were not fusiform. The seventh
edition of the Bergey's manual divided the family
Bacteroidaceae into three genera: Bacteroides, defined
as rods with rounded ends; Fusobacterium, defined as
rods with tapering ends; and Sphaerophorus, defined as
rods with rounded ends that showed a marked pleo-
morphism and in which filaments were common. Studies
of DNA base ratios (Sebald 1962) and physiological

studies performed in the 1960s and the early 1970s indi-
cated that there was no valid basis for separating the
genera Fusobacterium and Sphaerophorus. ln the eighth
edition of the Bergey's manual the valid species included
rn Sphaerophorus were transformed to the genus Fzso-
bacterium.

Bergey's manual of systematic bacteriology lists ten
Fusobacterium species: F. nucleatum, F. gonidiaformans,

F. varium, F. necrophorum, F. perfoetens, F. naviforme,
F. russii, F. mortiferum, F. necrogenes, and F. prausnitzii.
Four new species were described subsequently: F. simiae
(Slots and Potts 1982), F. periodontican (Slots et al.
1983). F. ulcerans (Adriaans and Shah 1988), and F.
equinum (Dorsch et al. 2001). The taxonomic position of
F. perfoetens is in doubt. The proposed neotype strain
(ATCC 29250) (van Assche and Wilssens 1977) is an
ovoid coccobacillus distantly related to the other Fuso-
bacterium spp. (Conrads et al. 2002). F. prausnitzii,

which has a DNA G + C composition of 52-57 mol"/",ts
phylogenetically very distant from the genus Fuso-
bacterium (Wang et al. 1996; Conrads et al. 2002). F.
alocis and F. sulci, described as new species from the
human gingival sulcus (Cato et al. 1985), have been
reclassified as Filifactor alocis and Eubacterium sulci,
respectively (Jalava and Eerola 1999).

CLASSIFICATION

The genus Fusobacterium is phenotypically relatively
homogeneous. Comparison of small-subunit rRNA
sequences has revealed levels of sequence similarity that
are consistent with a single genus, but intrageneric
heterogeneity is evident (Lawson et al. 1991; Tanner
et al. 1994). F. nucleatum, the species isolated most
frequently from man, is divided into five subspecies: F.
nucleatum subsp. nucleatum, subsp. polymorphum,

slbsp. vincenlll, subsp. fusiforme, and subsp. animalis,
described on the basis of electrophoretic patterns of
whole-cell proteins and DNA homology (Dzink et al.
1990) and electrophoretic mobility of two enzymes and
DNA homology (Gharbia and Shah 1992). The five
subspecies of F. nucleatum differed from each other and
from the other closely related species by comparison of
their 165-23S internal transcribed spacer resions

(Conrads er al. 2002), which supported the validity of

previous descriptions. Another potential new subspecies

has been isolated from dog- and cat-bite wounds. It is

intrinsically quinolone-resistant (Goldstein et al. 2002)

and phylogenetically distinct from the five other

subspecies. The name 'Fusobacterium canifelium' has

been proposed (Citron 2002). F. periodonticum falls

phylogenetically within F. nucleatum (Jousimies-Somer

and Summanen 2002). Animal isolates of F. necro-

phorum fall within two subspecies: ,F. necrophorum

subsp. necrophorum and F. necrophorum subsp.

funduliforme (Shinjo et al. 1991), corresponding to

biovars A and B. While F. necrophorum subsp. necro-

phorum contains the isoleucine and alanine tRNA

gene, F. necrophorum sttbsp. funduliforme contains the

isoleucine tRNA gene (Jin et al. 2002). Southern blot

hybridization analysis detected different patterns of

leukotoxin A (lktA) hybridizing bands between isolates

of the two subspecies of F. necrophorum (Narayanan

et al.  2001a).

F. mortiferum, F. varium, and F. ulcerans share several

phenotypic properties similar to F. varium, but F.

ulcerans reduces nitrate to nitrite (Citron 2002). It also

contains unique fragments of 1000 and 550 bp not

present in F. varium and F. mortiferum (Claros et al.

1999). F. neuogenes is distantly related to the other

Fusobacterium spp. as seen from 165-235 rDNA spacer

region sequences (Citron 2002). F. gonidiaformans rs

genealogically related to F. necropftoran (Nicholson

et al. 1994).

HABITAT

The fusobacteria are normal inhabitants of the mucous

membranes of man and animals. The habitat of F. nucle-

atum and F. periodonticum is the human oral cavity; the

gingival crevice is the niche of both. F. nucleatum is a

constant member of the oral microflora of adults and

children and is also found in edentulous infants. The

relatively frequent isolation of F. necrophorum from

soft-tissue infections of the oral cavity and the upper

respiratory tract, compared with anaerobic infections

elsewhere in the body, indicates these regions to be the

principal human habitat of this organism. The vagina is

likely the primary endogenous site for F. naviforme and

F. gonidiaformans (Hill 1993). The habitat of F. morti-

ferum and F. varium is the gastroenteral tract, where

they are present in small numbers. F. necrogenes, which

was originally isolated from a chicken abscess and from

cecal contents of ducks, is very rarely isolated from man.

The habitat of F. ulcerans, isolated from tropical ulcers,

is unknown.

F. necrophorum is a normal inhabitant of the alimen-

tary tract of cattle, horses, sheep, and pigs and is

frequently isolated from cats and dogs. Reports, mainly

from the first part of the twentieth century, indicate its

presence in a range of wild animals, including reptiles.
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F. russii is normally found in the canine and feline oral

flora (Love et al. 1987), but it has also been isolated

from human feces. The oral cavity is the likely habitat of

F. equinum and F. simiae, isolated from horse and the

stump-tailed macaque (Macaca arctoides), respectively.

Intragroup DNA homology studies of isolates and of

human- and animal-type strains have indicated that

similar sites in man and animals may have their own
genetic clusters of phenotypically similar fusobacteria
(Love et al.  1987).

MORPHOLOGY

Fusobacteria are aflagellar gram-negative rods of varied

morphology. The bacterial cells range from short to very

long and filamentous; some strains are coccobacilli.

Width is variable. The cells may be single, be in pairs

end to end, or form long, coiled filaments. Staining may

be irregular and spheroplasts are common in some

specres.

The cells of F. nucleaturu are slender, spindle-shaped

bacilli with tapered or pointed ends, 0.4-0.7 pm thick

and 4-10 pm long, appearing singly, in tandem pairs, or

in bundles or sheaves of roughly parallel bacilli. Cell

length is usually uniform among actively growing cells.

The cells may have a beaded appearance due to the
presence of intracellular granules. Filaments may be

seen in old cultures. F. periodonticum and F. simiae have

a similar cellular morphology. The cells of F. necro-
phorum are pleomorphic, often curved, with rounded

and sometimes tapered ends, and they may have sphe-

rical enlargements. Free coccoid bodies and, especially,

filaments are common. Cell length may vary from cocco-

bacilli to long threads in material from human infec-

tions. The organism is a more regular bacillus in young

cultures. Except in young cultures, staining is irregular

and beaded forms are common. F. naviforme strains may

have boat-shaped cells. Gonidial forms may be seen in

old cultures of F. gonidiaformans. F. varium is a small

bacillus that does not form filaments or spheroplasts.

Strains oI F. mortiferum may be extremely pleomorphic

with globular forms, swellings, and threads. Short rods

are predominant in cultures of F. equinum. The other

fusobacteria are pleomorphic filamentous organisms.

CU LTURAL CHARACTERISTICS

Fusobacteria are not particularly demanding with regard

to a low oxidation-reduction potential. They are,

however, killed fairly readily by exposure to oxygen.
This is possibly due to their susceptibility to peroxides.

Growth is best at 35-37'C and at a pH near 7.

AII Fusobacterium spp. grow more or less readily on

blood agar based on proteose-peptone, tryptone, or

trypticase. Good growth is usually obtained in a rich

semifluid medium such as brain-heart medium supple-

mented with yeast extract. Batch cultivation is best

performed in a fluid medium containing a reducing

agent. If narrow-necked, well-filled containers are used,

pre-reduced, anaerobically sterilized (PRAS) media are

usually not necessary.

Surface colonies of F. nucleatum ate 1-2 mm in

diameter after incubation for 2 days. They are white to

yellow-gray in color, speckled, smooth, or breadcrumb-

like. The colonies are usually nonhemolytic. Cultures of

F. nucleatum produce an unpleasant, but not fetid, smell.

After incubation for 2 days, colonies of animal isolates

of F. necrophorum are about 2 mm in diameter, flat,

circular with scalloped to erase edge, opaque, and white

to gray (subsp. necrophorum); or 1 mm wide, circular

with entire margins, gray, translucent and with smooth

surfaces (subsp. funduliforme) (Shinjo et al. 1991). F.

necrophorum srtbsp. necrophorum is strongly B-hemo-
lytic; B-hemolysis is usually weaker in subsp. funduli-

forme and may need incubation for 3 or more days to

develop. Cultures of F. necrophorum produce a foul,

putrid odor. Fluid or semifluid cultures are characterized

by abundant production of gas.

The colonial morphology of F. necrophorum isolated

from human infections is similar to that of F. necro-

phorum srtbsp. fundulforme. The colonies are small and

have been described as creamy, opaque, smooth, umbo-

nate or raised, and with entire edges (Hall er al.1997).

The colonial morphology of most other Fusobacterium

spp. is similar to that of F. necrophorum sttbsp. funduli-

forme.

GENETICS

The genome of F. nucleatum (strain ATCC 25586')

contains 2.17 Mb encoding 2067 open reading frames

(ORF) organized on a single circular chromosome with

a G + C content of 27 percent (Kapatral et aI. 2002).

About 3.5 percent of the ORFs are unique to F. nucle-

atum. There are fewer chromosomal clusters between F.

nucleatum and Escherichia coli than between F. nucle-

atum and gram-positive bacteria such as Clostridium spp.

and Bacillus subtilis. This corroborates the allocation,

based on 165 rRNA sequences, of F. nucleatum in the

low-G + C gram-positive bacterial group.

F. nucleatum strain ATCC 25586r did not contain any

plasmids. However, plasmids have been found in other

F. nucleatum strains (McKay et al. 1995; Haake et al.

2000). Bacteriocin production has been reported in F.

nucleatum and F. mortiferum (Oliveira et al. 1998;

Portrait et al. 2000).

Different methods for genotyping, i.e. allozyme elec-

trophoresis, ribotyping, the arbitrarily primed poly-

merase chain reaction (PCR), and examination of ribo-

somal RNA gene restriction patterns, have been used

for studying heterogeneity (Lawson et aI. l99l; George

et al. 1997: Morris et al. 1997; Thurnheer et al. 1999),

identiflcation and epidemiologic subtyping (Avila-
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Campos et al. 1999), and intrafamiliar transmission of
oral .F-. nucleatum isolates (Suchett-Kaye et al. 1999).
Ribotyping has also been used to demonstrate similarity
between F- necrophorum isolates from bovine liver
abscesses and ruminal contents (Narayanan et al.1997).

METABOLISM

The core metabolism of F. nucleatum is similar to that of
Clostridium-, Lactococcus-, and Enterococcus species
(Kapatral et al. 2002). More than 137 transporters for
the uptake of substrates such as peptides, sugars, metal
ions, and cofactors have been detected. Amino acids and
small peptides comprise the major sources of energy for
all Fusobacterium spp., but sugars may be used when
amino acids are not available. Acidic and cationic amino
acids are the main acids incorporated. Glutamate, histi-
dine, lysine, and serine appear to be key amino acids in
F. nucleatum (Dzink and Socransky 1990; Rogers et al.
1992). Remaining amino acids are imported as such or
as di- or oligopeptides, which are degraded in the
bacterial cytoplasm. An active transport of the dipeptide
L-cysteinglycine has been detected in F. nucleatum
(Carlsson et al. 1994). Small peptides may also be
cleaved outside the bacterial cell (Bakken et al. 1989b).

Biosynthetic pathways exist for only glutamate, aspar-
tate, and asparigine (Kapatral et al. 2002), and aspartyl-
aspartate and glutamylglutamate can be used as growth
substrates for F. nucleatum (Takahashi and Sato 2002).
Glutamate is a key catabolic substrate in Fusobacterium
spp. It is catabolized via the 2-oxoglutarate pathway
with the production of acetate and butyrate as end
products (Gharbia and Shah 1991). Glutamate may also
be degraded by the methylaspartate pathway in F.
varium (Gharbia and Shah 1991). Enzymes representa-
tive for the mesaconate pathway for catabolism of gluta-
mate have been detected in F. varium, F. mortiferum,
and F. ulcerans (Gharbia and Shah l99l). F. varium and
F. mortiferum also possess enzymes representative of the
4-aminobutyrate pathway. The 3-keto-aminohexamate
pathway catabolizes lysine (Barker et al.1982).

Fusobacterium spp. differ in their ability to use
fermentable carbohydrate as energy source for growth
(Robrish et al. 1991). F. nucleatum and other species
utilize glucose for biosynthesis of intracellular glycopoly-
mers that can be degraded to produce energy under
conditions of amino-acid deprivation (Robrish and
Thompson 1988). The accumulation of glucose is depen-
dent on energy generated by the fermentation of amino
acids (Robrish et al. 1987). F. morti.ferum is an exception
in that accumulation of sugars is independent of a
fermentable amino acid. Significantly, F. mortiferum has
the ability to metabolize various sugars as energy
sources for growth (Robrish et al. 1991). The range of
sugars includes, among others, a- and B-glycosides,
which are transported by the phosphoenolpyruvate

(PEP)-dependent sugar: phosphotransferase system
(PTS). Thus, it utilizes sucrose [glucose-fructose in
a(l-2) linkage] and its five isomeric o-o-glucosyl-o-

fructoses as energy sources for growth (Pikis et al.2O02).
Phospho-B-glucosidase (P-B-glucosidase; EC 3.22.1.86)

and 6-phospho-o-n-glucosidase (maltose-6-phosphate

hydrolase; EC 3.2.LI22) from F. mortiferum have been
purified and the encoding genes, pbgA and malH,

respectively, have been expressed in E. coli (Bouma

et al.1997; Thompson et aL 1997).

All fusobacteria, except F. naviforme and F. russii,
produce propionate from threonine. Lactate is converted

to propionate by F. necrophorum and F. varium. Ftso-

bacteria form volatile sulfur compounds from cysteine

and methionine (Pianotti et al. 1986; Claesson et al.
1990).

CELL-WALL COM POSITION; ANTIGENIC
STRUCTURE

The fusobacteria have a cell-wall structure typical of
gram-negative bacteria: an inner (cytoplasmic) and outer
membrane, separated by a periplasmic space containing

the peptidoglycan layer.

meso-Lanthionine, the monosulfur analog lo meso-

diaminopimelic acid, replaces the latter as the diamino

acid present in the peptidoglycan of F. nucleatum, F.
gonidiaformans, F. necrophorum, F. russii, F. necrogenes,

F. simiae, and F. periodonticum (Kato et al. 1981;
Vasstrand et al. 1.982; Gharbia and Shah 1990). meso-

Lanthionine is synthesized as such and then incorpo-
rated into the peptidoglycan pentapeptide (Fredriksen

et al. 1991). meso-Diaminopimelic acid is present in the
peptidoglycan of ,F. varium, F. naviforme, and .F.

ulcerans. The peptidoglycan layer of F. mortiferum
contains both diamino acids.

The outer membrane is an asymmetric, multilayered

membrane consisting of phospholipid, lipoprotein, lipo-
polysaccharide (LPS), and protein. Fusobacterial LPS

shares the general LPS architecture of a hetero-
polysaccharide, exhibiting O-antigenic specificity, linked
to lipid A through 2-keto-3-deoxyoctonate. The lipid A
of F. nucleatum exhlbits close structural relationship to
that of enterobacterial LPS and cross-reacts serologically

with antibodies to E. coli lipid A (Dahl6n and Mattsby-

Baltzer 1983). F. necrophorum slbsp. funduliforme and
human F. necrophorum isolates have a rough-type LPS,
whereas that of F. necrophoraz subsp. necrophorum is

of the smooth type (Brown et al. 1997). The repeat unit
of the O-antigenic polysaccharide of F. necrophorum

LPS is an acid identified as a 2-amino-2-deoxy-2-C-

methyl-pentonic acid (2 - amino -2 -methyl- 3,4,5 -trihydrox-

ypentanoic acid), a novel structure not found before in
nature (Hermansson et al. 1993).

The dominating protein of the outer membrane of -F.

nucleatum, designated FomA, has a molecular mass of

40 kDa (Bakken et al. 1989a). It is a nonspecific porin
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present in the outer membrane as a trimer (Kleivdal

et al. 1995). The gene encoding the FomA porin has

been sequenced (Bolstad and Jensen 1993a) and a

topology model has been made (Bolstad et al. 1994).

The deduced topology is similar to that of porin struc-

tures from other bacteria. The fomA gene has been

cloned and expressed in E. coli (Jensen et al. 1996;

Haake and Wang 1997). Several other outer-membrane
proteins have been predicted from the genome

sequence, among them some very-high-molecular-weight
proteins (Kapatral et al. 2002). FomA and outer-

membrane proteins with molecular masses of 55, 60, and

70 kDa seem to be major protein antigens in F. nucle-

atum (Bakken et al. 1989c) Heat-shock proteins (HSP)

reacting with anti-Yersinia enterocolitica HSP60 and

mycobacterial 65 kDa HSP have been detected in

F. nucleatum (Ando et al. 1995). A homology between

F. nucleatum, Mycobacterium leprae, and E coll HSPs

has been indicated (Skar and Bakken 2001).

The cellular fatty acids in the Fusobacterium spp.

examined are straight-chain saturated and monoenorc

acids of chain lengths Crz-Crs and O-3-hydroxy-

tetradecanoate (Jantzen and Hofstad 1981). O-3-Hydro-

xyhexadecanoate is distinctive of the oral species F.

nucleatum, F. simiae, and F. periodonticum (Jantzen and

Hofstad 1981).

Unquestionable fimbriation or capsule formation has

not been demonstrated in fusobacteria.

SUSCEPTIBILITY TO ANTIBACTERIAL
AGENTS

A varying amount of F. nucleatum isolates produce B-
lactamase, an activity not reported for other Fr.rso-

bacterium species. A penicillin-hydrolyzing B-lactamase
inhibited by clavulanic acid has been isolated from F.

nucleatum (Tun6r et al. 1985). Fusobacterium specles are

fully susceptible to amoxycillin/clavulanate, carbapenems,

chloramphenicol, the new quinolone clinafloxalin,

linezolide (Goldstein et al. 1999), and nitroimidazoles.

Resistance to cefoxitin and clindamycin is very low. Resis-

tance to tetracyclines in F. nucleatun, which is common, is

due to the presence ofthe tetM gene located on the chro-

mosome. A substantial number of F. nucleaturz strains

harbor the tetM determinant on a conjugal transposon

(Roberts and Lansciardi 1990) Resistance to glycylgly-

cines has not been observed (Downes et al.1999). F. nucle-

atum is sensitive to the bactericidal action of protegrins

and other antibacterial peptides (Miyasaki et al. 1998).

LABORATORY ISOLATION AND
IDENTIFICATION

The isolation of fusobacteria from an anaerobic infec-

tion requires proper collection of the specimen, the use

of an anaerobic transport vial, optimal anaerobiosis (an

anaerobic chamber is not necessary), and a rich medium

supplying optimal growth. Fastidious Anaerobe Agar

Base (FAA, Lab M) supplemented with 5 percent sheep

or horse blood is recommended for culture.

The use of a selective medium is necessary for the

enumeration of viable fusobacteria in specimens of

normal flora. The addition of josamycin, vancomycin,

and norfloxacin plus 5 percent defibrinated horse blood

to FAA promotes luxuriant growth of Fusobacterium

spp. while completely inhibiting most other obligate

anaerobes and facultative bacteria (Brazier et aL.7991').

Rifampicin blood agar (Sutter et al. 1971) is useful for

the selective isolation of F. varium and F. mortiferum.

AII Fusobacterium spp. produce butyric acid but no

isoacids. They are catalase- and nitrate-negative, sensi-

tive to kanamycin (1000 pg disk) and colistin (10 pg

disk), resistant to vancomycin (5 pg disk), and produce a

rancid odor. A yellow fluorescence under longwave

ultraviolet (UV) light is a common property of fuso-

bacteria grown on blood agar based on FAA.

The characteristic cellular morphology of F. nucle-

atum makes a presumptive identification relatively easy.

The fusiform cells of L. buccalis are thicker and usually

larger (see Table 76.1) and those of Capnocytophaga

and Capnocytophaga sppTabfe 76.1 Characters differentiating L

Character

Microscopic morphology
(blood agar)

Colonial morphology

Growth in air + 5-10% CO2
Acid from glucose

Production of indole
Main fatty acids from
g I ucose/peptone

buccali t  F nucleatum,

L. buccalis

Gram-negative, '
5-1 5 prm long, thick
fusiform baci l l i
Smooth, rhizoid, or
convoluted

F. nucleatum

Gram-negative,
3-10  pm long,  s lender
fus i fo rm bac i l l i

Smooth, convex, ' f lecked'
appearance

:
trutyflc

Capnocytophaga

Gram-negative,
3-6 pm long, slender
fus i fo rm bac i l l i

Flat,  rough, spreading
margin,b adherent; or
low-convex, smooth;
yel low-pigmented

+

Acetic, succinic

f

+

Lactic

a) Often gram-positive in young cultures
b) Gl id ing mot i l i ty
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spp. generally smaller. Moreover, L buccalis and
Capnocytophaga spp. are not obligate anaerobes.

The tests shown in Table 76.2 are useful for the identi-
fication of species within the genus Fusobacterium. -fhe

properties listed for F. nucleatum and F. russii are shared
with -F. periodonticum. Diagnostic tablets are convenient
for the examination of bile resistance, production of
alkaline phosphatase, and orthonitrophenol-beta-o-
galactopyranoside (ONPG)-test. Commercially available
kits based on the detection of preformed enzymes and
designed for identification of anaerobes may be of help
in supporting a suspected identity of a Fusobacterium
isolate. The Rapid ID 32A system (bioM6rieux), which
provides a rapid and reliable method for identiflcation of
non-B. fragihs group anaerobic gram-negative bacilli to
the genus level, discriminates poorly between F. nucle-
atum and F. necrophorum (Downes et al. L999). Fuso-
bacterium species differ in their ability to hydrolyze
endopeptidase and amino- and diamino peptidase
substrates (Beighton et aL.1997).

Determination of the electrophoretic migration of
glutamate dehydrogenase and 2-oxoglutarate reductase
provides a rapid method for the identification of most
Fusobacterium spp. (Gharbia and Shah 1990). Identifica-
tion based on gas-liquid chromatography of cellular
fatty acids may be of value in reference laboratories,
provided a database is used as a basis for comparison.
Of greater potential in the diagnostic laboratory is the
use of nucleic-acid probes. A genomic DNA probe has
been used successfully to detect F. nucleatum directly in
samples of subgingival plaque (Lippke et al. 1991) and
checkerboard DNA-DNA hybridization has been used
to detect F. nucleatum and subspecies in periodontal and
endodontic infections (Socransky et al. 1998; Sunde et al.
2000). A PCR-amplified nonradioactive probe coding
for part of the major 40-kDa outer-membrane protein,
the FomA porin, of F. nucleatum and seemingly specific

for the species when used under condition of high strin-
gency, has been constructed (Bolstad and Jensen 1993b).
So far, automated DNA sequencing for identification of
particular Fusobacterium isolates is best suited for the
reference laboratory.

ROLE IN NORMAL FLORA

Coaggregation, adherence of cells of different species or
strains among resident bacteria, is an important event in
the formation of biofilms such as dental plaque (Kolen-

brander and London 1993). F. nucleatum is one of the
bacterial species most frequently isolated in plaque from

healthy sites. The organism coaggregates with several
other oral bacterial species and is proposed to act as a
bridge between bacteria that adhere early to the tooth
surface and the late colonizers (Bolstad et al. 1996). It
may be a key organism in the development, maintenance,

and stabilization of the microbial flora of the gingival

crevice. F. nucleatum and F. periodonticum coaggregate
wtth Candida albicans (Grimaudo and Nesbitt 1997).
Coaggregation is a specific process dependent on surface-

associated adherence proteins. The nature of the fuso-
bacterial adherence proteins is largely unknown. Galac-
tose and N-acetylneuraminic acid-binding adhesins have
been identified (Shaniztki et al. 1997, 1998).

The role played by fusobacteria in other ecosystems
where fusobacteria are Dresent in low numbers is
virtually unknown.

PATHOGENICITY AND VIRU LENCE
FACTORS

Pathogenic fusobacteria are in particular isolated from
inflammatory processes accompanied by necrosis and
ulceration. F. nucleatum constitutes about two-thirds of
the Fusobacterium isolates. Next to the most prevalent

Tabf e 76.2 Differential characteristics of Fusobacterrum species encountered in human clinical specimens

Production of

Bi le Gas in
Species resistance PYG Indole Lipase

F. nucleatum
F.gonidiaformans - + +
F.varium + + v v'
F.necrophorum - + * +
F. naviforme
F. russii
F. mortiferum * r
F. necrogenesu + +
F. ulceransb + +

Hydrolysis Phosphatase
of esculin activity ONPG

f t

+ +

Proprionate from

Threonine Lactate

+ -
? f

f

+, Positive reaction for majority of strains (>90%); -, negative reaction for majority of strains (>90%); PYG, peptone-yeast extract-glucose broth;
v, variable; vl, may be positive after prolonged incubation
a) Rarely .solated l rom cl in ical  specirens
b) lsolated from topical ulcers only
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Bacteroides and Prevotella species, F. nucleatum is lhe

gram-negative anaerobic organism most often encoun-

tered in human infections. It is most frequently isolated

from infections of the mouth, head, and neck, pleuro-

pulmonary infections, and abscesses of the brain and

liver. F. nucleatum is one of several bacterial species

associated with periodontitis in adults. It causes desul-

furation of cysteine and methionine, yielding ammonia,

H2S, methyl mercaptan, and butyrate, which are capable

of arresting f,broblast growth and thereby preventing

wound healing and aiding penetration of the gingival

epithelium (Kapatral et al.2002). F. nucleatum has been

exclusively recovered from the amniotic fluid of women

with preterm delivery (Holst et al. 1994).

F. necrophorum is the cause of necrobacillosis in man

and animals. Lemierre's syndrome is the classical

presentation of human necrobacillosis (Lemierre 1936;

Kristensen and Prag 2000).This is a specifically recogniz-

able, rare, but serious disease starting with acute sore

throat with purulent exudate in a previously healthy

young adult who subsequently develops septicemia with

disseminated metastatic abscesses, frequently including a

septic thrombophlebitis of the jugular vein. F. necro-

phorum is frequently found in specimens from peri-

tonsillar abscesses. The organism is isolated more

seldom from purulent infections elsewhere in the body.

Human F. necrophorura isolates resemble animal strains

of F. necrophorum slubsp. funduliforme (Hall et al.

1997).In contrast, necrobacillosis in animals is caused by

F. necrophorun subsp. necrophorum, which is an impor-

tant animal pathogen that is frequently isolated from

necrotic and gangrenous lesions in domestic and wild

animals. The most common manifestations associated

with the organism are liver abscesses and foot rot in

cattle and sheep. F. necrophorum xtbsp. funduliforme is

a weak pathogen in animals. Human and animal clinical

F. necrophorum isolates are thus distinct, as are the

diseases caused.

The other Fusobacterium spp. are occasionally

isolated from human infections. F. russii may be found

in infected dog and cat bites.

Current knowledge of bacterial products or strategies

that enable pathogenic fusobacteria to colonize and

invade, and to damage the host, is sparse. The role

played by the lipopolysaccharide and other cell-wall

components in the pathogenesis of anaerobic infections

involving fusobacteria has not been resolved. Fc-binding

activity in F. nucleatum has been associated with poly-

peptides of 40 and 42 kDa (Guo et al. 2000).

The genome of F. nucleatum contains several ORFs

that code for putative virulence factors, among them

three hemolysins (Kapatral et al. 2002). The organism

agglutinates human erythrocytes and attaches to human

oral epithelial cells, gingival fibroblasts, and poly-

morphonuclear leukocytes (Bolstad et al. 1996). F.

nucleatum also binds to collagen (Xie et al. 1991), fibro-

nectin (Isogai et al. 1992), and a glycosylated protein-

rich glycoprotein in the parotid saliva (Gillece-Castro

et al. 1991). An immunosuppressive protein, FiP,

that arrests human T cells in the mid-G1 phase of

the cell cycle, has been isolated (Shenker and

Datar 1995). The encoding gene, fipA, has been char-

acterized, cloned, and expressed in E. coli (Demuth et al.

1996). It seems that the rtpA gene is highly conserved

among F. nucleatum strains and that fipA homologs are

widely distributed among fusobacteria (Gerardo et al.

2002). Induction of apoptotic cell death in human leuko-

cytes by F. nucleatum has been reported (Jewett et al.

2000).
F. necrophorun produces a leukotoxic protein with

specificity for ruminant leukocytes (Emery et al. 1984).

The toxin has been cloned and sequenced (Narayanan

et al. 2001b). It induces activation and apoptosis of

bovine leukocytes (Narayanan et al. 2002). Large

amounts are produced by F. necrophorum subsp. necro-

phorum. The F. neuophorum hemolysin is a phospholi-

pase distinct from the leukotoxin (Fifis et al. 1996). A

cell-wall preparation from F. necrophorum stbsp. necro-

phorum has been shown to be collagenolytic (Okamoto

et al. 2001).

LEPTOTRICHIA

DEFINITION

Leptotrichia species are gram-negative, large fusiform

rods that are nonsporing and nonmotile. They are

usually anaerobic on first isolation; most strains grow

aerobically in the presence of COz. Carbohydrates are

used for energy metabolism. Lactic acid is a major meta-

bolic product. The type species of the genus is L.

buccalis and the G + C content of DNA of the type

strain ATCC I42Otr is 25 mol%.

H ISTORICAL PERSPECTIVE

The generic name Leptotrichia was introduced by

Trevisan (1879) for filamentous organisms found in the

human mouth. Several years earlier Robin (1853) used

the species designation buccalis for filamentous forms

(Leptothrix buccalis) observed in wet mounts of tooth

scrapings. L. buccalis was flrst cultured by Wherry and

Oliver (1916) and carefully described by Thjotta et al.

(1939). In 1995, another species, Leptotrichia sanguine-

gens ('Leptotrichia microbil'), was proposed for a serum-

requiring, anaerobic, gram-negative rod isolated from

the blood of patients with postpartum and neonatal

bacteremia (Hanff et al. 1995). Recently, this organism

was transferred to the new genus Sneathia as Sneuthia

sanguinegens (Collins et al. 2001). L. trevisanii (Tee et al.

2001) and L. amnionii (Shukla er aI. 2002) have been

suggested as additional Leptotrichia species. The name

L. trevisanii was validly published in 2002 (Validation

list No. 85 2002), while the name L. amnionii has not
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been validated so far. Four new Leptotrichia species, i.e.
L. goodfellowii, L. hofstadii, L. shahii, and L. wadei
have been established by Eribe et al. (2004).

ln Bergey's Manual of systematic bacteriology, Lepto-
trichia is classified as the third genus in the family
Bacteroidaceae. In the past L. buccalis has been
confused with Fusobacterium spp and, because of the
frequent occurrence in young cultures of gram-positive
stained cells, it has also been mistaken for gram-positive
bacilli related to lactobacilli. The name Leptotrichia has
been used for the gram-positive organism termed L.
dentium by Davis and Baird-Parker (1959) and now clas-
sified as Corynebacterium matruchotii (Collins and
Cummins 1986).

CLASSIFICATION
Figure 76.1 Scanning electron microscopy of L buccalis ce//s rn
colony

Isolates described in the literature as members of the
species L. buccalis differ with respect to phenotypic
characteristics, such as cellular and colonial morphology,
aerotolerance, fermentation of sugars, cellular fatty-acid
composition, and G + C content (Morgenstein et al.
1980; Duperval et al. 1984; Reig et al. 1985; Hofstad and
Naess 1992; Eribe et al. 2002). This indicates hetero-
geneity of the species, which is being further demon-
strated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of whole-cell proteins and
random amplified polymorphic DNA (RAPD) (Eribe
and Olsen 2002), and results of 165 rRNA-sequencing
and DNA-DNA homology confirmed the presence of
additional Leptotrichia species (Eribe et aL.2004).

HABITAT

gram-negative cells often with gram-positive granules,
singly or in pairs, end to end, and in a 'straw-like'

arrangement (Figure 76.1). Young cultures show a
varying proportion of gram-positive cells. Thread forms
and chains may be present in smears made from old,
filamentous colonies. An unusual ultramicroscopic
feature is a ridged surface structure formed by an assay
of macromolecules erected on the surface like a fence
with closely set vertical pales (Listgarten and Lai 1975).
0.8-0.9 pm wide and 6-13 prm long, fusiform, nonmotile
gram-negative cells, many of which are curved, with
tapered ends characterizifig L. trevisanii. (Tee et al.
2001). The cell ends are flattened where they loin.

CULTURAL CHARACTERISTICS AND
METABOLISM

The human habitat of L. buccahs is the oral cavity,
where dental plaque is the principal niche. The organism
is present in adults and children and has been found in
the mouth of edentulous infants (Kononen et al. 1,994),
and seems to colonize permucosal implants of edentu-
lous patients (Nakou et al. 1987). L. buccalis has also
been isolated from the periurethral region of the vagina
(Bollgren et al. 1979), from dog bites (Goldstein et al.
1978), and in infections of domestic animals (Hirsh et al.
1979). The role of L. buccalis in the normal microflora is
unknown.

L. trevisanii was isolated from the blood of a man
diagnosed as having acute myeloid leukemia (Tee et al.
2001).

MORPHOLOGY

L. buccalis is an aflagellar, straight or slightly curved
rod, 0.8-1.5 pm wide and 5-15 pm long; one or both
ends are pointed end or rounded. A very large gram-
negative bacillus with one pointed end and one square
end is particularly suggestive of L. buccalis. In gram-
stained smears of 48 h cultures the organism appears as

L. buccalis grows well under anaerobic or microaerobic
conditions, but poorly in air even in the presence of CO2
(Hofstad and Naess 1992). Surface colonies on blood
agar medium are 2-3 mm in diameter after incubation
anaerobically for 2 days, smooth, colorless, sometimes
raised, and with a filamentous edge (Figure 76.2),
nonadherent, and nonhemolytic. After prolonged incu-
bation the surface of the colonies becomes convoluted,
resembling that of a human brain.

L. trevisanii grows both anaerobically and under 5
percent CO2 (in air) on subsequent culture on solid
media (Tee et al. 2001). On horse-blood agar plates the
colonies are smooth, grayish in color, low convex, and
with an erosed edge. They appear with a dark central
spot with transillumination and grow to abott 2 mm in
diameter after 5 days of incubation. Older colonies show
a slightly convoluted surface.

L. buccalis is highly saccharolytic. Mono- and disac-
charides are fermented with the production of lactic acid
alone, or accompanied by trace amounts of acetic and
succinic acids. The terminal pH is 5.4 or less. Growth in
fluid or semifluid media is enhanced by serum and
dependent on the presence in the medium of a fermen-
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Figure 76.2 L buccalis colonies of 48 h culture (37'C) on blood
agar

table carbohydrate. Ammonia is not produced. This

clearly indicates that carbohydrate is used for energy

metabolism. L. trevisanii ferments glucose and lactic

acid is the major organic end product (Tee et al. 2001).

CELL-WALL COMPOSITION

L. buccalis has a gram-negative cell-wall structure. The

diamino acid of the peptidoglycan is meso-diamino-

pimelic acid (Vasstrand et al. 1982). The cellular fatty-acid

composition is similar to that of the fusobacteria, with

hexadecanoic, octadecanoic, and 3-hydroxytetradecanoic

acids as major components (Hofstad and Jantzen 1982).

The MIDI (Microbial ID, Inc., Newark, DE, USA)

system identified the most abundant cellular fatty acids

as C16.s (32-59 percent) and C1s.1-cis 1,Ilt9lt6 fatty acids

or an unidentified compound with equivalent chain

length of 17.8 (21-42 percent) (Eribe et aL.2002). Cpo

(3_16 percent), Crs,o DMA or 3-OH-C14.0 (4-14 percent),

C1ao (3-20 percent), and C16.1-crs 9 (1-5 percent) were

also detected. Seventy percent of the strains contained

C16.1 {ls 9 (L-9 percent) and 62 percent C16..2 -cis 9,12

(1-6 percent).

LABORATORY ISOLATION AND
IDENTIFICATION; SUSCEPTIBILITY TO
ANTIBACTERIAL AGENTS

L. buccalis can be isolated from clinical specimens by

cultivation anaerobically on blood agar, for instance

Brucella blood agar or FAA supplemented with sheep

or horse blood. Addition of josamycin, vancomycin, and

norfloxacin to the blood-agar medium is recommended

for isolation of L. buccalis from normal flora. Others use

Fusobacterium egg yolk agar for the recovery of Lepto-

trichia (Mwray and Citron 1991). A reliable identifica-

tion can be made from cellular and colonial morphology

and a few biochemical tests (Table 76.1., p. 9a\.

L. buccalis is susceptible to B-lactam antibiotics,

carbapenems, clindamycin, chloramphenicol, tetra-

cyclines, and metronidazole, but resistant to vancomycin

and aminoglycosides (George et al. 1981; Weinberger

et al. 1991). Most strains are moderately resistant or

resistant to erythromycin. The L. trevisanii isolate was

susceptible to penicillin, metronidazole, and tetracycline,
partly resistant to clindamycin, and resistant to erythro-

mycin and gentamycin (Tee et al.200l).

PATHOGENICITY

Infections with t. buccalis are uncommon. Relatively

few cases have been described including endocarditis
(Hammann et al. \993; Duperval et al. 1984) and sepsis

occurring in immunocompromised, neutropenic patients

with mucositis or periodontitis (Reig et al. L985; Wein-

berger et al. 1991). The oral cavity may be the source of

such infections with the portal of entry being via gingi-

vitis or oral mucosal lesions. The pathogenetic mechan-

isms of Leptotrichia infections are unknown.
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INTRODUCTION

Mycoplasmas are distinguished phenotypically from
other bacteria by their minute size and total lack of a
cell wall. Taxonomically, the lack of cell walls is used to
separate mycoplasmas from other bacteria in a class
named Mollicutes (mollis, soft; cufls, skin, in Latin). The
current classification of Mollicutes and the properties
distinguishing the established taxa are presented in
'lable 

77.I. While the trivial terms mycoplasmas or
mollicutes have been used interchangably to denote any
species included in Mollicutes, the trivial names urea-
plasmas, entomoplasmas, mesoplasmas, spiroplasmas,
acholeplasmas, asteroleplasmas, and anaeroplasmas are
routinely used for members of the corresponding genus.
Molecular characlerization of the uncultured plant and
insect mycoplasma-like organisms (MLO) has provided
strong experimental support for their inclusion in the
class Mollicutes (see Phylogeny and taxonomy). Conse-
quently, the trivial term phytoplasmas has been
proposed to replace the awkward name mycoplasma-like
organisms. About 200 established species have already
been described within the class Mollicutes, and this
number continues to rise, including the still uncultured
mollicutes, such as the phytoplasmas and the hemo-
trophic parasites Haemobartonella and Eperythrozoon
species, recently identified as mollicutes and given the
trivial name hemoplasmas (Neimark et al. 2001). The
potential number of mollicute species is apparently
enormous in light of the most prevalent occurrence of

mollicutes in insects as each insect species may have its

own unique mollicute flora (Tully and Whitcomb 1992).

The interested reader is referred to a number of

books on various aspects of mycoplasmology published

during the last decade or so (Maniloff et al. 1992; Razin

and Tully 1995; Tully and Razin 1996). The most recent

multi-authored treatise covering the molecular biology

and pathogenicity of mycoplasmas was published in the

summer of 2002 (Razin and Herrmann 2002). Several

recent general reviews on the molecular biology,

genetics, and pathogenicity of mycoplasmas are also

available (Baseman and Tully 1997;Dybvig and Voelker

1996; Razin et al.  1998).

CYTOLOGY

Cellular morphology and cytoskeletal
elements

The total lack of a cell wall explains many of the unique

properties of the mycoplasmas, such as sensitivity to

osmotic shock and detergents, resistance to penicillin,

and formation of peculiar fried-egg shaped colonies

(Figure 77.1). Thin sections of mycoplasmas reveal that

the cells are built essentially of three organelles: the cell

membrane, ribosomes, and a circular densly packed

double-stranded DNA molecule, the typical prokaryotic

genome (Figure 77.2). Being devoid of a cell wall, myco-

plasmas appear gram-negative when stained by the
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Tabf e 77.1 Major characteristics and taxonomy of the class Mollicutef

No.
recognized
species

1 0 7  ( 1  1 ) '

6

1 2

34

1 4

Genome
size (kb)

580-1 350

760-1 170

790-1 140

870-1 100

780-2 220

1 500-1 650

M o l % G + C o f
genome

2340

25-30

27-29

27-30

24-31

26-36

Cholesterol
requirement

Yes

Yes

Yes

No

Yes

No

Opt imum
growth 37'C

Urease
posit ive

Opt imum
growth 30'C

Opt imum
growth 30'C

Hel ica l
f  i l aments

Humans,
a n i m a l s
Humans,
an imals

Insects,
p lan ts

I nsects,
plants

I nsects,
plants

Dist inct ive
properties Habitat€lassification

M yco p lasmata cea e

Genus f : Mycoplasma

Genus f l: Ureaplasma

Entomop lasmataceae
Genus l :  Entomoplasma

Genus lf : Mesoplasma

Spiroplasmataceae
Genus f : Spiroplasma

Ach oleplasmataceae

Genus f : Acholeplasma

An a e rop lasm ata cea e
Genus l :  Anaeroplasma

Genus lf : Asteroleplasma 1

Undef inedtaxonomic  ND' (7 )
status: Phytoplasma

1 500-1 600

1 500
530-1 350

29-34

40
23-29

No

N D

Opt imum An imals ,
groMh 30-37'C plant

su rfaces

Obligate Bovine-
anaerobes, ovine
oxygen sensit ive rumen

Uncultured lnsects,
in vitro plants

ND, not  determined
a) Updated and modi f ied f rom Razin et  a l  (1998)
b) The number of Candidatus species is given in parentheses and includes the haemoplasmas (Eperythrozoon and Haemobartonel/a) recently transferred
to the genus Mycoplasma
c) The taxonomic status of the uncultured phytoplasmas has not been finally defined; seven Candr'datus Phytoplasma species have so far been published

Gram stain. Bounded by a plastic cell membrane only,
the dominating shape of a mycoplasma cell is a sphere
(0.3-0.8 pm in diameter). However, cells of many molli-

cutes exhibit a variety of morphological entities,
including pear-shaped cells, flask-shaped cells with

terminal tip structures, filaments of varying length (some

branching), as well as helical filaments (Figures 77.3-

77.5). Maintaining such shapes in the absence of a rigid

cell wall has indicated long ago the presence of a cytos-

keleton in mycoplasmas (Razin 1978).

r l

Figure 77.1 A laidlawii colonies on mycoplasma agar (x50)
showing the characteristic 'fried-egg' shape, consisting of a
central zone embedded in the agar and a peripheral zone on the
agar surface

Figure 77.2 Electron micrograph of thin-sectioned mycoplasma
cells The cells are bounded by a single membrane exhibiting the
characteristic trilaminar shape of sectioned biomembranes fixed
in osmium tetroxide The cytoplasm contains thin threads
representing the sectioned chromosome, and dark granules
reDresentino ribosomes
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Figure 77.3 (a) Scanning electron micrograph of M gallisepticum ce//s showing the polymorphic shape of the organisms
(b) M pneumoniae showing the characteristic elongated cells with tapered tips, as well as spherical cell:; and microcolonies
Bar=  1  W

An important group of pathogenic mycoplasmas,
including M. pneumoniae and M. genitalium, shares a
flask- or club-like cell shape with a protruding tip or

bleb structure (Figure 77.6). These mycoplasmas attach

to eukaryotic cells via the tip structure, serving as an
attachment organelle (Figure 77.7;see Adhesion to host
cells). Scanning- and transmission-electron microscopy

of M. pneumoniae cells grown on grids treated with 1
percent Triton X-100 revealed a rod-like tip structure
and a network of filamentous strands. Proteins of this

so-called 'Triton shell' are apparently cytoskeleton-
forming or cvtoskeleton-associated oroteins (Razin and

Figute77.4 Phase-contrast light microscopy of A laidlawii ce//s
Branching filaments and chains of cocci can be seen in these
unfixed live broth cultures Maqnification xl 250

Jacobs 1992). The cytoskeleton-like structure is thought

to function in modulating cell shape, and participate in

cell division, gliding motility, and the proper localization

of cytadhesins on the mycoplasmal cell surface. Studies

by Mayer et al. (1998) suggest that the mollicutes may

not be the only bacteria known to possess an internal

cytoskeleton.

The genomic analysis of M. pneumoniae (Himmel'

reich et al. 1996) has enabled the identification and

molecular characlerization of the major protein building

blocks of the cytoskeleton ol this mycoplasma. Some of

these proteins function as surface exposed cytadhesins,

while others maintain the proper distribution and/or

disposition of the cytadhesins on the mycoplasma

membrane, consistent with their presumed scaffolding

role (Balish and Krause 2002; Krause and Balish 2001).

Recent analysis of the 'Triton shell' by 2D-PAGE and

mass spectrometry revealed about 100 protein spots.

Regula et al. (2001) identified 41 of them. The identifled

proteins belonged to several functional categories,

mainly energy metabolism, translation, and heat-shock

Figure 77,5 A negatively-stained helical filament of Sprroplasma
citri showing constrictions preceding filament division into
dauqhter cells Bar = 500 nm
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Figure 77.6 Electron micrographs of negatively stained mycoplasmas possessrng tip structures (a) M pulmonis Arrows show a thin
surface layer on top of a protruding sta/k (b) M gallisepticum, showing the distinct bleb structure The particutate surface nap (N) is
not restricted to the bleb structure (c) M pneumoniae /Vote the tapered terminal structure covered by the nap (li) (d) M genitalium
Arrowhead shows the trp structure covered by a nap (tV) (e) N/ alvi showing a well-defined slightly thickened protuberance without
surface layer (f) M sualvi showing a distinctly broadened blunt terminal structure with a thin surface layer (arrows) (g) M mobile
/Vote the broadened headlike structure (arrowheads), with no surface layer (Kirchhoff et al 1984)

(s)

response. In addition, lipoproteins, and most of the
proteins involved in cytadherence were found in this
fraction (see Adhesion to host cells section and
Table 77.5). Quantitatively, the most prevalent proteins
were the heat-shock protein DnaK, elongation factor Tu
and subunits u and p of the pyruvate dehydrogenase
complex (Regula et al. 2001). Thus, the 'Triton shell'
consists of a very heterogenous complex of proteins as
could perhaps be expected from a complex cell fraction
isolated according to its insolubility at a low concentra-
tion of the mild detergent Triton X-100.

Motil i ty

Most mycoplasmas are nonmotile and have no flagella.
However, some of the flask-shaped Mycoplasma species,
including the human and animal pathogens, M. pneumo-

niae, M. genitalium, M. gallisepticum, M. pulmonis, and

M. mobile exhibit gliding motility on liquid-covered

surfaces. M mobile, isolated from fish gills, is the fastest
(2.04.5 pm/s, which is up to seven times its cell length
per second). The mechanism of this peculiar gliding

motility is still unknown (Miyata 2002). Althorgh M
pneumoniae is motile and exhibits chemotactic behavior,
gliding motility genes could not be identified in this

mycoplasma, as it is not yet known which genes have to
be looked for. Furthermore, none of the components of
the chemotactic signal pathway, the Che proteins, which
are well conserved among bacteria, as well as any other
'two-component signal transduction system' could be
identified in the sequenced M. pneumoniae and M. geni-

talium genomes (Himmelreich et al. 1996).
The gliding force of M. mobile responsible for the

thrust forward reaches tp to 27 pN, which is flve to
seven times higher than that of motor proteins such as
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Figure77.7 Thin sections of Mycoplasma gal l isepticum attaching
to tracheal epitheltum of chicken 7 days postinfection The
mycoplasmas can be seen to attach through their blebs
M mycoplasma, T, attachment tip Bar = 0 5 pm Courtesy of
Dykstra and Levisohn

myosin and kinensin (Miyata et al. 2002). The force es-
timate was achieved by trapping gliding M. mobile celIs,
with an attached polystyrene bead, by optical laser twee-
zers. The ability of the gliding mycoplasmas to cytadhere
closely mirrors their ability to bind to glass, a prerequisite
for gliding. Because cytadherence is linked to the tip
structure it is likely that this attachment organelle plays a
major role in the gliding mechanism. In fact, the gliding

mycoplasmas always move with the attachment tip
organelle at the leading end (Miyata 2002).

Spiroplasma species are unique among mollicutes in
having helical morphology (Figure 77.5), rotary motility,
and chemotaxis. Motility is characterized by rapid spin-
ning along the long axis of the cell as well as by flexional
or undulating movements of the helical filaments. The
spiroplasma cell can essentially be viewed as a
membranal tube (about 0.25 pm in diameter) to which a
flat cytoskeletal ribbon made of seven parallel p-aired

fibrils (diameter of individual fibril is 45-50 A) is
attached to the inner side of the cell membrane along
the shortest helical line. Both tube and ribbon are
mutually coiled into a dynamic helix (Trachtenberg and
Gilad 2001). Illustrating the minuteness of mollicutes,
the size and shape of a whole spiroplasma cell is roughly

that of a bacterial flagellar bundle or that of a single
eukaryotic flagellum or cilium. In addition to their bare
simplicity and structural minimalism, spiroplasma cells
are well-defined dynamic helices, amenable to geome-

trical analysis carried out by Trachtenberg et al. (2003a).

Thus, it appears that the scaffolding and the propulsion

functions of the cell wall and flagella are both replaced
in spiroplasmas by an internal cytoskeleton that func-
tions as a linear motor as well

Upon cell lysis by deoxycholate, spiroplasmas release
the flbrils which consist of a 59 kDa protein. The gene

for this protein (fib) has been cloned, facilitating the

characterization of the structural features of the fibril

protein (Williamson et al. 1991). The 59 kDa protein has

an equivalent sphere diameter of about 50 A. Trachten-

berg and Gilad (2001) suggest that the fibril protein

forms a tetramer. and the tetramer assembles further

into flat fibril pairs, seven of which form a flat,

monolayered well-ordered ribbon. This structure may

function as a linear motor driven by differential and

coordinated length changes of the fibrils due to confor-

mational changes of the tetrameric subunits, the shape

of which changes from near circular to elliptical. This is

the first linear motor described in swimming prokaryotes

(Trachtenberg et al. 2003b; Gilad et al. 2003). Berg

(2002) takes this point further by proposing a simple

way for the ribbon to function in propulsion through

bending about two axes in a cyclic manner. The primary

effect of this cycle is to roll the spiroplasma cell about

its longitudinal axis clockwise. In a viscous medium the

helix screws its way like a corkscrew.

Some information on a gene involved in S. cilrl moti-

lity has been obtained through transposon mutagenesis

(Jacob et al. 1997). An S. citri nonmotile mutant was

generated by Tn4001 mutagenesis. The transposon was

shown to be inserted into a gene named scn1, encoding

a putative polypeptide of about 45 kDa with no signifi-

cant homology to any known protein. The protein was

predicted to contain a signal peptide and 10 transmem-

brane u-helices and a leucine zipper motif. The scml

gene was recovered from the wild motile strain, and

inserted into an S. citri cloning vector. Transfection of

the nonmotile mutant with this recombinant plasmid

restored motility, indicating that the scml gene product

is indeed involved in S. citri motility, probably serving as

an anchor of the cytoskeletal ribbon to the membrane

(Trachtenberg and Gilad 200I). Interestingly, the

nonmotile mutant multiplied in the insect vector and

was efficiently transmitted to plants, inducing disease.

This suggests that spiroplasma motility may not be

essent ia l  fo r  pa thogen ic i ty  (Dure l  e t  a l .  1999) .

Cel l  d iv is ion

The mode of reproduction of mycoplasmas is essentially

not different from that of other prokaryotes dividing by

binary fission. The velocity of the DNA replication fork

progression in M. capricolttm was about 6 kb/min, about

ten times slower than that of E. coli. The time required

for one round of chromosome replication was estimated

to be about 94 min, and M. capricolum is considered

among the fastest growing mollicutes (Seto and Miyata

1998). For typical binary fission to occur, cytoplasmic

division should be synchronized with genome replica-

tion, but in mycoplasmas cytoplasmic division may lag

behind genome replication, resulting in the formation

of multinucleate filaments. The transformation of

mycoplasma filaments into chains of cocci followed by
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microcinematography revealed the appearance of
constrictions in the cell membrane at about equal
distances along the entire length of the filament, a
process taking a few minutes (Bredt et al. 1973). While
the outline of DNA replication in mycoplasmas is
presumably similar to that of walled bacteria, the
coupling of chromosome replication and cell division in
mycoplasmas is not so simple. The lack of a pepti-
doglycan layer, which plays important roles in nucleoid
partitioning and cell division, argues that the concepts
developed for walled bacteria cannot be simply applied
to mycoplasmas (Seto and Miyata 1999). Nucleoid
movement occurs in combination with cell elongation,
but the kind of force that propels and localizes the
nucleoids is not known. Mycoplasma cells apparently
Iack a solid structure like the periseptal annulus in
E coli, because they do not have the peptidoglycan
Iayer. It is possible that the fibrillar cytoskeletal struc-
ture observed in M. pneumoniae and M. gallisepticum is
involved in nucleoid migration (Seto and Miyata 1999).

The recent sequencing of several mycoplasma
genomes (see Genome sequencing section) has provided

some information on mycoplasmal genes homologous to
cell division genes of wall-covered bacteria. The most
important finding, perhaps, is that of the ftsZ gene in
mycoplasmas (Bork et al. 1995; Fraser et al. 1995;
Himmelreich et al. 1996; Wang and Lutkenhaus 1996;
Kukekova et al. 1999). In eubacteria the FtsZ protein is
a polymer-forming, guanosine triphosphate (GTP)-

hydrolyzing protein with tubulin-like elements; it is
localized to the site of septation and forms a constricting
ring (the Z rtng) between the dividing cells. The finding
of ftsZ in mycoplasmas indicates that it is a highly
conserved and ubiquitous gene fulfilling a key role in
prokaryote cell division. However, generalizations are
risky as ftsZ colld not be found in Ureaplasma urealy-
ticum (Glass et al. 2000) or chlamydia (Galperin 2001).
Of the additional genes associated with cell division in
eubacteria (ftsA, ftsH, ftsl, ftsQ, ftsw, fsY) /rsl1 was
identified in M. pneumoniae (Himmelreich et al. 1996)
and M. capricolum (Bork et a1., 1995), and ftsY rn M.
genitalium (Fraser et al., 1995), M. pneumontae
(Himmelreich et al. 1996), and U. urealyticum (Glass
et al. 2000). Applying the proteome approach, Wasinger
et al. (1995) proposed the presence of a tubulin-like
protein in M. genitalium. lt has been suggested that the
FtsZ protein of prokaryotes is a tubulin homolog, but
the tubular structures formed by FtsZ in vitro are
substantially different from microtubules, and sequence
similarity between FtsZ and tubulin is barely significant
(Gupta and Soltys 1996).

An integral part in cell division concerns chromosome
replication and segregation into daughter cells. Chromo-
some replication and partitioning in mollicutes follows
the basic principles of binary fission (Miyata and Seto
1999; Miyata 2002). Mycoplasmas carry topoisomerases
(see DNA replication and repair section) capable of

relaxing superhelical DNA, fulfilling an essential role in

cell division (Bailey et al. 1996). ln Mycoplasma species
possessing a tip structure, duplication of this organelle is

a prerequisite for cell division. Observation of the cell

division process in M. pneumoniae slggests that the

nascent organelle is formed next to the old one and then

migrates to the opposite cell pole before binary fission

of the cell takes place (Seto et al., 2001). What is the

motive force propelling the migration of the tip orga-

nelle? This is certainly an intriguing question for which

we have no answer as yet. One possibility is to associate

it with the gliding motility of this mycoplasma. Another
possibility is to associate it with the filamentous struc-

tures taking part in the cell division process (Seto et al.

2001). In conclusion, it appears that on the whole we are

still rather far from a clear understanding of the factors

coordinating the cell division process in mollicutes, as

relevant genetic information has just started to accumu-

late and is still too fragmentary to be analyzed and eval-

uated in depth.

CULTIVATION

Several host and cultural factors are important in
primary isolation and maintenance of mycoplasmas

during early passage levels. These include the chemical

and physical suitability of the culture medium, the

number of organisms in the tested specimen, and

the presence of toxic or inhibitory substances in the

inoculum (Taylor-Robinson and Tully, 1998; Tully and

Whitcomb 1992).'the use of thallium acetate and anti-

biotics in culture media has made mycoplasma isolation

possible in the presence of a variety of other competing

organisms in the tested material. Penicillin (500-

1 000 units/ml) and polymyxin B (500-1 000 units/ml)

have been the drugs of choice for inhibition of either

gram-positive or gram-negative prokaryotes and fungi,

respectively. Mycoplasmas can often be isolated from

diluted but not undiluted infected tissue extracts,

suggesting that inhibitors are present in host tissues, like

lysolecithin, antimycoplasmal antibodies, and antibiotics
(Taylor-Robinson and Tully 1998). It is advisable, there-

fore, to perform serial dilutions of such extracts in fresh

culture media in all primary isolation attempts. Early

broth passages of newly isolated mycoplasmas are likely

to require prolonged incubation periods, in comparison

to the shorter time required for strains well adapted to a
particular medium.

The first indication of mycoplasma growth in primary

broth cultures is often a slight to moderate pH change of

the medium, and in most instances, slight turbidity.

Phase-contrast and dark-field microscopy may be effec-

tive in monitoring broth cultures, particularly in the case

of the motile helical spiroplasmas (Tully and Whitcomb

1992). Checking the agar cultures for the typical fried-

egg colonies under a stereomicroscope is the next step.

Frequently, the shape of the colonies is not typical
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(Taylor-Robinson and Tully 1998). Thus the motile spir-

oplasmas may form diffuse colonies on the fresh agar

surface, lacking the agar-embedded central zone. By
increasing the agar concentration, the free water film on
the agar surface decreases in thickness. This impedes
spiroplasma motility in the film, resulting in the forma-
tion of fried-egg colonies (Tully and Whitcomb 1992).

Culture media

A major impediment to mycoplasma research and
laboratory diagnosis has been the difficulty of their in
vitro cultivation. There is a consensus that only a
minority of the mycoplasmas existing in nature have
been cultivated so far. For example, despite many efforts
for over 30 years, none of the phytoplasmas infecting
insects and plants has been cultivated in vitro rn an

axenic culture (Seemuller et al.2002). Some of the culti-
vable mycoplasmas, such as the human respiratory
pathogen M. pneumoniae, grow very slowly (2-3 weeks
incubation at 37"C), particularly on primary isolation.

Others, like U. urealyticum, grow very fast in vitro, but
growth stops abruptly at titers of 106 107 colony-forming
units (cfu) per milliliter compared to L0e-1010 cfu/ml in

Iogarithmic cultures of well-growing mycoplasmas (Razin

1978). The recent mycoplasma genome sequencing
projects have provided definitive genetic explanations to
the above-mentioned difficulties by demonstrating the
remarkable scarcity in mycoplasmas of genes involved in

biosynthetic pathways (see Genome sequencing section).
To overcome the assimilative deficiencies of the myco-

plasmas, complex media are used for their cultivation.
The media are usually based on beef heart infusion,
peptone, yeast extract, and serum with various

supplements. Efforts to replace the serum component
have been continuously made with the aim of reaching a

defined growth medium. Serum has been shown to
provide, among other nutrients, fatty acids and choles-
terol, required for membrane synthesis, in an assimilable
nontoxic form. Efforts to substitute the serum component
by albumin, fatty acids, and cholesterol solubilized in

Tween 80, or by liposomes made of phospholipids and
cholesterol, supplemented with serum albumin to neutra-

lize free fatty acid toxicity, have been continued with

only limited success (Razin 1978). Nevertheless, several
defined culture media were developed for a few fermen-

tative mycoplasmas. The media contain a complex assort-
ment of amino acids, nucleic acid precursors, lipids,

vitamins, inorganic ions, together with glucose as an
energy source (Hackett et al. 1987). Detailed composi-
tion of media for mycoplasmas can be found in the

section on cultivation and nutrition in Methods in

mycoplasmology (Razin and Tully 1983), in Tully and
Whitcomb (1992), and in Molecular and diagnostic
procedures in mycoplasmology (Razin and Tully 1995).

Although the numerous nutritional requirements of
mollicutes dictate the need for complex growth media,

the notion that the richer the medium the better, may be

wrong. It appears, at least in some cases, that the lack of

growth of a mycoplasma in a rich medium is not the

result of the lack of a specific nutrient, but is rather due

to the presence of a component(s) toxic to the myco-

plasma. Some M. hyorhinis strains, common contami-

nants of cell cultures. have been known to resist cultiva-

tion on conventional mycoplasma media, leading to

consider them as particularly fastidious strains. This

concept proved to be wrong, as these strains could grow

well in a minimal serum-free medium, leading Del

Giudice (1998) to suggest that these 'noncultivable'

strains are not particularly fastidious, but are more

sensitive to inhibitors found in the complex media,

mostly as components of peptone and yeast extract.

Hence the terms 'noncultivable' and 'fastidious' should

be considered as relative terms, that take their meaning

only in the context of a specific culture system where

growth promoters, and possibly inhibitors, are present.

Generally, mollicutes differ markedly in their atmo-

spheric requirements; while most mollicutes are faculta-

tive anaerobes, and usually favor an anaerobic or low-

redox-enhanced CO2 atmosphere on primary isolation,

the rumen Anaeroplasma and Asteroleplasma species are

strict anaerobes, very sensitive to oxygen (Table 77.1).

Some mycoplasmas such as M. hyorhinis require an

aerobic atmosphere. The initial pH of the growth

medium should be adjusted to about 8.0 for the fermen-

tative mycoplasmas, and to 6.0-6.5 for the nonfermenta-

tive arginine-utilizing mycoplasmas and for the urea-

hydrolyzing ureaplasmas. The temperature range for

mycoplasma growth varies according to species from

about 20-40'C. The optimum temperature for most

human and warm-blooded animal mycoplasmas is 36-

37'C, while the optimum growth temperature for M.

mobile, isolated from fish, is 25"C and 30"C for the

tortoise mycoplasmas (Brown et al. 2001). Likewise, the

optimum temperature for growth of the sterol-requiring

entomoplasmas and the sterol-nonrequiring meso-

plasmas, isolated from insects and plants, is about 30"C,

while the optimum growth temperature of the spir-

oplasmas and the acholeplasmas lies between 30 and

37'C (Tully et al. 1993).

Cocultivation with cell cultures

A novel approach to improve the chances of in vitro

cultivation of fastidious mollicutes is based on coculture

with eukaryotic cell lines (cell-assisted growth). In this

way, uncultivable spiroplasmas such as the Colorado

potato beetle spiroplasma, S. leptinotarsa, and the

Drosophila sex-ratio spiroplasma, S. poulsonii, have

been first successfully cocultivated in insect cell lines.

Subsequently, primary cultures of these spiroplasmas

could be obtained on cell-free media under conditions of

low redox potential, enhanced CO2 atmosphere, and at a

pH lower than 7.0, conditions which imitate those
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obtained in the insect cell cocultures (Konai et al. 1996).
While the use of cocultivation of fastidious spiroplasmas
with arthropod cell lines has proved itself in these cases,
the choice of an adequate medium for primary isolation
and/or subsequent sustained cultivation of these organ-
isms is still much more an art than a science.

Cell-assisted cocultivation, using Vero cell cultures,
enabled the cultivation of several strains of the highly
fastidious human M. genitalium from clinical specimens
(Jensen el al. 1996). Also in this case, the mycoplasmas
grown in the cell culture (as was indicated by poly-
merase chain reaction (PCR) monitoring) could be
subsequently subcultured in a cell-free medium. The
above methodology, as complex as it is, requiring
'heroic' efforts, is certainly inadequate for routine culti-
vation of fastidious mycoplasmas, leaving the door open
for the application of molecular techniques, such as
PCR, for detection and identiflcation of fastidious. or
the so far uncultivable mycoplasmas (see Diagnosis of
infections section).

HABITATS AND ECOLOGY

Mycoplasmas are widespread in nature as parasites of
humans (Blanchard and Bebear 2002), mammals (Frey
2002), reptiles (Brown et al. 2001), fish, arthropods, and
plants (Seemuller et al. 2002; Tully 1996). The list of
hosts known to harbor mycoplasmas is continuously
increasing, as does the number of established mollicute
species, about 200 so far (Table 77.1).h is widely agreed
that the mollicutes that have already been characterized
and taxonomically defined constitute only a part,
apparently a minor one, of the mollicutes living in
nature (Razin 1992). The higher the number of estab-
lished mollicute species, the harder it gets to fulflll the
minimal requirements for establishing new species
(International Committee 1995). A large battery of
species-specific antisera and seed are needed for this
task. The introduction of molecular tools to taxonomy,
including the comparison of 165 rRNA and other
conserved gene sequences, genomic restriction patterns,
etc. (see Phylogeny and taxonomy and Diagnosis of
infections sections) has already been found to be effec-
tive in species and strain identification, decreasing the
weight of serology in species and strain identification
and classification.

U_n c u I t ure d _1o=l I i_5 u te

The successful application of genomic analysis method-
ology has led to the identification of the uncultured
plant and insect MLOs as bona fide mycoplasmas
(Phylogeny and taxonomy section), showing the way for
confirming the identity of other mycoplasma-like organ-
isms as mollicutes. Thus, the Grey Lung 'virus' disease
of mice, caused by an agent resembling mycoplasmas in
thin sections of lung material, but resisting cultivation,

has been identified as a mycoplasma based on its
genome size and 165 rRNA sequence analysis. It has

been proposed to classify this organism as'Candidatus

Mycoplasma ravipulmonis', the 'Candidalzs' taxon being

reserved to classification of uncultured prokaryotes

(Neimark et al. 1998). Most important is the recent

finding, based on 165 rRNA sequence analysis, that

Haemobartonella and Eperythrozoon species, long

known as uncultured wall-less pathogenic bacteria,

infecting erythrocytes of a wide range of vertebrate

hosts, are phylogenetically closely related to Mollicutes

rather than to rickettsia, and should, therefore, be

reclassified as Mycoplasmo species (Neimark and Kocan

1997; Rikihisa et al. 1997, see Phylogeny and taxonomy

section). The inclusion of these hemotropic agents in

Mollicutes represents an entirely new group of patho-

gens classif,ed as mycoplasmas.

Host and tissue specificity

Mycoplasmas usually exhibit a rather strict host and

tissue specificity, probably reflecting their nutritionally

exacting nature and obligate parasitic mode of life.

However, there are numerous examples of the presence

of mycoplasmas in hosts and tissues different from their

normal habitats (Tully 1996). The primary habitats of

human and animal mycoplasmas are the mucous

surfaces of the respiratory and urogenital tracts, eyes,

alimentary canal, mammary glands, and joints. The obli-
gatory anaerobic anaeroplasmas have so far been found

in the bovine and ovine rumen only (Table 77.1).

Spiroplasmas and phytoplasmas are widespread in the
gut, hemocoel, and salivary glands of arthropods. The

spiroplasmas and phytoplasmas may be introduced

through sap-sucking insects to the phloem tissues of
plants, causing disease (Tully and Whitcomb 1992;

Seemuller et al. 2002). Accompanying the increasing

numbers of patients suffering from various types of

immunodeficiencies, associated with hypogammaglobuli-

nemia, AIDS, treatment with immunosuppressive medi-

cation in patients undergoing organ transplantation,

more and more reports appear on the isolation of myco-
plasmas from organs different from their usual habitats.

Thus, mycoplasmas and ureaplasmas belonging to the
normal urogenital flora have been isolated from the

blood of patients suffering from AIDS or treated with
immunosuppressive drugs. Hypogammaglobulinemic and

immunocompromised patients become susceptible to

infections by the urogenital mycoplasmas M. hominis

and U. urealyticum, spreading into organs such as the

respiratory tract and joints (Frangogiannis and Cate
1998; Gass et al. 1996) causing disease in these organs.

Mycoplasmas infecting cell cultures

Cell cultures infected by mycoplasmas constitute an arti-
ficial habitat. The serious problems created bv the
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persistent and hard to detect infections of cell cultures
are reflected in the voluminous literature on this subject.
Reports from various countries show that 10-87 percent

of cell cultures are infected by mycoplasmas (Barile and
Rottem 1993; Uphoff and Drexler 2002).The percentage

of infected cell cultures depends to a large extent on the
population of cell cultures assayed, on the control prac-

tices used, and on the efficiency of the assay procedures

applied. The Mycoplasrua species infecting cell cultures
have remained essentially the same over the years. M.
hyorhinis, M. orale, M. arginini, and A. laidlawii being
the dominant contaminants. The increasing percentage

of cell cultures infected by M. fermenfans, a mycoplasma
incriminated as a cofactor in AIDS and rheumatoid
arthritis (see Pathogenicity section), is of particular

interest regarding the possible origin of contamination.
Elimination of mycoplasmas from infected cell cultures
by antimycoplasmal agents is time consuming and is

ollen unsuccessful (Uphoff et aL.2002) probably due to
the intracellular location of a small percentage of the
contaminating mycoplasmas.

Human and animal mycoplasmas

Table 77.2 lists the mycoplasmas found in humans. Some
of these mycoplasmas may cause disease while others

are commensals, constituting part of the normal flora of

the oropharynx and the urogenital tract. Some of the
human mycoplasmas shown in -fable 

77.2 can also be
isolated from nonhuman primates. Farm animals, cattle,
sheep, goats, horses, swine, chickens, and turkeys harbor
a great variety of mollicutes, many of them pathogenic.

Mollicutes can also be found in dogs, cats, and small
laboratory animals, either as commensals or pathogens.

A mollicute flora has been defined in a wide variety of
wild animals, including elephants, lions, seals, crocodiles,
turtles, and prawns. In essence, mollicutes may be
ubiquitous in the animal world. It appears as though the
main factor for adding an animal to the long list of
animals harboring mycoplasmas is the willingness of a

mycoplasmologist to invest the effort required to isolate

and characterize mycoplasmas from the animal. Interest-

ingly, the laboratory rabbit represents an exception to

this rule, as it appears to be free of mycoplasmas. Lack

of a natural mycoplasma flora makes the rabbit a

preferred animal for production of speciflc antisera to

mycoplasmas. For detailed descriptions of the mollicute

flora of humans and animals see the relevant chapters in

Molecular biology and pathogenicity of mycoplasmas

(Razin and Herrmann 2002).

Mycoplasmas in arthropods and plants

Arthropods are major habitats of mollicutes, including the

helical spiroplasmas, sterol-nonrequiring mesoplasmas,

sterol-requiring entomoplasmas, and the uncultured phyto-

plasmas (fable 77.1). All spiroplasmas are obligately

associated with insects, either as commensals, pathogens or

mutualists, and may constitute one of the largest microbial

genera as a result of their diversification and coevolution

with their arthropod hosts (Gasparich2002).

Spiroplasmas are most frequently found in the insect

gut, less frequently in the hemolymph, and occasionally

in various organs such as the salivary glands. Spir-

oplasmas in the insect gut are generally acquired by

natural feeding, either from plant tissue, from nectar, or

from ingestion of other insects. Some spiroplasmas, like

the honeybee spiroplasmas, are pathogenic and may kill

their insect hosts, or eliminate the male progeny of

infected Drosophila (Williamson et al. 1999), while

others are considered commensals, even when present in

large numbers in the hemolymph. Spiroplasmas involved

in vector-transmitted plant diseases (citrus stubborn,

corn stunt) must pass through a complex biological cycle

that involves uptake from the sieve cells of the plant

phloem and subsequent passage to, or multiplication in,

the insect alimentary tract, gut epithelium, basement

membrane, hemocoel, and possibly some internal

organs. The spiroplasmas apparently enter into insect

cells by receptor-mediated endocytosis. In this process

the spiroplasmas lose their helicity, and appear as

rounded, pleomorphic bodies with a reticulated internal

Table 77.2 Site of colonization and pathogenicity of human mollicutes

Species

M. pneumoniae

M. genitalium

M. hominis

M. fermentans

M. penetrans

M. salivarium

M. orale

U rea pl asma u rea Iyti cu m

Primary site of colonization

Lung, oropharynx
Urogenital tract

Urogenital tract

Urogenital tract, respiratory tract

Urogenital tract? Colon?

Buccal cavity

Buccal cavity

Urogenital tract, placenta

Pathogenicity

Primary atypical pneumonia

Non gonococcal urethri t is

Usually commensal, may cause infections
on reaching internal organs (salpingit is)

Cofactor in AIDS activation? Arthri t is?

Cofactor in AIDS activation?

Commensal. Periodontal disease?

Commensal

Nongonococcal urethri t is, neonatal lung
and brain infect ions

Commensal mycoplasmas less commonly isolated from humans: M buccale, M faucium, and M lipophilum from the oropharynx; M primatum and
M spermatophilum f rom the genitals, and M pirum f rom blood (see Blanchard and Bebear 2OO2)
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structure, most frequently found in membrane-bound
pockets in the insect cell (Kwon et aL.1999). The organ-
isms eventually pass from the hemocoel into the ciliary
cells and salivary duct, from which reinoculation of
healthy plants takes place Induction of disease in the
plant is the rule. The symptoms in plants include
chlorosis, leaf mottling, proliferation of growing points,
and general stunting (Tully and Whitcomb 1992).

A rather intriguing issue concerns the possible occur-
rence and pathogenicity of spiroplasmas in animals.
Only one spiroplasma, S. mirum strain SMCA has been
shown to experimentally infect suckling mice causing catar-
acts (Gasparich 2002). Claims associating spiroplasmas
with transmissible human spongiform encephalopathies
have been repeatedly made, the most recent claim being
based on positive PCR tests for S. mirum 165 rDNA in
human brain samples (Bastian and Foster 2001). Spir-
oplasmalike structures could also be demonstrated in a
cataract in a premature baby, a finding supported by posi-
tive PCR with the 165 rDNA of Spiroplasma group VI
(Lorenz et al. 2002). The above findings may be considered
at most suggestive, but appear worthy of further study.

The nonhelical mollicutes of the genera Entomo-
plasma and Mesoplasma have been found as inhabitants
of the insect gut (fireflies, beetles, horseflies, moths,
butterflies, and bees). However, some entomoplasmas
and mesoplasmas have also been identified on plant
surfaces, so that most species in either group can be
acquired from various plant surfaces or flowers through
insect visitation and feeding excursions (Tully 1996).

The largest group of mollicutes inhabiting plants are the

uncultured plant-pathogenic phytoplasmas. These molli-

cutes are transmitted primarily by phloem-feeding leaf-

hoppers and are the causative agents of more than 300

different plant'yellows' diseases and the list continues to
grow. Plants infected by phytoplasmas exhibit an array

of symptoms that suggest profound disturbances in the
normal balance of plant hormones or growth regulators.

Symptoms include virescence (green flowers), phyllody

(floral parts develop into leafy structures), sterility of

flowers, proliferation of auxilliary shoots (witches broom

appearance), abnormal elongation of internodes

resulting in slender shoots, generalized stunting, disco-

loration of leaves and yellowing (Lee et al. 2000;

Seemuller et aL.2002).

PHYLOGENY AND TAXONOMY

Phylogeny

The early studies of Woese et al. comparing 165 rRNA

sequences of mollicutes have provided the basis for

mycoplasma phylogeny. Accordingly, the mycoplasmas

arose at a node on the branch of gram-positive bacteria

having a low G + C genome. This branch of the Lacto-

bacillus group contains Lactobacillus, Bacillus, and

Streptococcus species. The closest to mycoplasmas on

this branch is a small subgroup of clostridia represented

by Clostridium innocuum and C. ramosum (Figre 77.8).

Sp cttri

M mycoides

M pneumoniae

U urealyticum

M hominis

M sualvi

An abactoclassicum

A laidlawit

As anaerobium

B subtilis

L caset

C barkeri

C pasteurianum

C. aminovalerieum

H chlorum

Figure 77.8 Schematic dendrogram presentatton of the phylogenetic relationship of Mollicutes to some related eubacteria based on
165 rRNA sequences
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Mycoplasma phylogeny from this node took place by
degenerate or reductive evolution, characterized by a
rapid tempo, in line with the marked genotypic and
phenotypic variability characterizing the mollicutes as a
group (Woese 1987). Phylogenetic trees of Mollicutes
are still based mostly on 165 rRNA sequences, but
several other conserved gene sequences, such as /rrl
genes have been used for this purpose (Kamla et al.
1996). According to 165 rRNA sequences, the Molli-
cutes are divided into flve phylogenetic units (clades):

the asteroleplasma, spiroplasma, pneumoniae, hominis,
and anaeroplasma clades (Johansson and Pettersson
2002; Maniloff 2002; Weisburg et al. 1989).

A scheme of mycoplasma evolution has been
proposed by Maniloff (2002). Accordingly, the ancestral
mycoplasma arose from the Streptococors phylogenetic

branch about 600 million years ago, having probably a
genome of about 2 000 kb. The mycoplasma branch split
later into two major branches: one branch led to the
Asteroleplasma, Anaeroplasma, and Acholeplasma bran-
ches, and the other led to the Spiroplasma, Entomo-
plasma, and Mycoplasma branches. The phytoplasmas

subsequently arose from the Acholeplasma branch, and
Ureaplasma arose from the Mycoplasma branch. In both
major branches genome reductions had occurred inde-
pendently during their degenerate evolution. Thus,
degenerate evolution of the Acholeplasma-Anaero-
plasma branch, taking place after the appearance of
flowering plants, has led to the phytoplasmas with 600-
to 1 200-kb genomes, while evolution of the second
major branch produced the Spiroplav a branch with
1 000- to 2 000-kb genomes, and the Entomoplasma,
Mesoplasma, Mycoplasma, and Ureaplasrza branches
with 600- to 1 200-kb genomes. Clearly, the time at
which transition to rapid evolution occurred correlate
with major paleontological events in the evolution of the
flora and fauna that formed ecosystems for lineages of
each branch. Thus, the Spiroplasma atd, Entomoplasma
transition to rapid evolution occurred about 100 million
years ago soon after the appearance of the first flowering
plants and their associated insects. The increase in
potential hosts presumably provided niches for the
selection of new lineages. Although all the above should
be taken as hypothetical assessments, they emphasize
a cardinal point: the mollicutes are relatively late
evolutionary products.

Taxonomy

There is a consensus among bacterial taxonomists that
the complete sequences of bacterial genomes will form
the basis for phylogeny and, ultimately, taxonomy. Yet,
as long as complete genomic sequences are available for
a relatively few bacteria only, current bacterial
taxonomy, including that of mollicutes (International

Committee 1995), relies on the combination of pheno-

typic characteristics and phylogenetic data based on

partial genomic sequences, mostly those of the

conserved ribosomal RNA genes. Detailed descriptions

and evaluations of current molecular methods in

taxonomy, phylogeny, and diagnostics of mollicutes can

be found in Razin (1992), in the two volumes of Mole-

cular and diagnostic procedures in mycoplasmology

(Razin and Tully 1995; Tully and Razin 1996) and in

Mycoplasma protocols (Miles and Nicholas 1998).

While the availability of complete genomic sequences

is expected to provide a sound basis for establishing

phylogenetic relatedness among bacterial species and

consequently enable the construction of taxonomic

entities based on phylogeny, the way to achieve this has

not been worked out as yet, as it presents several key

problems. Thus, the current somewhat arbitrary and

artificial def,nition of the basic taxonomic entity, that of a

bacterial species, includes all strains with approximately

70 percent or higher DNA homology and with 5'C or

lower LTm (Razin 1992) and over 97 percent sequence

similarity of 165 rDNA (Stackebrandt and Schumann

2000). There can be little doubt that this definition will

have to be modified once comparison of entire genomic

sequences replaces the cumbersome and not too accurate

determination of genetic homology based on DNA-DNA

hybridization tests. Yet, as long as the number of

bacterial genomes sequenced remains small, there is still

more than enough time to work out a solution to the

above problem. Comparison of the genomic sequences of

M. genitalium and M. pneumoniae (Himmelreich et al.

1997; Herrmann and Reiner 1998) has revealed the

significant genomic relatedness of these mycoplasmas,

but also underlines the problems taxonomists may face

when using comparative genomic data to redefine

taxonomic entities, including that of a bacterial species.

Conserved genes as molecular markers

The great weight given to 165 rDNA sequences in

mycoplasma phylogeny, taxonomy, and species identifl-

cation (Razin 1992) has led the International Committee

on the Taxonomy of Mollicutes (1997) to recommend

the inclusion of the 165 rDNA sequence in any descrip-

tion of a new mollicute species. Johansson has been

compiling a database of 165 rDNA sequences of the

recognized Mycoplasma species deposited at GenBank

(Johansson and Pettersson 2002).

A most important contribution of 165 rRNA gene

sequences to mollicute phylogeny and taxonomy has

been the placing of the uncultured phytoplasmas as a

distinct monophyletic clade, within Mollicutes, closely

related to the acholeplasmas (Lee et al. 2000; Seemuller

et al. 2002). This conclusion has been supported by the

small genome size of phytoplasmas, resembling that of

the culturable mollicutes (Marcone et al. 1999), by the

finding of only two rRNA operons in the phytoplasmas,

and a tRNAII" gene in the spacer region between the 165
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and 23S IRNA genes (Ho et al.  2001; Seemuller et al.
2002), a feature found also in acholeplasmas. The
deduced amino acid sequences of some of the highly
conserved ribosomal protein genes also indicated that the
phytoplasmas are more closely related to Acholeplasma
than to Mycoplasma species, and like acholeplasmas
they read UGA as a stop codon rather than a tryptophan
codon. Based on comparison of 165 IRNA gene
sequences and on sequences of the 165/235 intergenic
spacer regions the phytoplasma clade was divided into 20
subclades (Seemuller et aL.2002). The taxonomic implica-
tions of these studies are that the phytoplasmas should be
distinguished at the minimal taxonomic level of a genus,
and each phytoplasma subclade should represent at least
one distinct species (International Committee 1997).
However, in the absence of the phenotypic markers used
to classify mollicutes, taxonomic affiliations cannot be
resolved at the present time in the conventional way.
Thus, a provisional classification of the uncultured phyto-
plasmas has been introduced by applying the Candidatus
taxonomic category (International Committee 1997). So
far seven Candidatus species names for phytoplasmas
have been published (Table 71 .l; Seemuller et al. 2002).
The phytoplasma case demonstrates well the revolution
occurring in bacterial taxonomy, where molecular data
suff,ce for laying the phylogenetic and taxonomic basis
for classiflcation of a group of organisms for which very
few phenotypic characteristics are available.

The molecular approach to phytoplasma classification
has recently also been applied to the uncultured hemo-
plasmas (Neimark et al. 2001; see Habitats and ecology)
comprising of the Haemobartonella and the Epery-
throzoon species. These bacteria have been classified
until recently as rickettsiae (order Rickettsiales) due to
their small size, staining properties, obligate parasitism,
and hemotrophic character. Several of them are trans-
mitted by blood feeding arthropods. However, phyloge-
netic analyses of 165 rRNA gene sequences have
revealed that Haemobartonella and Eperythrozoon
species are not rickettsiae, but are rather mycoplasmas
(Neimark and Kocan 1997; Rikihisa et al. 1997) with the
highest similarity scores with members of the pneumo-
niae clade, closest to M. fastidiosum and M. caviphar-
yngls (Neimark et al. 2002; Johansson et al. 1999). Since
the hemoplasmas have not been cultured as yet, naming
of new species should be included tn the Candidatus
category (Neimark et al 2001,2002).

The morphology of the hemoplasmas is of small
coccoid organisms attached to erythrocytes, while a few
may appear free in the erythrocyte cytoplasm. The indi-
vidual coccoid cells can aggregate to give the appear-
ance of short chains and small clusters of rod-shaped
organisms. Electron microscopy shows the coccoid
organisms to be about 0.3 pm in diameter with no cell
wall. This morphology corresponds well with that of
mycoplasmas (Neimark et al. 2002; Messick et al. 2002).
Afthough some Haemobartonella and Eperythrozoon

species can cause overt disease in healthy immuno-

competent hosts, the majority of these species produce

chronic asymptomatic infections. Clinical disease usually

includes hemolytic anemia which varies from mild to

severe.

Although the 165 rRNA sequences have proved to be

very effective tools in the phylogeny and taxonomy of

mollicutes, it has been felt that additional phylogenetic

markers are desirable to support the conclusions based

on the 165 rRNA data. Generally, 'housekeeping' or

constitutive genes, which are expressed in all living

organisms because they provide essential functions, such

as replication, transcription, and translation, are good

candidates for genetic differentiation of species. In fact,

such markers have already been applied, including the

conserved ribosomal protein genes, the elongation factor

EF-Tu (tufl gene, the heat shock protein gene hsp70, the

ftsZ gene, the DNA repair uvrC gene, the ribonuclease

P (rnpB) gene, and the 16S/23SrRNA intergenic

sequences (Birkenheuer et al. 2002; Harasawa et al.,

2000; Johansson and Pettersson 2002, Razin et al. 1998).

Use of these markers has supplemented and comple-

mented the 165 rRNA comparative data. A priori,

wobble in the genetic code permits more variations in
protein gene sequences, even of highly conserved genes,

than is possible in rRNA sequences. Thus, while the

ribosomal protein-encoding genes are conserved, they

vary in size and primary sequence more than the 165

rRNA genes. Therefore, the ribosomal protein genes

have greater potential to reveal variations among closely

related strains. Likewise, the intergenic spacer region

located between the 165 and 23S rRNA genes, being

less subjected to evolutionary constraints than the genes

themselves, exhibits greater sequence variation, a prop-

erty of use in strain differentiation (Harasawa et al.

2000).

Intraspecies genetic heterogeneity

The rather arbitrary and somewhat vague definition of a

bacterial species, and even more so the rather frequent

and significant chromosomal rearrangements taking

place in mycoplasmas (Chromosomal rearrangements

section), as well as the rather frequent integration of

extrachromosomal elements in the mycoplasmal genome
(see Extrachromosomal elements and Insertion-like

elements sections) are conducive to the most common

finding of genotypic heterogeneity of strains within the

same species. Intraspecies genotypic heterogeneity,

noticeable through serological testing and electro-
phoretic analysis of cell proteins, has become much

easier to distinguish by applying the much more sensi-

tive molecular tools, such as restriction fragment length
polymorphism (RFLP), restriction-modification profiles,

conserved gene sequences, and sequence analysis of

species-specific protein genes (see Diagnosis of infec-

tions section). These tests have provided epidemiolo-
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gists with very sensitive tools distinguishing strains of
interest in the clinic and in the fleld. Based on such
molecular tools, the clinically important httman Urea-
plasma urealyticum, long known to consist of two clus-
ters of serovars, has recently been divided into two
species, U. urealyticum afid U. parvura (Robertson et al.
2002). Another example of clinical importance concerns
the difference between the European and African/
Australian strains of M mycoides sttbsp. mycoides SC.
The African/Australian strains are significantly more
virulent than the European strains and cause more
serious cases of contagious bovine pleuropneumonia.

Recent studies indicate that the chromosome of the
European strains lacks an 8.84 kb segment found in the
African strains that includes two ORFs of putative

ATP-binding cassette (ABC) transporters and several
genes encoding membrane proteins and an insertion
element. This chromosomal deletion is associated
with a deficiency in glycerol uptake and metabolism in
the European strains, possibly explaining their lower
pathogenicity (Vilei et al. 2000; see Pathogenicity
sectlon).

Metabolic and phenotypic markers

The present tendency to depend on direct genomic

analysis, made available by the dramatic advancements
of molecular genetic methodology, has pushed aside
further development of classical taxonomic tools based
on determination of nutritional requirements and enzy-
matic activities (Razin 1992). Even electrophoretic cell
protein profiles are now used less extensively as taxo-
nomic tools than in the 1970s and in the early 1980s. The
reason being that these proflles reflect the expression of
specific genes and are thus liable to changes. It rs now
possible to clone and sequence the protein genes them-
selves and thus have a more direct comparative
measure. Yet, the recent development of the 'proteome'

approach to genomic analysis may revive the use of
2D-electrophoretic patterns of cell proteins as a taxo-
nomic and phylogenetic tool (Weiner et aI.2002).

It should also be pointed out that distinguishing
members of the class Mollicutes by their metabolic char-
acteristics has been generally of limited phylogenetic

and taxonomic usefulness. There are a few exceptions,
including the ability to ferment glucose, hydrolyze argi-
nine and urea, and dependence on cholesterol for
growth and anaerobiosis (Razin 1978). Cellular localiza-
tion of NADH oxidase activity has also been of help in
classification of mollicutes at and above the genus level.
While Acholeplasma species resemble other prokaryotes

in having the NADH oxidase localized in the plasma
membrane, this enzymatic activity is located in the cyto-
plasm of Mycoplasma, Spiroplasma, and Ureaplasma
species. The flnding of this activity in the cytoplasm of
the Mesoplasma and Entomoplasma species has helped
to distinguish these newlv described genera from Acho-

leplasma species (Pollack et al. 1996; Tully et al. 1993).

Extensive studies carried out in Pollack's laboratory

(reviewed in Pollack 2002b) were aimed at finding the

mycoplasmal enzymatic activities useful for the differ-

entiation of the mollicutes genera. Several activities

endowed with such a potential were deflned, but so far

have not been put into general use.

SEROLOGY

At the species level, serologic relatedness has until

recently overshadowed all other features used in routine

mollicute identiflcation, but the weight given to determi-

nation of molecular properties in mollicute classiflcation

and identification is steadily increasing (Razin 1992).

The high rate of surface antigenic variation character-

izing mollicutes (see Antigenic variation) may impose

some limitations on the use of monoclonal antibodies to

surface antigens as tools in mycoplasma identiflcation

(Rosengarten and Yogev 1996), difficulties usually not

encountered when polyclonal antibodies are used (Inter-

national Committee 1997). ln order to limit the number

of serological tests and, more so, the large number of

specific antisera currently required for the deflnition of

new mollicute species, the International Committee on

the Taxonomy of Mollicutes (2001) has agreed that

based on 165 rRNA sequences it should be possible to

place the new isolate in the proper phylogenetic clade

and restrict serological cross-testing to members of this

clade only.

CHOLESTEROL REQUIREM ENT

The weight given to cholesterol requirement in mollicute
taxonomy illustrates well the conflict that may occur

between taxonomy based on phenotypic characteristics

and that based on molecular phylogenetic data. Choles-

terol requirement has been considered for a long time as

a major criterion in establishing high taxonomic group-

ings within the Mollicutes. Recent flndings weaken the

high status of cholesterol requirement in mollicute clas-

sification. Thus, the cholesterol-nonrequiring meso-

plasmas, considered previously as acholeplasmas, were

shown to possess molecular properties very different

from those of the classic acholeplasmas, requiring their

taxonomic separation (Pollack et al. 1996;' Tully et al.

1993). In addition, several Spiroplasma species were

recently shown to grow in the absence of cholesterol

(Tully et al. 1993). These data suggest that nutritional

dependency on exogenous sterols is a trait that has

arisen independently several times during the evolution

of mollicutes, as it occurs in at least three different

phylogenetic groups. It thus appears that cholesterol

requirement should not be used as a sole definitive

criterion in defining higher taxa of the class Mollicutes,

but rather serve as one of a matrix of characters in

mollicute classification. Consequently, nutritional

requirements, though being the most practical traits to
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be assessed in the routine laboratory, may not always be
reliable indicators of phylogenetic relationships.

Blending taxonomy with phylogeny

While it is generally agreed that basing bacterial
taxonomy on phylogeny is both inevitable and advanta-
geous, there is still disagreement among bacterial taxo-
nomists whether the time is ripe for radical changes in
bacterial taxonomy (for detailed discussion see Razin
1992). The taxonomic status of the Mycoplasma
mycoides cluster illustrates the problem well. The Molli-
cutes phylogenetic tree based on 165 rDNA sequences
has suggested that the M. mycoides cluster is phylogen-
etically related to the genus Spiroplasma (Weisburg et al.
1989). However, the proposal to reclassify this cluster
accordingly has not been adopted by the International
Committee (1997) arguing that such a reclassification
would create considerable problems in diagnostic veter-
inary medicine. Likewise, reassignment of all other
Mycoplasma species to a new genus would have unac-
ceptable consequences in human and veterinary medi-
cine. For the time being a polyphasic classification based
only partly on phylogeny is recommended, striving to fit
in as much as possible mollicute taxa into phylogenetic

classification.

PHYSIOLOGY

Cell membrane proteins

Lacking a cell wall and intracytoplasmic membranes, the
mollicutes have only a single type of membrane, the
plasma membrane. The ease with which this membrane
can be isolated and the ability to introduce controlled
alterations in its composition have made mycoplasma
membranes effective tools in membrane research (Razin

1978, 1993).

Proteins constitute over two thirds of the mycoplasma
membrane mass; the rest being membrane lipids. The
structure and function of mycoplasmal membrane proteins
have recently been reviewed by Wieslander and Rosen
(2002). Membrane lipoproteins have attracted much atten-
tion in recent years as their relative abundance in myco-
plasma membranes is most remarkable in contrast to the
Iimited number of lipoproteins in membranes of other
eubacteria. Based on characteristic lipoprotein-specific
features, Himmelreich et al. (1996) annotated 46 putative
lipoprotein genes in the M. pneumoniae genome, while 21
lipoprotein genes have been annotated in the M. genita-
lium genome (Fraser et al. 1995; Himmelreich et al. 1997).
The 25 additional lipoprotein genes in M pneumonne
are only gene amplifications, which are frequently orga-
nized in sequential order (Herrmann and Reiner 1998).
The M. pulmonis genome encodes 56 lipoproteins
(Chambaud et al. 2OOl) while the U. urealyticum

(parvum) genome appears to be the richest, encoding 74

lipoproteins (Glass et al. 2000). The unusually high

number of lipoproteins in mollicutes may be attributed

to the absence of a cell wall and a periplasmic space in

these organisms. Mollicutes possess typical eubacterial

signal peptides that direct the newly synthesized proteins

into a secretory pathway for transport across the cell

membrane (Yogev et al. 1991b). Still, the mollicute lipo-

protein signal peptides are longer than for any other

bacteria, a feature possibly associated with their thicker

cholesterol-containing cell membrane, requiring longer

transmembrane segments (Edman et al. 1999).

For surface-exposed membrane proteins which have

to function on the cell outside, acylation of the proteins

by long chain fatty acids is an effective way of anchoring

the proteins to the cell surface. Cultivation of mollicutes

in the presence of labeled palmitate or myristate labels a

significant number of membrane proteins. Interestingly,

membrane lipoproteins are amongst the most dominant

antigens in mollicutes (Razin et al. 1998; Wieslander and

Rosen 2002), and a majority of the mycoplasma cell

surface antigens known to undergo antigenic variation

are lipoproteins (see Antigenic variation section). At

least some mycoplasmal membrane lipoproteins, char-

acterized rn M. pneumoniae, M. genitalium, M. fermen-
tans, and M. hyorhinis, carry only two fatty acid acyl

chains linked to the N-terminal cysteine residue via a

thioester linkage between diacylglycerol and cysteine,

lacking the third fatty acid linked to the amino group of

cysteine, normally found in lipoproteins of other eubac-

teria. In fact, the transacylase responsible for acylation

of the amino group of cysteine could not be identified in

the M. pneumoniae and M. genitalium genomic analysis
(Calcutt et al. 1999b; Le Henaff et al., 2001; Himmel-

reich et al., 1996; Himmelreich et al. 1997; Razin et al.

1998). Yet, chemical analysis of spiralin, the major lipo-
protein of S. melliferzm, showed that in addition to the

two ester-linked acyl chains, a third acyl chain is amide

linked to the cysteine, resembling the classical eubac-

terial lipoproteins (Le Henaff and Fontenelle 2000; Le

Henaff et al. 2000). Similar findings were reported for

the acylated lipoproteins of M. agalactiae (Le Henaff

et al. 2000).

Molecular genetic methodology has recently enabled

the preliminary characterization of membrane proteins

of the uncultured phytoplasmas. The phytoplasma

membrane proteins characterized thus far are apparently

not lipoproteins. They appear to possess cleavable N-

terminal signal sequences and an hydrophobic C-term-

inal anchor. The central hydrophilic domain is located

on the outside of the cell membrane (Blomquist et al.

200.1 ; Barbara et al.2002).

Membrane l ip ids

Virtually all mycoplasma lipids are located in the cell

membrane and, as in other biological membranes, consist
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of phospholipids, glycolipids, and neutral lipids. A

detailed description of the composition, distribution, and

biosynthesis of mycoplasmal membrane lipids can be

found in Rottem and Kahane (t993\. As mentioned in

the Genome sequencing section, the mycoplasmas are
partially or totally incapable of fatty acid synthesis, and

depend on the host, or the culture medium, for their

supply. In addition, most mycoplasmas require choles-

terol for growth, a unique requirement among prokar-

yotes (Rottem 2002b). The fatty acid residues of
membrane phospholipids and glycolipids, as well as

cholesterol, constitute a major portion of the hydro-
phobic core of the membrane. The dependence of myco-
plasmas on the exogenous supply of fatty acids and

cholesterol has been one of their greatest advantages as

models for membrane studies. The ability to introduce

controlled alterations in mycoplasma membrane lipid

composition, simply by controlling the composition and

content of fatty acids and sterols in the growth medium,
has been used most effectively in elucidating

the molecular organization and function of the lipids in

mycoplasma membranes (Razin 1993; Wieslander and
Rosen 2002).

Almost all recent studies concerning mycoplasma lipid

biosynthesis and its regulation were carried out on ,4.

laidlawii, an organism which has been used for a long

time as a model organism, particularly in studies dealing
with the physical state of the membrane (Razin 1978,

1993). It was the organism used by Wieslander, Rilfors,

Lindblom and their associates at Umea University to

show that altering the polar headgroup structure of
membrane phospho- and glycolipids, and changing the

acyl chain structure, are the two strategies employed by

the organisms to adapt their membrane lipid composi-
tion to various environmental and physiological condi-

tions (reviewed by Wieslander and Rosen 2002). A

common way in prokaryotes to respond to varying

growth temperatures is to regulate the degree of unsa-

turation of the acyl chains of the lipids. A. laidlawii

cannot synthesize unsaturated fatty acids, and saturated

fatty acids are synthesized by it in very limited amounts,

when the organism is grown in a thoroughly lipid-

depleted medium. Thus, at least one exogenous fatty

acid must be supplied in the growth medium in order for

the cells to grow.

A. laidlawii exploits a different mechanism to cope vdth

changes in environmental conditions, namely, by altering

the proportion of lipids with different polar headgroups. It

has been hypothesized and experimentally supported by the

Umea group that A laidlawll strain A-EF22 regulates its

membrane lipid composition to maintain a proper balance

between lipids forming a lamellar crystalline phase, and

Iipids forming reversed nonlamellar phases. The first acho-

leplasmal lipid shown to form a nonlamellar phase was

monoglucosyl diacylglycerol (MGIcDAG). The other major
glycolipid, diglucosyl diacylglycerol (DGIcDAG) resembles

the acholeplasmal phospholipids in solely forming the

lamellar phase at all temperatures and with all acyl chain

compositions. It was then found that the acholeplasma is

capable of varying the proportion of the MGIcDAG and

DGIcDAG in response to the prevailing growth conditions

(Wieslander and Rosen 2002).

In conclusion, the extensive studies of the Umea

laboratory show that several basic features of the

membrane homeostasis mechanism in L laidlawii,

including the maintenance of phase equilibria, sponta-

neous curvature, and surface charge density of the

membrane lipid bilayer, are dependent upon the

physical properties of the bilayer and are sensed by the

two consecutively acting glucosyltransferases synthe-

sizing the major lipids MGIcDAG and DGIcDAG.

While the flne details of the molecular mechanisms

regulating the synthesis of the two glucolipids have to be

worked out, the experiments with the purified

MGIcDAG synthase suggest that enzyme regulation

may depend on the erzyme proteins themselves, not

requiring a complex multiprotein regulatory mechanism

(Berg et al.200l; Wieslander and Rosen 2002).

Energy-yield i ng pathways

The small genome size of mollicutes precludes their

possession of an extensive range of metabolic activities

present in other bacterial groups. Demonstrated

metabolic activities appear primarily to be associated

with energy generation, rather than with the provision of

substrates for synthetic pathways. All the mollicutes

examined so far have truncated respiratory systems.

They lack a complete tricarboxylic acid cycle and have

no quinones and cytochromes, ruling out oxidative phos-

phorylation as an ATP-generating mechanism (Pollack

2002b). Thus, the energy-yielding pathways of mollicutes

produce low ATP yields and relatively large quantities

of metabolic end-products, depleting host tissues of the

specific substrate metabolized in some cases.

Based on their ability to metabolize carbohydrates,

the mollicutes are divided into fermentative and nonfer-

mentative organisms. Members of the fermentative

group produce acids from carbohydrates, decreasing the

pH of the growth medium. While fermentative myco-

plasmas may differ in their ability to utilize sugars other

than glucose, this property has only a limited taxonomic

value. Interestingly, M. fermentans isolates from the

urogenital tract of AIDS patients were found to use

fructose in preference to glucose (Ozcan and Miles

1999). In man, high fructose concentrations relative to

glucose are associated only with seminal vesicle secre-

tions. Thus, fructose-utilizing M. fermentans sttains may

be particularly associated with seminal vesicles and their

secretions, and be transmitted in semen.

The sequencing projects of the M. genitalium and the

M. pneumoniae genomes (see Genome sequencing

section) showed these mycoplasmas to carry all the
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enzymes of the Embden-Meyerhof-Parnas pathway,
while the second pathway for metabolizing glucose, the
pentose phosphate pathway is incomplete. Pyruvate
generated by glycolysis can be further metabolized
either to lactate by lactate dehydrogenase, or to acetyl-
CoA by the pyruvate dehydrogenase pathway. Most of
the nonfermentative mollicutes. and some fermentative
species as well, possess the arginine dihydrolase
pathway. Arginine hydrolysis by this pathway results in
the production of ornithine, ATP, CO2, and ammonia,
raising the pH of the culture medium (Razin 1978). The
pathway consists of three enzymes: arginine deiminase,
ornithine carbamoyl transferase, and carbamate kinase.
The degradation of arginine is coupled to equimolar
generation of ATP by substrate level phosphorylation.
The possible role of this pathway as a sole energy gener-
ating source in nonfermentative mollicutes has been
frequently questioned (Himmelreich et al. 1996, 1997;
Razin 1978). The demonstration of an arginine-ornithine
antiport system in Spiroplasma melliferum requiring no
ATP for arginine import into the cells, supports an ener-
getic advantage in arginine utilization (Shirazi et al.
1995), but the question of whether arginine degradation
can serve as a sole. or even a major. energy-generating
mechanism remains unanswered.

The arginine dihydrolase pathway can also be found
in some fermentative Spiroplasma and Mycoplasma
species (Appendix in Tully and Razin 1996). In this case,
when both glucose and arginine are present in the
medium, the acids produced by glycolysis would mask
the alkalinization caused by the ammonia liberated on
arginine degradation, hampering the test for arginine
utilization by the simple pH change assay. Yet, as was
shown in a '3C-NMR study, the accumulation of lactate
and breakdown of arginine by M. fermentans were
observed in the simultanous presence of both glucose
and arginine, suggesting that glucose utilization has little
or no effect on deimination of arginine to citrulline
(Olson et al. 1993). Furthermore, proteome analysis of
S. melliferum showed that the arginine dihydrolase
enzyme proteins were constitutively also expressed in
the presence of glucose (Cordwell et a\.1997a).

Some mycoplasmas, such as M. agalactiae, M. bovigen-
italium, and M. boyls metabolize neither sugars nor argi-
nine, but are capable of oxidation of organic acids
(lactate, pyruvate) to acetate and CO2 (Taylor et al.
1994). The contribution of the oxidation of these
substrates to energy provision of the above mycoplasmas
should be worked out. Another potential energy-yielding
mechanism in mollicutes is based on ATP generation
from acetyl phosphate and adenosine 5/-diphosphate by
acetate kinase, coupled with acetyl phosphate formation
from acetyl coenzyme A (acetyl-CoA) by phosphate
acetyl transferase; both enzymes are commonly found in
fermentative and nonfermentative mollicutes. Acetyl-
CoA can be produced by oxidative phosphorylation of
pyruvate by mycoplasmas (Razin 1978). The weight to be

given to this pathway in energy metabolism of mollicutes
has not been critically evaluated.

Energy metabolism of ureaplasmas presents a special

case. Neither glycolysis nor arginine dihydrolase-ATP-
generating pathways could be detected in these organ-
isms. Ureaplasmas are unique among the mollicutes in
possessing a very potent urease. Although protein and
gene analysis of the ureaplasmal urease complex has

shown it to resemble other prokaryotic ureases rn
subunit structure and composition, the specific activity of

the ureaplasmal urease is much higher, and was esti-
mated to exceed that of jack bean urease by about 100-

fold (Blanchard et al. 1988). More importantly, urea-
plasmas appear to be unique among prokaryotes in

requiring urea for growth (Razin 1978). Thus, the

specific urease inhibitor, flurofamide, inhibits urea-
plasma growth (Blanchard et al. 1988). The dependence

of ureaplasmas on urea for growth has led to the
hypothesis that intracellular urea hydrolysis and the
resulting intracellular accumulation of ammonia/ammo-

nium ions is coupled to ATP synthesis through a

chemiosmotic type of mechanism (Razin 1978). Experi-

mental support for the generation of a transmembrane
potential, with resultant ATP synthesis through the
ureaplasmal Fe-F1-type ATPase, first provided by
Romano et al. (1980) was later extended and confirmed

by Smith et al. (1993). At an external pH of 6.0, the pH

optimum for ureaplasma growth in vitro, urea hydrolysis
generated an ammonia chemical potential equivalent to
almost 80 mV and, simultaneously, an increase in proton

electrochemical potential (Ap) of abolt 24 mV with

resultant de novo synthesis of ATP (Smith et al. 1993).

When the external pH of the growth medium reaches
about 8.1, due to ammonia released from the cells, the
intracellular pH rises to 8.6 and urease activity ceases.
ATP generation is blocked at this alkaline pH, leading

to the abrupt and steep decline of growth, characterizing

the ureaplasmal growth curve. Inhibition of the urease

by flurofamide abolished both the chemical potential

and the increase of A.p, such that ATP synthesis

decreased to approximately 5 percent of the normally
obtained levels (Smith et al. 1.993; Glass et al. 2000). It is
worth mentioning at this point that the pH of the
urogenital tract is usually on the acid side of neutrality,

corresponding to the pH values optimal for ureaplasma
growth, maximum increase in Ap, maximum ammonia

chemical potential, maximum urease activity, and
maximum ATP generation.

Resembling other eubacteria, mollicutes possess an F-

type ATPase (Razin 1978). The number and order of
genes of the atp operon coding for the FsFl ATPase of
mollicutes are identical with those of E. coli and Bacillus

subtilis. However, the b subunit (atpF) of the myco-
plasmal ATPase was found to carry the characteristic

features of a lipoprotein (Pyrowolakis et al. 1998). This
feature, unknown for any other eubacterial ATPase,

may explain the long known inability to detach the
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mycoplasmal ATPase activity from the cell membrane
by varying the osmolarity of the medium or by treating
the membrane with EDTA (Razin 1978).

Transport

The expectation to find in M. genitalium and M. pneu-

moniae a proportionally high number of genes involved

in transport of the many essential nutrients required for
growth of these organisms has not been substantiated
(Fraser et al. 1995; Himmelreich et al. 1996; Paulsen

et al. 1998; see Genome sequencing section). This has
led to the notion that at least some of the transport

systems, such as those for amino acids and oligopeptides,

might not be very specific, an assumption for which little

experimental evidence is available thus far (Fraser et al.

2000; Pollack 2002a).

Mycoplasmas, lacking a functional TCA cycle,
generate ATP as their primary energy source, and

consequently have mostly ATP-dependent permeases,

while B. subtilis generates a proton motive force (pmf)

as its primary source of energy and accordingly utilizes

mostly pmf-dependent carriers (Paulsen et al. 1998). The

ABC transporter systems are involved in import or

export of a large variety of substrates, including sugars,
peptides, proteins, and toxins. In fact, the ABC trans-
porters were the most frequent class of proteins found in

B. subtilis (Kunst et al. 1997) and in E. coli (Blattner

et al. 1997). Generally, bacterial ABC importers have an

ATP-binding domain and membrane spanning domains

located on separate polypeptides, whereas the ABC

exporters may carry these components on the same or

on different polypeptides (Blanchard et al. 1996). Puta-

tive ABC transporter genes were reported in M. hyop-
neumoniae (Blanchard et al. 1996), in U. urealyti-

cum(parvum) (Glass et al. 2000), M. pulmonis

(Chambaud et al. 2001), and essentially in all the molli-

cute genomes sequenced so far; M. pulmonis showing

the highest number, 56, of genes potentially encoding

subunits for ABC transporters. The deduced amino acid

sequence of these gene products showed significant

homology with the ABC transporter proteins, particu-

larly those of the eukaryotic multidrug resistance

(MDR) protein family, a finding previously reported for

other bacteria (Paulsen et al. 1998).

M. genitalium and M. pneumoniae take up amino

acids via two amino acid-polyamine choline (APC)

transporters, and they probably accumulate peptides and
polymers via two distinct ABC-type systems. These four
permeases presumably provide the requisite precursors

for protein synthesis (Himmelreich et al. 1996; Paulsen

et al. 1998). While trials to identify the substrate-binding

domain (OppA) of the ABC oligopeptide transport in

M. genitalium and M. pneumoniae failed (Himmelreich

et al. 1996), the study by Henrich et al. (1999) has iden-

tified an OppA in the homologous ABC transport

system in M. hominis, functioning in binding peptides of
different length that could endow the transporter with a
less restrictive substrate specificity.

The highly efficient phosphoenolpyruvate-dependent
sugar phosphotransferase transport systems (PTS) have
been reported in mollicutes long ago, and some of their
components were partially characterized by classical
biochemical methodology (Razin 1978). It appears that
M. genitalium and M. pneumoniae deviate a major frac-
tion of their transport capacity to the task of sugar uptake
for the purpose of carbon and energy acquisition. Thus,
they possess both glucose and fructose phospho-

transferase systems, two sugar permeases of the ABC
superfamily, and a nonspeciflc channel protein of the
MIP family, probably capable of transporting small,
neutral, straight chain molecules, such as urea, glycerol,

and various polyols (Paulsen et al. 1998). Interestingly, a
defective PTS system lacking component E1 was found in
(J. urealyticum (parvum) possibly explaining the inability
of this mycoplasma to utilize sugars (Glass et al. 2000).

GENETICS

Genome structure

The application of pulse-field gel electrophoresis

(PFGE) to mycoplasma genome size determinations has

provided a much more accurate and labor-saving proce-

dure than the previously used renaturation kinetics

method, resulting in a wealth of genome size data

(Neimark and Lange 1990). The data show a continuum

of genome sizes among mollicutes, ranging from less

than 600kb to over 2200kb, with overlapping values

between mollicute genera. Thus, genome sizes of Myco-

plasma species range from 580 kb for M. genitalium to

1 380 kb for M. mycoides subs. mycoides LC, while for

the helical Spiroplasma species genome size ranges from

780 kb for S. platyhelix to 2 220 kb for S. ixodetis

(Table 77.1). As a general r:ule, Acholeplasma and Spir-

oplasma species, considered phylogenetically as 'early'

mollicutes, have larger genome sizes than Mycoplasma

and Ureaplasna species, considered to be phylogeneti-

cally more 'recent' mollicutes (see Phylogeny and

taxonomy section). The genome size of representative

members of t2 major phylogenetic groups of the uncul-

tured phytoplasmas were recently determined (Marcone

et al. 1999). Genome size varied between 530 and

1 350 kb, also showing considerable size variation

among members of the same phylogenetic group, resem-

bling in this respect the cultured mollicutes. The

Bermuda grass white leaf phytoplasma chromosome of

530 kb is not only the smallest mollicute chromosome

found to date. but is also the smallest chromosome

known for any living cell. Competing with the mollicutes

for the title of organisms with the smallest genome are

the Buchnera species, with a genome size ranging from
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450-670 kb (Gil et al.2002). However, Buchnera species
are mutualistic intracellular symbionts of aphids, while
M. genitalium is a self-replicating bacterium independent
on other cells for growth. The size of the Eperythrozoon
szrs genome, reclassified now as a mycoplasma (Phylo-
geny and taxonomy section) is about 750 kb and that of
Haemobartonella felis reclassified as Mycoplasma
haemofelis, is about 1 199 kb (Berent and Messick 2003),
that is, well within the range of mollicute genomes
(Messick et al. 2000).

The mycoplasma genome is characteristically low in
G + C content. With very few exceptions, the G + C
content of mycoplasma genomes is within the range of
24 to 33 mol% (Appendix in Tully and Razin 1996). The
G + C distribution along the genome is uneven. Thus,
while the average G + C content of the M. genitalium
genome is 32 mol%, the G + C content of its rRNA
genes is 44 mol"/o, and of its tRNA genes 52 mol%
(Fraser et al. 1995). 'the 

M. pneumoniae cytadhesin
genes, P1 and ORF6, and their repetitive sequences,
exhibit a G + C content as high as 56 mol%, while on
the other extreme the origin of replication of this myco-
plasma has a G + C content of only 26 mol"/", compared
to 40 mol% of the entire M. pneumoniae genome
(Himmelreich et al. 1996, 1997). Consequently, many of
the mycoplasmal intergenic regions are richer in A + T
than the coding regions, reaching values as high as 80-90
mol% (Dybvig and Voelker 1996; Yogev et al. 1991a).
The variable G + C content of coding regions within the
mycoplasmal genome has phylogenetic relevance, indi-
cating in the case of the rRNA and tRNA genes their
highly conserved nature, and in the case of the cytad-
hesin genes, their possible exogenous origin (see Adhe-
sion to host cells section).

As in other prokaryotes, some of the adenine and
cytosine residues in mycoplasmal genomes may be
methylated (Dybvig and Voelker 1996; Razin 1985). In
many mycoplasmas the adenine residues at the GATC
site are methylated, while in others cytosine residues are
methylated. Of special interest is the exclusive methyla-
tion of the genomic cytosine residues of S. monobiae
(MO-1) when they are located 5' to guanine (CpG), a
methylation trait considered unique to eukaryotes
(Renbaum et al. 1990).

Extrach romosomal elements

Among the mollicutes, spiroplasmas and acholeplasmas
are most frequently infected by a variety of vrruses
(phages), whereas very few viruses are known to infect
Mycoplasma species. The characteristics of mollicute
viruses have been described and discussed in detail
previously (Maniloff 1992; Renaudin 2002). The molli-
cute phage DNA genomes range in size from 4 to 40 kb,
and may be either circular or linear, and single- or
double-stranded (Dybvig and Voelker 1996). Of the very
few phages infecting Mycoplasma species, the most

recent phage discovered is the lysogenic phage MAV1,

infecting M. arthritidis (Voelker and Dybvig 1999). The
finding that this phage is associated with highly arthrito-
genic strains, and that experimental infection of low-
virulence M. arthritidis strains with this phage increases

significantly their arthritogenicity, suggest that MAV1

carries a virulence enhancing factor. Sequencing of the
15.644-bp MAV1 linear double-stranded genome

revealed 15 ORFs. The deduced product of one of the
genes, designated vir, contained a classic prokaryotic

lipoprotein signal sequence. If MAV1 encodes in fact a

lipoprotein, it may be speculated that this lipoprotein is

incorporated into the M. arthritidis cell membrane and

in this way induces the conversion of the avirulent
phenotype into a virulent one (see also Pathogenicity

section).

Plasmids were detected in S. citri, and in M. mycoides

strbsp. mycoides (Dybvig and Voelker 1996). Extra-
chromosomal DNA molecules, most prevalent in phyto-

plasmas of various phylogenetic clades have been postu-

lated to represent plasmids, as no virus particles could

be observed by electron microscopy (Rekab et al.1999).

The almost universal occurrence of plasmids in phyto-

plasmas suggests a function for these molecules. The
possibility that phytoplasma plasmids may encode genes

associated with pathogenicity (Nishigawa et al. 2002) has
been raised, but evidence to support this notion is still

missing. The potential of the mollicute phages and plas-

mids to serve as cloning and shuttle vectors has been a
major reason for interest in these elements (see Gene
transfer section).

Genome sequencing and gene
annotation

Mycoplasmas, carrying the smallest genomes of self-
replicating cells, were among the flrst microorganisms
selected for the genome sequencing projects. The
complete sequence of the genome of M. genitalium was

second to that of the Haemophilus influenzde genome to
be reported (Fleischmann et al. 1995; Fraser et al. 1995).

The remarkable power and cost-effectiveness of the new
genome sequencing technology have already resulted in
the elucidation of the complete genome sequences (as of
January 2003) of over 90 eubacteria and archeons (see
www.tigr.org/tdb/mdb/). Included among these are the
mollicutes U. urealyticum (U. parvwn) (Glass et al.
2000), M. pulmonis (Chambaud et al. 2001), and M.
penetrans (Sasaki et al. 2002). The complete sequencing

of the M. gallisepticum genome has already been accom-
plished (Papazisi et al. 2003). The genomes of M. hyop-
neumoniae, M mycoides subsp. mycoides, and S. citri are
at advanced or final stages of sequencing. A large part of

the S. kunkelll genome has been sequenced and anno-
tated (Bai and Hogenhofi20O2).

The voluminous amount of genetic data provided

by the genomic projects has opened the way for
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'comparative genomics' by which the total genomic

complements of organisms could be compared. This

provides an opportunity to explore the functional

content of genomes and evolutionary relationships

between organisms at a new qualitative level. Typically,

about 40-60 percent of the genes of a newly sequenced

bacterial genome display detectable similarity to protein

sequences whose function is at least tentatively known.

Gene density is consistent across many bacterial species,

with about one gene per kilobase (Fraser et al. 2000). A

detailed comparative genomic analysis of M. genitalium

and its close relative M. pneumoniae, compared to that

of H. influenzae and other eubacteria was presented in

Razin et al. (1998). Table 77.3 summarizes some of the

gross properties of the mollicute genomes sequenced so

far, in comparison with the Bacillus subtilis genome.

Examination of the mycoplasmal genomic data points

out the biochemical pathways where economization in

genes took place during their reductive evolution, and

helps us define the genes which are apparently essential

for life of a minimal self-replicating cell. In fact, the defi-

nition of the minimal gene set required for life has

become a most attractive research subject, applying M.

genitalium as a prime candidate for this purpose (Hutch-

ison and Montague 2002; Koonin 2000; Razin et al.

1998). Moreover, Hutchison et al. (1999) have promoted

the idea of constructing an artificial life form based on

the genes found essential for M. genitalium survival

following global transposon mutagenesis. The essential

genes were defined, in part, by the absence of viable

mutants containing a transposon insertion within a given

coding region. Hutchison et al. identified 243 M. genita-

lium genes in this way whose functions are not essential

for cell viability. From this analysis (coupled with statis-

tical and computational analysis) the authors concluded

that 265-350 of the 517 genes in M. genitalium are

essential for its life under laboratory growth conditions,

that is, in the presence of a full complement of essential

nutrients and in the absence of environmental stress.

Recent announcements in public communication media

and in Nature (Check 2002) ar'd in Science (Zimmer

2003) indicate that Venter, Smith and Hutchison have

already initiated a most ambitious endeavor directed at

the synthesis of an artificial minimal cell. Their idea is to

synthesize first an artificial genome, based on the genes

found essential for life of M. genitalium, and introduce

this synthetic genome into M. genitalium cells from

which the natural genome was removed. Whether the

synthetic genome will 'hijack' the cellular machinery of

the genome-depleted host cell is, of course, a gteat

mystery. A most interesting article relevant to the issue

of the 'minimal cell' concept is that of Kobayashi et al.

(2003). By systematic inactivation of B. subtilis genes,

they could show that only 27L of the 4 112 genes of this

bacterium (Table 77.3) appear essential for its survival

and growth under optimal conditions, again demon-

strating how little genetic information is theoretically

needed for the assembly of a minimal cell.

Comparative genomics

Genomic analysis of M. genitalium and M. pneumonme

has revealed the scarcity of genes involved in biosyn-

thetic pathways (for detailed discussion see Dandekar

et aI.2002 and Razin et al. 1998). The two mycoplasmas

have apparently lost all the genes involved in amino acid

biosynthesis during their reductive evolution, as well as

most of the genes involved in cofactor (vitamin)

biosynthesis, so that to cultivate these mycoplasmas in

vitro the medium has to be supplemented with the

essential amino acids and vitamins. Very significant

savings in genetic information have resulted through the

loss of the cell wall during mycoplasma evolution. Signif-

icant gene saving is also pronounced in lipid metabolism.

Most mycoplasmas cannot synthesize any fatty acid and

depend, therefore, on the host for their supply (see

Membrane lipids section). Being deficient in the ability

to regulate membrane fluidity by preferential fatty acid

biosynthesis, most mycoplasmas overcome this defi-

ciency by incorporating large quantities of exogenous

cholesterol into their membrane. Cholesterol serves as a

very effective buffer of membrane fluidity (Razin 1978).

Our early studies on mycoplasma nutrition revealed

their requirement for the nucleic acid precursors,

purines, and pyrimidines. These may be provided by

RNA and DNA degraded by the potent mycoplasmal

nucleases (Razin 1978). The present genetic data

provide an explanation for these observations by

Tabfe 77.3 Gross properties of sequenced mollicute and Bacillus subtilis genome-t'

Property

No. of base pairs

G+C content (mol%)

No. of putat ive protein
coding sequences (ORFs)

No. of ORFs with no
functional predict ion or
database match

tJ. urealyticum M. pneumoniae M. genitalium M. pulmonis

751 t"tg 816 394 580 074 963 879

25.5 40.0 32.0 26.6

614 689 484 782

295 230 204t > z

M. penetrans

1 3s8 633

25.7
1 038

453

B. subtilis

4 214 814

43.5
4  1 ' t 2

1  722

a) Based on data of  Glass et  a l  (2000),  Himmelreich et  a l  ( '1996,  1997),  Dandekar et  a l  (2000),  Fraser et  a l  (1995).  Chambaud et  a l  (2001).  Sasaki  et  a l
(2002),  and Kunst  et  a l  (1997)
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revealing the scarcity in mycoplasmas of genes, and
consequently of enzymes, responsible for purine and
pyrimidine synthesis while genes for salvage pathways
utilizing purines and pyrimidines for the synthesis of
ribonucleotides and their conversion to deoxyr-
ibonucleotides have been detected in mycoplasmas
(Fraser et al., 1995; Himmelreich et al., 1996; Tham
et al., 1993). It should be emphasized that the picture of
extreme reduction in biosynthetic genes, described
above for M. genitalium and M. pneumoniae, rs less
pronounced on analysis of larger mollicute genomes.
Thus, the 1 600 kb genome of S. kunkelil carries genes
for de novo synthesis of several amino acids and nucleo-
sides, as well as regulatory factors not found in M. geni-
talium and M. pneumoniae (Bai and Hogenhofi20O2).

The number of genes involved in cellular processes,
such as the /rs genes associated with cell division, heat
shock proteins, and genes for chaperone functioning in
protein secretion, is definitely smaller in the myco-
plasmas as compared to other eubacteria. However, the
major chaperone families HSP70 (DnaK) HSP60
(GroEL), and associated componenrs (e.g. DnaJ,
GroES, and GrpE) as well as the folding isomerase and
the trigger factor are present in M. pneumoniae and M.
genitalium. In essence, all the constituents of a basic
protein folding machinery are present (Bang et al. 2000).
Yet, the genes for the chaperonins GroES and GroEL
were not detected it U. urealyticum (parvum) so that
different mollicute systems may vary in detail (Glass
et al. 2000). The protein secretion system in M. pneumo-
niae is much less complex than in E. coli. The channel-
forming proteins SecG, SecF, SecE, SecD were not iden-
tified in the mycoplasma, leaving only SecA, SecB,
SecY, trigger factor, bacterial signal recognition particle,
and FtszY as the components of a simplified translocon
in M. pneumoniae (Himmelreich et al. 1996; Edman et al.
1999; Dandekar et al. 2000).

Many of the regulatory system genes found in other
bacteria, such as the two-component signal transduction
systems consisting of a sensor and response regulator,
were not detected in M. genitalium and M. pneumoniae
as well as the recognizable vestiges of the histidine
protein kinases or their target response regulators.
Generally, a rough correlation can be observed between
genome size and the number of putative protein kinases
and protein phosphatases. Thus, while M. genitalium
carries a single potential protein kinase, Synechocystis
carries nine potential protein kinases and ten potential
protein phosphatases (Shi et al. 1998). Synechocystis,
with its ability to survive at the barest of environmental
resources, light and air, presumably has developed and
maintained a more extensive cellular sensory, command,
and control apparatus to support its lifestyle than
organisms llke M. genitalium and M. pneumoniae that
specialized to efficiently exploit more monotonous envir-
onmental niches (Shi et al. 1998). The M. penetrans
genome differs from the other mycoplasma genomes

sequenced so far (Table 77.3) by carrying the genes for a
predicted two-component signal system (Sasaki et al.
2002). The absence of identiflable transcription factors
from M. genitalium is most striking. While E. coli has 55
known transcriptional activators and 58 repressors,

M genitalium, apart from nusA and nasG, contains only
a single transcription elongation factor (Ouzounis et al.
1996) and the M. pulmonis genome was found to carry
only two transcription regulation factors (Chambaud

et aI.2001). Relevant to this issue is the observation that
FruR, the product of the S. citri gene fruR, acts as an
activator of the fructose operon transcription in the spir-
oplasma. This appears to be the first mollicute operon
for which regulation of transcription is documented
(Gaurivaud et al., 2000c).

The mollicute genomes sequenced so far are defi-
cient in genes coding for components of intermediary
and energy metabolism. Thus, M. genitalium and M.
pneumoniae depend primarily on glycolysis as a means
for synthesizing ATP. Genes that encode the compo-
nents of the pyruvate dehydrogenase complex, phos-
photransacetylase, and acetate kinase were also
detected, as well as a deficient pentose phosphate
pathway (Fraser et al. 1995; Himmelreich et al. 1996).
Most striking is the lack of many energy-yielding
systems from the mycoplasmas. No tricarboxylic acid
cycle, and no quinones nor cytochromes were found in
any of the mycoplasmas tested (see Energy-yielding
pathways and Transport sections). In terms of reduc-
tive evolution strategy, mollicutes may have concen-
trated two different functions in a single gene during
genome size reduction, as evidenced by the malate
dehydrogenase (MDH) and lactate dehydrogenase
(LDH) example (Cordwell et al. 1997b), where the
gene putatively assigned to lactate dehydrogenase rn
M. genitalium and M. pneumoniae fulfils both LDH
and MDH functions. Along this line, a lipoprotein of
M. hominis functioning as a cytadhesin, was recently
shown to also function as the substrate-binding domain
OppA of an oligopeptide permease of M. hominis
(Henrich et al. 1999). The inability to detect in the
mollicute genomes sequenced so far the genes

for nucleoside-diphosphate reductase and nucleoside
diphosphate kinase was surprising, as these are consid-
ered indispensable, ubiquitous, and highly conserved
genes, playing a key role in the synthesis of nucleo-
tide triphosphates. A way out of this problem was
proposed by Pollack et al. (2002) suggesting that
glycolytic kinases are capable of using a variety of
purine and pyrimidine di- and trinucleosides as
phosphate donors or acceptors rather than ATP and in
this way supply the required di- and trinucleotides.

Being dependent on the exogeous supply of many
nutrients would predict the need of mycoplasmas for
many transport systems. However, the percentage of
genes devoted to transport in M. pneumoniae and M.
genitalium is no higher than in H. influenzae, while their



Genetics 1977

absolute number is much lower. The relative small

number of transport genes in the two mycoplasmas is

even more striking when compared to the 281 transport

and binding proteins annotated in E. coli K-12 (Blattner

et al. 1997) and almost 400 in B. subtilis (Kunst et al.

1997). The apparent low substrate specificity of some of

the mycoplasmal transport systems, such as those for

amino acids (Himmelreich et al. 1996) may contribute to

the significant gene saving observed in this category (see

Transport section).

The essential role of the basic processes of DNA repli-

cation, transcription, and translation, leads us to expect

that saving of genes in these categories will be more

restricted as compared to metabolic processes. In fact,

while the absolute number of genes involved in DNA

replication in the mycoplasmas is still much smaller than

in Haemophilus, the percentage of genes devoted to DNA

replication and degradation in M. genitalium and M.

pneumoniae is higher than in H. influenzae, pointing to the

essential biological role of these genes, so that evolu-

tionary deletion of genes in this category had to be limited.

Obviously, it is of interest to deflne the genes missing from

the mycoplasmas, as these are apparently of secondary

importance. For example, while the estimated number of
genes functioning in DNA repair in E. coli is estimated to

be about 100 (Blattner et al.1997), only 13 of the genes in

this category were found by Himmelreich et al. (1996) in

M. pneumoniae We may assume that those genes detected

in the mycoplasmas, including the uracil DNA glycosylase,

the ABC exinucleases, and recA, must represent the genes

really essential for DNA repair (see DNA replication and

repair section).

The percentage of genes devoted to transcription is

also higher in the mycoplasmas than in other eubacteria

though their absolute number is definitely smaller in the

mycoplasma. Included in this category are the genes for

the RNA polymerase subunits, which are basically

similar in mycoplasma and the other eubacteria (see

Transcription section). The translation and protein

synthesis machinery apparently constitutes the most

conserved system in eubacteria, indicating that it

represents a very efficient and successful evolutionary

development. Thus, in composition, the mycoplasmal

translation components very much resemble those of

other eubacteria. A marked difference can, nevertheless,

be observed in the small copy number of the rRNA and

tRNA genes ('fable 77.4 and Ribosomes, ribosomal

RNAs and Transfer RNA sections). The mycoplasmas

thus appear to possess the minimum machinery needed

for protein synthesis. Consequently, protein synthesis

and cell replication in mycoplasmas is much slower than

in E. colii the velocity of the DNA replication fork was

about ten times slower in M. capricolum that in E. coli

(Seto and Miyata 1998). Yet, mycoplasmas appear to

grow well in the protective and constant environment of

their host and a slow replication rate cannot really be

considered as a deficiency of a parasite that can only

lose by killing its host. In fact, mycoplasma infections

are usually rather mild, and chronic in nature (see

Pathogenicity section).

There can be little doubt that the considerable

economization in genes depends primarily on the obligate

parasitic lifestyle of mycoplasmas. Some genomic price has

to be paid for parasitism; that is, mycoplasma cells must

possess surface components enabling their attachment to

the host cells. In some cases, including M. genitalium and

M. pneumoniae, the mycoplasmas developed special attach-

ment organelles (Cellular morphology and cltoskeletal

elements section). Obviously, a signiflcant number of genes

is involved in construction of such organelles. Some of

these genes have already been identified and characterized,

but some have not, and are apparently included in that part

of the mycoplasmal coding regions or genes unidentified as

yet (see Adhesion to host cells section).

Proteome and transcriptome analyses
and bioinformatics

Many ORFs that are identifled in the genomic sequence

of a particular organism have structurally and function-

Table 77.4 Ribosomal RNA operons, transfer RNAs, and IJGA codon usage in mollicutes and other eubacteria"

Property

No. of rRNA operons

55 rRNA length

No. of IRNA genes

UGA codon usaoe

Mollicutes

t -z

104-113 nuc leo t ides

30 (M. capricolum)

29 (M. pulmonis)

33 (M. pneumoniae)

33 (U. urealyticum)

Tryptophan codon in
Mycopl asma, U rea p I asma,
Sp i rop I asma, Mesop I asm a
Stop codon in Acholeplasma
and Phytoplasma

Other eubacteria

1 - 1 0

>114 nuc leo t ides

84 (8. subtilis)

86 (E. coli)

Stop codon
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alfy well-characterized, homologs in other organisms and
it is possible, therefore, to assign the putative protein
structure and function through bioinformatics by simi-
larity searches in protein databases. However, for a large
fraction of ORFs neither structure nor function can be
assigned by sequence comparisons.

Experimental identification and confirmation of the
proposed gene products at the cellular level has become
complementary to identification by sequence compar-
ison. Gene expression can be studied either at the level
of transcription or at the level of translation. When
these analyses are carried out on intact cells the term
'transcriptome' is defined as the sum of all transcripts
derived from a genome, while the term 'proteome'

refers to the expressed total protein complement of a
genome.

Transcriptome analysis uses microarray technology
allowing the analysis of gene expression at the transcrip-
tion levels of thousands of genes simultaneously (Weiner
et al.2002). For this purpose total RNA is isolated from
the mycoplasma grown under defined laboratory condi-
tions. The RNA is transcribed into a single-stranded
complementary DNA and is labeled with 33P. Specific
probes are synthesized for all proposed ORFs by PCR,
and the probes are immobilized on nylon membranes,
and tested for cross-hybridization with the labeled
cDNA. This technique was used to analyze gene expres-
sion in M pneumoniae grown under various conditions,
such as heat shock, oxidative stress, and growth in the
presence of different antibiotics (Weiner et al. 2000,
2002). Of the 688 proposed M. pneumoniae genes about
600 were transcribed, but transcription of many genes
was temperature dependent and therefore regulated,
while numerous genes were constitutively expressed at
all temperatures. Interestingly, a substantial proportion
of genes with high transcription signals had no known
function. Yet, their high expression level suggests that
they code for important products (Weiner et al.2002).

Proteome analysis involves two-dimensional (2D) gel
electrophoresis for the separation of proteins according
to isoelectric point (pI) and molecular mass, knowledge
of the sequences of all cell proteins and mass spectro-
metry for the characterization of individual proteins.
The combination of peptide mass flngerprinting and
peptide fragmentation which matches the masses of in-
gel proteolytically generated peptides against theoreti-
cally digested proteins from the database, has proven to
be very effective and reliable (Regula et al. 2000;
Weiner et aL.2002; Ueberle et al. 2002).

Mycoplasmas are particularly suitable for proteome
analysis, as a high percentage of their proteins can be
visualized by 2D-gel electrophoresis, analyzed, and iden-
tified. Moreover, the highly conserved nature of a large
part of mycoplasmal proteins facilitates their identifica-
tion. The major limitations of the proteome approach
are: (1) Not all cell proteins are expressed at a given
time. Thus, it is improbable that an entire proteome can

be visualized under a speciflc set of experimental condi-
tions. (2) The detection threshold of 2D-PAGE is a
limiting factor, as a low copy number of protein mole-
cules may not be detected. (3) Proteins with an isoelec-
tric point higher than 11 cannot be separated well in the
flrst dimension of immobilized pH gradients, as well as
proteins with five or more transmembrane segments.
(4) Presently, proteome analysis is only useful for
identifying proteins for which the DNA sequence of
their genes is available. (5) Co- and posttranslational

modification of proteins may increase the number of
protein spots per gene (Ueberle et al.2002).

The pioneering work on mollicute proteome analysis
was carried out by Humphery-Smith and colleagues on
Spiroplasma melliferum (Cordwell et al. 1997a) and on
M. genitalium (Wasinger et al. 1995) at a time when
complete genome sequences were not available and the
sensitivity and accuracy of mass spectrometry methods
were inferior to those of today. In a more recent study
Wasinger et al. (2000) resolved 427 protein spots in
proteome analysis of exponentially-grown M. genitalium

cells. Of the 201. proteins of sufficient abundance, 158
could be identified by peptide mass fingerprinting. A
reduction of 42 percent in protein spots was noticed in
post-exponentially grown cells. On the whole, only
about one-third of the proteins in the predicted M. geni-

talium proteome could be identified by them. Proteome
analysis of M. pneumoniae by Regula et al. (2000) char-
acterized about 350 protein spots. It was possible to
assign these 350 proteins to 224 genes. Clearly, the M.
pneumoniae proteome map is still far from being as
complete as that of M. genitalium. Ueberle et aI. (2002)

concluded that due to the technical problems discussed
above, a complete proteome analysis based on the
separation of cell proteins by 2D-gel electrophoresis

cannot be achieved at the present, even for simple
organisms like M. genitalium and M. pneumoniae.

DNA replication and repair

The recent mycoplasma genome sequencing projects, as
well as the study of Barnes et al. (1994) on M. pulmonis

DNA polymerases, have considerably clarified the
nature of the mycoplasmal DNA polymerases. It
appears that the mycoplasmas carry the central enzyme
for DNA replication - the DNA polymerase III holoen-

zyme (Pol III) that has the essential characteristics of
the eubacterial gram-positive Pol IIL Although the
genes responsible for building the major subunits of the
holoenzyme, such as the a (dnaE or polC) and B subu-
nits (dnaN) were detected, several other genes respon-
sible for other subunits were missing from the M. genita-
lium and M. pneumoniae genomic analysis (Fraser et al.
1995; Himmelreich et al. 1996) indicating a simplified
DNA replication complex in the mycoplasmas compared
to that of E. coli or H. influenzae. Yet, most impor-
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tantly, the mycoplasmal Pol III o-subunit (about 1 400
amino acids) included the motif for 3/-5' exonuclease
activity typical for Pol C of gram-positive bacteria
(Barnes et al. 1994; Himmelreich et al. 1996; Kunst et al.
1997), providing an answer to the question of the way
DNA proofreading is done in mycoplasmas.

Barnes et al. (1994) presented experimental evidence
for a second enzyme with DNA polymerase activity in
M. pulmonis. This correlates with sequence data for M.
genitalium and M. pneumoniae indicating that at least
these three Mycoplasma species carry two DNA poly-

merase genes, one coding for the larger protein (about

166 kDa) with a 3'-5' exonuclease activity, with high
sequence similarity to the .8. subtilis polymerase III, and
the other gene coding for a Pol III homolog (about

100 kDa) resembling more the polC gete from E. coli,
Iacking a 3'-5'exonuclease domain. This smaller enzyme
may correspond to the DNA polymerases lacking
exonuclease activity isolated earlier from M. orale and
M. hyorhinis (Razin 1985). The picture appears different
for the recently sequenced genome of Spiroplasma
kunkelii where its larger genome carries a polA gene

that may encode the full length DNA polymerase I
protein, including the proofreading and Klenow
domains, resembling in this respect Streptococcus pneu-
moniae (Bai and Hogenhout 2002).

Topoisomerases (topos) catalyze the interconversions
of topological isomers of DNA molecules, fulfilling an
essential role in DNA replication, transcription, recom-
bination, and repair. The mycoplasmal DNA topos,
characterized so far, are the DNA gyrase and topoi-
somerase IV, both belonging to type II topos. Both
mycoplasmal enzymes resemble their eubacterial coun-
terparts in having a tetrameric structure composed of
two subunits: A and B in the case of DNA gyrase, and
the products of parC and parE genes in the case of
topoisomerase IV (Bebear et al. 1998; Ladefoged and

Christiansen 1994). Interest in the molecular character-
ization of mycoplasmal topoisomerases has been boosted
by the fact that these enzymes are the targets of fluor-
oquinolones, among the most effective antimycoplasmal
drugs (Bebear and Bebear, 2002; Kenny et al., 1999;
Reinhardt et al., 2002).

The three genes coding for the ABC excinucleases are
present tn M. genitalium, M. pneumoniae, and M. capri-
colum so that together with Pol I, helicase II, and ligase,
should provide the mechanism for repair of UV damage,
such as crosslinking. While dark reactivation of UV
damage (excision repair) operates in the above myco-
plasmas, photoreactivation may be missing as the photo-

lyase Qthr) gene could not be identified in M. genitalium

and M. pneumoniae. The RecA protein plays a central
role in recombination repair, homologous recombina-
tion, and initiation of the SOS response. The recA gene

has been found essentially in all the mollicutes analyzed

so far (Zou and Dybvig 2002). Surprisingly, S. citri
R8A2 was found to lack a significant portion of the N-

terminus of RecA (Marais eI al. 1996) affecting its func-
tion. However, truncation of RecA is not a characteristic
of other Spiroplasma species, such as S. melliferum
(Melcher and Fletcher 1999; Cordwell et al. 1997a). Not
surprisingly, searching of DNA repair systems in molli-
cutes has been associated with the high mutation rates
and high tempo of evolution in Mollicutes (Rocha and
Blanchard 2002). For an in-depth treatment of the issue
of DNA replication and repair in mycoplasmas, the
reader is referred to Zot and Dybvig (2002).

Transcription and translation

The DNA-dependent RNA polymerase of mollicutes

resembles in subunit structure that of other eubacteria.

Thus, the core RNA polymerase of M. genitalium

(Fraser et al. 1995) and M. pneumoniae (Himmelreich

et al. 1996) is coded by the conserved genes rpoA (a

subunit), rpoB (B subunit), and rpoC (B/ subunit). One

of the peculiar properties of mollicutes is their resistance

to the antibiotics rifamycin and streptolydigin. Cloning

and sequencing of the rpoB gene from S. citri (Gav-

ivaud et al. 1996) and M. gallisepticum (Skamrov et al.

1996) suggest that minor differences in amino acid

sequences in the B-subunit Rif region, the region respon-

sible for rifamycin binding, may confer rifamycin resis-

tance.

Modulation of promoter selectivity of RNA poly-

merase by replacement of the sigma subunits is an effi-

cient way to alter the global pattern of gene expression

in response to changes in environmental conditions.

Thus, the E. coli genome carries at least six sigma

factors, and that of B. subtilis, 18 (Kunst et al. 1997).

The presence of only one sigma factor in the myco-

plasmas (Himmelreich et al. 1996) suggests that the

response to external stimuli in these organisms is not

controlled by the level of expression of alternative sigma

factors. Mycoplasmas have conserved the heat shock

response, and heat shock proteins, resembling the eubac-

terial DnaK (HSP70) and GroEL proteins, have been

identifled in several mollicutes. 
-fhe M. genitalium and

M. pneumonlae genomes carry genes for seven heat

shock proteins (Fraser et al. 1,995; Himmelreich et al.

1996). It has been said that the lack of alternative sigma

factors from mycoplasmas. two-component signal trans-

duction systems, or other means of gene regulation

common to prototypical walled bacteria is almost as

striking as their absence of a cell wall.

TRANSCRIPTION SIGNALS

The mycoplasmal transcription signals generally

resemble the classical eubacterial ones. The myco-

plasmal-L0 (Pribnow box) and to a much lesser extent

the -35 regions resemble the eubacterial promoter

concensus sequences recognized by the RNA poly-

merase holoenzyme (Weiner et al. 2000). A concensus
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Shine-Dalgarno (SD) sequence could also be identified
upstream of the initiation codon (Dybvig and Voelker
1996) though in many cases the SD sequence could not
be identified, indicating that signals other than the SD
sequence may function as a ribosomal binding site for
some mollicute genes. Termination of transcription in
mollicutes appears to be independent of the termination
factor Rho, as its gene could not be detected in the
mycoplasmal genomes analyzed thus far.

RIBOSOMES AND RIBOSOMAL RNAS

The translation machinery of mycoplasmas is rather
comprehensive. In M. pneumoniae and M. genitalium it
comprises of 99 proposed genes, constituting about 15-20
percent of the genome's ORFs. The mycoplasmal ribo-
somes are typically prokaryotic in size, shape, and
composition (Razin 1985). The M. pneumoniae ribosomal
protein genes are organized in operons, retaining some of
the gene order found in the E coli and B. subtilis
genomes. Of the 50 ribosomal proteins found in E. coli
only the gene for protein 51 could not be detectedin M.
genitalium and M. pneumoniae, resembling in this respect
a number of gram-positive bacteria, including Bacillus
(Fraser et al. 1995; Himmelreich et al. 1996). The highly
conserved nature of the ribosomal protein genes has also
found its use in establishing mollicute phylogeny (see
Phylogeny and taxonomy section).

Organization of the mollicute rRNA genes generally
follows the characteristic eubacterial order: 165-235-55,
functioning as an operon (Razin 1985). Some exceptions
to the above classical IRNA gene organization have
been reported (Razin et al.  1998; Chambaud et aI.2001).
Mollicute genomes carry only one or two rRNA gene
sets (Table 77.4), whereas Clostridium ramosum and
Clostridium innocuum, phylogenetically closest to molli-
cutes, have four and five sets of rRNA genes, respec-
tively (Bove 1993). Interestingly, phytoplasmas carry two
rRNA gene sets (Ho et al. 2001), resembling in this
respect their phylogenetic relatives, the acholeplasmas
(see Phylogeny and taxonomy section).

TRANSFER RNAS

The number of tRNA genes in mollicutes is kept to a
minimum, with very few gene duplicates (Table 77.4).
The set of 29 tRNA genes identified in the M. pulmonis
genome represents the smallest set of tRNA genes
among the sequenced genomes (Chambaud et al. 2001).
Accordingly, the number of anticodons in the myco-
plasmas is not much higher than in mitochondria and is
close to the essential minimum for translation of all the
amino acid codons by wobbling (Muto and Ushida 2002).

CODON USAGE

Most mollicutes have genomes with a very low G + C
content (Table 77.1\. the outcome of an AT-biased direc-
tional mutation pressure (A-T pressure) during their

evolution (Muto and Ushida 2002). This has resulted in

codon usage favoring synonymous codons with A and T,

in particular in the wobble (3/) position. Codon bias in

the AT-rich mycoplasmas is not limited to the third

nucleotide position, and is evident also in the first and

second positions. Mycoplasmas have fewer GGN, CCN,

GCN, and CGN codons. Another apparent outcome of

codon reassignment under strong A-T pressure is the

reassignment in most mollicutes of UGA from a stop

codon to a tryptophan codon, a feature found in mito-

chondria (Osawa er al. 1992). As can be seen in

Table 77.4, not all mollicutes share this property. The
phylogenetically early acholeplasmas and phytoplasmas

(see Phylogeny and taxonomy section) use the conven-

tional UGG codon for tryptophan, carrying

,**Or'n1CCA) and retaining UGA as a stop codon. As

a consequence of using UGA as a tryptophan codon, it is

difficult to express cloned mollicute genes in E. coli.

Since ,E coli regards UGA as a stop codon, translation of

a mycoplasmal message in E. coli will stop where origin-

ally there should be tryptophan, so that mycoplasmal

proteins expressed in E. coli may be truncated. One way

to overcome this difficulty is by using an E. coli opal

suppressor strain for expression (Renbaum et al. 1990)

though efficiency of expression falls considerably with

increasing numbers of UGAs in the mycoplasmal

message. Another way is to employ Bacillus subtilis that

carries a tRNA which reads the UGA termination codon

as tryptophan (Kannan and Baseman 2000).

The elongation factor genes, f.rs, "fp, 
*f, and tuf, were

identified in the M. genitalium and M. pneumonne

genomes (Fraser et al. 1995; Himmelreich et al. 1996).

Of these, the tuf gene, encoding the elongation factor

EF-Tu that mediates attachment of amino acyl-tRNAs

to the ribosome, has attracted most attention. It has

been one of the first mollicute genes to be cloned,

sequenced, and expressed in E. coli (Yogev et al. 1990).

Being a highly conserved housekeeping gene found in all

mollicutes examined so far, it has been used as an effec-

tive genetic probe in taxonomy and phylogeny of molli-

cutes (see Phylogeny and taxonomy section).

Gene transfer

The lack of a cell wall in mollicutes would be expected

to facilitate the introduction of exogenous DNA into the

cells. In fact, conjugative transposition of transposon

Tn916 from Streptococcus (Enterococcus) faecalis to M.

hominis (Roberts and Kenny 1987) and to M. galli-

septicum (Ruff,n et al. 2000) by a spontaneous mating

process probably involves transient fusion of the cell

membranes at the zone of contact. However, DNA

transfer efficiency in these cases was rather low.

Increased transformation and transfection efficiencies

have been achieved either in the presence of poly-

ethylene glycol (PEG) or by application of the electro-
poration procedure. It appears that the method of choice
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depends on the mollicute species, and on the particular
DNA to be transferred (Dybvig and Voelker 1996).

Genetic studies in mollicutes have also been
hampered by the paucity of selectable markers (Dybvig

and Voelker 1996). Most studies on gene transfer in
mollicutes have used as selectable markers the tetM
tetracycline-resistance determinant found on Tn916, or
the gentamycin-resistance determinant of Tn4001 . The
tetM gene is preferable as a marker, since mollicutes in
general are sensitive to tetracycline, while not all molli-
cutes are sensitive to gentamycin (Dybvig and Voelker
1996). Thus, transposon Tn4001 containing the tetM
gene constructed by Dybvig et al. (2000) was found
effective as a broad host-range vector, as indicated by
the successful expression of a lacZ fusion gene in both
M. pulmonis and M. arthritidis.

Gene function can only be ascertained by mutational
analysis. The recent deluge of information on putatively
identified mycoplasmal genes, based on sequence
analysis (see Genome sequencing and gene annotation
section), has emphasized the need for complementation
of these predictions by mutational analysis. Having effi-
cient transformation procedures at hand, major efforts
have been directed at developing cloning and shuttle
vectors for mollicutes (reviewed by Renaudin 2002).
Transfection experiments with the replicative form
(RF) of the S. citri virus SpV1, carrying as an insert a
segment of the gene coding for the P1 adhesin of M.
pneumoniae (G-fragment) resulted in the expression of
the fragment in the spiroplasma. In this case, the
presence of seven UGA codons in the G-fragment
insert did not interfere with expression, as ,S. citri can
read UGA as tryptophan. Yet, the SpVl-RFlS. citri
cloning system was deficient as it suffered from the
rapid loss of the cloned DNA insert. The loss of the
insert was suggested to be the result of illegitimate and
homologous recombination (Marais et al. 1993). An
improved type of a cloning vector for S. cllri was subse-
quently constructed by combining the oriC of S. citri
with tetM and a colEl-derived E. coli replicon. The
artificial recombinant plasmid, named pBOT1, was able
to replicate in S. citri and then integrate into the spir-
oplasmal chromosome, being stably maintained there
(Renaudin 2002). -fhe pBOTl-derived, recombinant
plasmids carrying heterologous DNA inserts were
effective as shuttle vectors and, for example, restored
fructose utilization in a mutant with a defective fruc-
tose operon (Gaurivaud et al. 2000a).

TRANSPOSITION

The first successful transformation of M. pulmonis and
A. laidlawii to antibiotic resistance was achieved by a
plasmid, pAM120, harboring the streptococcal trans-
poson Tn916 which contains the tetracycline resistance
determinant tetM (Dybvig and Cassell 1987). The trans-
poson was excised from the plasmid and integrated into

the mycoplasmal chromosome at random sites,

rendering the mycoplasmas resistant to tetracycline.

Since then, a variety of mollicute species were shown to

be transformed to tetracycline resistance by Tn916 or

TnL545, or to gentamycin resistance, using the staphylo-

coccal conjugative transposon Tn400l, which contains a

gentamycin resistance determinant (Foissac et al., 1997;

Voelker and Dybvig 1996).

Transposon mutagenesis has already been applied,

rather effectively, to generate mutants of M. pneumo-

niae and M. genitalium deficient in cytadherence
(Krause et al. 1997\ and of S. citri mutants deflcient in

motility and pathogenicity to plants (Foissac et al. 1997;

Jacob et al.1997). Characterization of these mutants has

already contributed significantly to the identification of

genes and their protein products, associated with the

mycoplasmal cytoskeleton and cytadherence (see

Adhesion to host cells section), spiroplasmal motility

(see Cellular morphology and cytoskeletal elements

section) and pathogenicity (see Pathogenicity section).

There is no doubt that transposon mutagenesis will

continue to be a most useful tool in mollicute senetic

studies.

While transposon mutagenesis is either random or

directed to specific hot spots in the mycoplasmal

genome, Dhandayuthapani et al. (1999) have introduced

a technology enabling the targeting of mutagenesis to

specific genes or operons. The technique is based on

creation and delivery of disruption constructs acting by

homologous recombination. The constructed plasmids

contain the targeted gene and a gentamycin resistance

gene. Electroporation of the disruption plasmid, carrying

part of the mg218 M. genitalium gene, into wild-type

hemagglutination-positive M. genitalium permitted the

isolation of hemagglutination-negative mutants, resulting

apparently from homologous recombination at the

mg218 locus by single- or double-crossover events. In

this way the role of the mg218 protein product in

M genitalium adherence could be demonstrated.

RESTRICTION AND MODIFICATION

Restriction and modification of DNA allow a bacterium

to distinguish between its own DNA and any 'foreign'

DNA which lacks the characteristic host modification

pattern. This difference renders an invading foreign

DNA susceptible to attack by restriction enzymes that

recognize the absence of methyl groups at the appro-

priate sites. Hence, these systems may pose a serious

barrier to gene transfer. Restriction and modification

systems in mollicutes have been reviewed by Sitaraman

and Dybvig (2002). Generally, the restriction-modiflca-

tion systems characterized in mollicutes in the past were

defined as type II restriction-modification (R-M)

systems, in which the endonuclease is separate from the

methylase. More recently, M. pulmoris was found to

possess a more complex type I R-M system, built of the



1982 Mycoplasma

S, M, and R subunits. These subunits form a holoen-

zyme which performs both the endonuclease and DNA
methylase activities (Dybvig et al. 1998).

CHROMOSOMAL REARRANGEMENTS

The mollicute chromosome is a genetically dynamic

structure undergoing frequent rearrangements, inser-

tions, deletions, and inversion of genes, or entire
genomic segments. The mollicute genome may carry
repetitive elements of various types, such as insertion-

like sequences, integrated viral or plasmid genomic

segments, or repetitive elements of endogenous origin,

being constituted of segments of mycoplasmal genes, as
well as recombinases recently identified in mycoplasma
genomes (Flitman-Tene et al. 2003; Glew et al. 2002;

Sitaraman et al. 2002). These are the elements which

facilitate, through homologous recombination, chromo-

somal rearrangements, as well as loss of genomic mate-

rial by deletion of intervening sequences during recom-

bination, a process presumably taking place during the
reductive evolution of mollicutes (Rocha and Blanchard

2002). 
-the 

various types and mechanisms of chromo-

somal gene rearrangements in mycoplasmas have
recently been extensively reviewed by Sitaraman and
Dybvig (2002). Chromosomal rearrangements that play

a crucial role in antigenic variation are discussed in the

section on Antigenic variation.

INSERTION-LIKE ELEMENTS

Repetitive elements resembling the large IS3 family of
bacterial insertion sequences appear to be rather preva-

lent in mollicutes (Razin et al. 1998). However, of these,
only IS1138 was shown to actively transpose in M.
pulmonis (Bhugra and Dybvig 1993), while all the other

elements that failed to show transposition within the

mycoplasma chromosome are usually referred to as
insertion (IS)-like elements. The M. pulmonis IS1138 is
the only mycoplasmal IS element shown to transpose in

the M. pulmonis chromosome at high frequency. The
predicted amino acids encoded by the major IS1138

ORF share significant similarity with the transposases of

the ISi family, suggesting that IS1138 has a potential for
development into a cloning vector and/or mutagenesis
vehicle in M. pulmorzis. It should be emphasized that
IS1138 is species-specific to M pulmonis, but it is ubiqu-
tous among its strains (Bhugra and Dybvig 1993).

Another species-specific IS element is IS16J4 that
belongs to the IS4 family. It was identified in M.

mycoides slbsp. mycoides SC. This pathogenic myco-
plasma is distinguished by its exceptionally high number

of insertion elements. Its genome was found to carry
about 30 copies of 151634, and about 20 copies of
another, less specific, 151296 element, comprising toge-
ther about 7 percent of the total genomic DNA (Vilei

et al. 1999). One may speculate that the numerous
copies of these elements play a role in regulating the

expression of the organism's genetic potential, including

invasion ability into host tissues, characterizing this

highly virulent mycoplasma (Vilei et al. 1999). A new

type of IS element, named 151630, was discovered rn M.

fermentans by Calcutt et al. (1999a). It belongs to the

IS30 family of transposons and has the striking ability to

target and duplicate inverted repeats of variable length

and sequence during transposition. In addition, the IS

elements may influence gene expression, either by

directly inactivating genes upon insertion or by

providing promoters that increase the transcription of

downstream genes. Insertion of IS-like elements into

mycoplasma genomes can be expected to mediate high-

frequency genomic rearrangements. In fact, chromo-

somal rearrangement activity accompanied insertion of

specific lS-like elements into the chromosome of clinical

isolates of M. fermenfans. Insertion occurred at extre-

mely high frequencies, as detected by genomic hybridi-

zation analysis of randomly subcloned colonies (Hu et al.

1998).

More recently, M. fermentan.s was also found to carry

a large (approximately 23 kb) genetic element that is

present in four copies in the M. fermentans PG18 chro-

mosome, accounting for approximately 8 percent of the

genome (Calcutt et al. 2002). These novel elements

resemble conjugative, self-transmissible, integrative

elements (named constins) and, surprisingly, are devoid

of known integrases, transposases, or recombinases,

suggesting that a novel enzyme may be employed in

excision and integration of these large elements. The

skewed distribution and varied sites of chromosomal

integration of the elements among M. fermentans
isolates, and in two other mycoplasma species, suggest

that these elements play a role in promoting genomic

and phenotypic variations in mycoplasmas.

PATHOGENICITY

Most mollicutes live as commensals, and in many arthro-

pods they may even be considered as symbionts. In the

case of pathogenic mycoplasmas, infections are rarely of

the fulminant type, but rather follow a chronic course.

Extensive descriptions of the diseases caused by molli-

cutes to humans, animals, plants, and insects can be

found in The Mycoplasmas vohrme IV (Razin and Barile

1985) and volume V (Whitcomb and Tully 1989), in

Maniloff et al. (1992) and in Razin and Herrmann

(2002).
A variety of human diseases of unknown etiology, are

also linked to mycoplasmas. These include the possible

role of mycoplasmas as cofactors to AIDS pathogenesis,

the Gulf War syndrome, and other diseases of unex-

plained etiology, such as chronic fatigue syndrome,

flbromyalgia, Crohn's disease, and various arthritides

(Baseman and Tully 1997; Endresen 2003; Lo et al.

2000). While the association of mycoplasmas with many

of these diseases remains doubtful. the possible role of



Pathogenicity 1983

mycoplasmas in AIDS activation attracted the most
attention during the 1990s. The substantial number of
studies carried out on the AIDS-associated myco-
plasmas, M. fermentans and M. penetrans, have consider-
ably advanced our knowledge of mycoplasma cell
biology and host immune modulation by mycoplasmas,
as evidenced in many sections of this chapter. However,

the proposed role of mycoplasmas in AIDS activation
remains controversial and doubtful (Baseman and Tully
1997; Brenner et al. L996; Taylor-Robinson and Furr
1998). Mycoplasmas were suspected long ago to be
causative agents of rheumatoid arthritis (RA), but solid
evidence to support this was lacking. The recent
emphasis on the immunomodulatory effects by myco-
plasmas (see Immune system modulation section) and
more so, detection of mycoplasmal DNA, particularly

that of M. fermentans, in synovia of RA patients (Schae-

verbeke et al. 1999), as well as the prevalence of anti-
bodies to M. fermentans in the patients (Horowitz et al.
2000) suggest that in some RA patients M. fermentans
may play a role in initiating or perpetuating synovitis
(Blanchard and Bebear 2002).

Disease man ifestations

Table 77.2 presents the sites of colonization and patho-
genicity of mollicutes infecting humans. The best estab-
lished human pathogen is M. pneumoniae. The effects of
M. pneumoniae on humans include subclinical infection,
upper respiratory disease, and bronchopneumonia
(reviewed by Jacobs, 2002;Talkington et al. 2001). Most
human infections do not progress to a clinically evident
pneumonia. When pneumonia occurs, the onset is gener-

ally gradual and the clinical picture is one of a mild to
moderately severe illness, with early complaints refer-
able to the lower respiratory passages. Radiography
frequently reveals evidence of pneumonia before
physical signs are apparent. Involvement is usually
limited to one of the lower lobes of the lungs, and the
pneumonia is interstitial or bronchopneumonic. The
course of disease varies; remittent fever, cough, and
headache persist for several weeks. One of the most
consistent clinical features is long convalescence, which
may extend from 4 to 6 weeks. Several infrequent
complications following M. pneumoniae infections have
been noted, including hemolytic anemia, polyradiculitis,

encephalitis, aseptic meningitis, and central nervous
system illness such as Guillain-Barr6 syndrome. In addi-
tion, pericarditis and pancreatitis have been observed.
Although these sequelae have been commonly related to
the suspected immunopathology of M. pneumontae

disease, M. pneumoniae has been increasingly demon-

strated in the affected organs by PCR, or in some cases
even by culture (Narita et al. 1995; Bencina et a1.2000).

Growing evidence suggests that Ureaplasma urealy-
ticum catses nongonococcal urethritis in men free of
Chlamydia trachomatis, an established agent of non-

gonococcal urethritis. The wide occurrence of U. urealy-

ticum in sexually active, symptom-free adults hampers

research in this field. Evidence is based primarily on the

production of nongonococcal urethritis symptoms in

ureaplasma-free and chlamydia-free volunteers by

intraurethral inoculation of U. urealyticum (Taylor-

Robinson and Furr 1998). Ureaplasmas have also been

associated with chorioamnionitis, habitual spontaneous

abortion, and low-weight infants (Gerber et al. 2003).

Mycoplasma hominis, a common inhabitant of the

vagina of healthy women, becomes pathogenic once it

invades the internal genital organs, where it may cause

pelvic inflammatory diseases, such as tubo-ovarian

abscess or salpingitis (Taylor-Robinson and Furr 1998).

It has been suggested that Mycoplasma genitalium,

isolated in 1981 from the urethral discharge of two

homosexual men, may account for the tetracycline-

responsive, nongonococcal urethritis cases in which chla-

mydias and ureaplasmas could not be isolated (about 20

percent of all cases). However, M. genitalium is so fasti-

dious that very few clinical isolates have so far been

made on the best mycoplasma media available. Only the

more recent application of specific PCR amplification of

the organism's DNA in clinical specimens has provided

experimental proof for the relative prevalence of M.

genitalium in the human urogenital tract and its

apparent role in chronic male urethritis (Taylor-

Robinson and Furr, 1998; Totten et al. 2001) and

possibly also in acute endometritis and cervicitis in

women (Cohen 2002;Manhart et al. 2003).

Many Mycoplasma species are established pathogens

of farm animals, causing contagious pleuropneumonia,

mastitis, and conjuctivitis in cattle, goats, and sheep, and

chronic respiratory disease and arthritis in swine,

chicken, and laboratory animals (Frey 2002).

Molecular basis of mycoplasma
pathogenicity

OXIDATIVE DAMAGE AND MEMBRANE FUSION

Potent toxins have not been associated with myco-

plasmas. The mildly toxic byproducts of mycoplasma

metabolism, such as hydrogen peroxide and superoxide

radicals, have been incriminated as causing oxidative

damage to host cell membranes. Extensive studies by

Almagor et al. (1986) led to the formulation of the

following pathological events of M. pneumoniae infec-

tion (Figure 77.9). The H2O2 and superoxide radicals

(O2-) continuously generated by the adhering myco-

plasmas penetrate into the host cell. As a result of 02

accumulation, gradual irreversible inhibition of host cell

catalase is induced, thereby causing intracellular H2O2

accumulation. This, in turn, may cause product inhibi-

tion of the host cell superoxide dismutase. The process is

self-perpetuating and results in increased levels of 02

and H2O2, which induce progressive oxidative damage
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Figure 77.9 Schematic presentatton of the proposed mechanism
for oxidative tissue damage by mycoplasmas GSH, glutathione;
SOD, superoxide dismutase (courtesy of Kahane 1984)

to vital cell constituents. Thus, malonyldialdehyde, a
known oxidative product of membrane lipids, was shown
to accumufate in cells infected by M. pneumoniae.
Supportive of the role of hydrogen peroxide in myco-
plasma pathogenicity are the recent findings of Vilei and
Frey (2001) showing that the higher virulence of the
African strains of M. mycoides subsp. mycoides SC may
be associated with their ability to transport and metabo-
lize glycerol. Peroxide production in glycerol-containing
growth media was high for the African strains, but very
low for the much less virulent European strains that lack
the genes for glycerol transport. A question most
frequently asked is how the mycoplasmas, lacking anti-
oxidants like catalase and superoxide dismutase, protect
themselves against oxidative stress. The finding by
Dhandayuthapani et al. (2001) of methionine sulfoxide
reductase in M. pneumoniae and M. genitalium, an anti-
oxidant enzyme that catalyzes the reduction of methio-
nine sulfoxide residues in proteins to methionine, may
play an important role in protecting mycoplasma protein
structure from oxidative damage.

The lack of a cell wall in mycoplasmas is expected to
facilitate direct contact of the mycoplasma membrane
with that of its eukaryotic host, creating a condition
which, in principle, could lead to fusion of the two
membranes, enabling transfer or exchange of membrane
components and 'injection' of mycoplasmal cell constitu-
ents into the host cell (Razin et al. 1998; Rottem 2002c).
Unique M. fermentarus glyceroglycolipids containing
phosphocholine (Rottem 2002a) exhibit fusogenic
properties, in addition to serving as important surface

immunogens, inducing cytokine secretion. The possibi-

lity that the synthesis of the choline-containing lipids by

M. fermentanr may cause choline depletion in the host

has been brought up by Ben-Menachem et al. (2001).

Choline is an essential component of eukaryotic cell

membranes. M. fermentans was found to deplete the

choline component of an astrocyte cell culture leading to

apoptosis of the cells, an effect that could be prevented

by the addition of free choline to the growth medium.

Whether choline deflciency can occur in patients

infected by M. fermenlans is obviously a moot point.

I NTRACE LLULAR LOCATION

Human and animal mycoplasmas were shown to be

taken up by polymorphonuclear leukocytes and macro-
phages (Marshall et al. 1995), and intracellular location

of spiroplasmas and phytoplasma within salivary gland

cells of insects is an integral part of their life cycle.

However, the question of whether animal mycoplasmas

can enter epithelial cells has not been easy to resolve,

and for a long time this question was answered in the

negative. The stimulus to re-examine this issue came

from the studies by Lo (1.992) showing the intracellular

location of M. fermenrans (strain incognitus) in a variety

of nonphagocytic cells in AIDS patients. This f,nding

was strengthened by the discovery of a new human

mycoplasma capable of entry into a variety of human

cells in vivo and in vitro, named accordingly M. pene-

trans (Lo et al. 1993).

The mechanism of cell entry by mycoplasmas is still

unclear. While mycoplasmas, such as M. penetrans and

M. genitalium appear to enter the cells through their

specialized tip structure (Jensen et al. 1994; Lo et al.

1993), other mycoplasmas shown to internalize, such as

M. fermentans and M. hominis, have no tip structures
(Taylor-Robinson et al. 1991). Following contact of M.
genitalium with human lung fibroblasts the plasma

membrane of the cells appeared to be forced inward to
form a cup or a depression. The membrane pockets

resembled clatherin-coated pits, suggesting that the

mycoplasma might adhere to and enter the cells by a

site-directed, receptor-mediated event, resembling cell

entry by chlamydia (Mernaugh et al. 1993). Host cell

entry appears to depend on the assembly of actin micro-

filaments and organized microtubules, as cytochalasin D
prevented invasion by M. penetrans (Rottem 2002c). It

appears that M. penetrans stimulates host cell phospholi-

pases to cleave membrane phospholipids, thereby initi-

ating a signal transmission cascade. This cascade triggers

cytoskeletal rearrangements, allowing the internalization

of M. penetrans. The presence in the host cell cytoplasm

of mycoplasmas, some of which may not even be

enclosed within a vacuole, may expose the cytoplasm

and the nucleus to mycoplasmal hydrolytic enzymes,

such as proteases, nucleases, and phospholipases
(Rottem 2002c).
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Whether the internalized mycoplasmas replicate intra-
cellularly remains to be resolved. The study by Dallo
and Baseman (2000) indicated that intracelltlar M.
pneumoniae and M. penetrans infectivity in human cells
could be detected for over 6 months, while M. genita-
lium survival in the cells was detected by PCR for long
periods. Moreover, specific inhibition of eukaryotic
nuclear DNA synthesis by aphidicolin enabled the selec-
tive detection of mycoplasmal DNA synthesis,
supporting their intracellular replication (Dallo and
Baseman 2000).

It should be emphasized that intracellular location, if
even for a short period, may protect the mycoplasmas
against the effects of the host immune system and anti-
biotics, and to some extent account for the difficulty of
eradicating mycoplasmas from infected cell cultures.
Thus, intracellular residence, which sequesters myco-
plasmas, promotes the establishment of latent or chronic
infection states, and circumvents mycoplasmacidal
immune mechanisms and selective drug therapies
(Bebear and Bebear 2002). Different aspects of the
interaction of mycoplasmas with host cells, including
fusion of the parasite with the host cell membrane, inva-
sion into host cells, and the implications of these
processes on mycoplasma pathogenicity, have been
recently reviewed in depth by Rottem (2003).

CLASTOGENIC AND ONCOGENIC EFFECTS

The potent mycoplasmal nucleases, combined with
superoxide radicals, may be responsible for clastogenic
effects. In fact, reports on chromosomal aberrations,
altered morphology, and cell transformation in cell
cultures infected by mycoplasmas have appeared rather
sporadically since the early 1960s. Interest in this subject
has been rekindled recently following the claims that M.
penetrans may be a cofactor in the induction of HIV-
associated Kaposi's sarcoma. Results of experiments
with cultured mouse embryo cells reported by Tsai et al.
(1995) appeared to support an oncogenic potential of
the AlDS-associated mycoplasmas M. fermentans and
M. penetrans. However, instead of acute transformation,
a multistage process in promotion and progression of
malignant cell transformation with long latency was
noted. Only after 18 passages (1 week per passage) of
persistent infection with mycoplasmas, an irreversible
form of transformation, that included the ability to form
tumors in mice, was achieved. It should be pointed out,
however, that the tumors had developed very slowly and
not in all mice. The irreversible phase of transformation
coincided with permanent karyotypic alterations. Once
induced, chromosomal alterations continued to accumu-
late both in cultured cells and in animals without the
continued presence of the transforming mycoplasmas.
Hence, the mycoplasma-mediated multistage oncogen-
esis exhibited many characteristics found in the develop-
ment of human cancer (Lo 2002). Nevertheless, the real

biological significance of these findings warrants further

investigation.

Another related issue concerns the induction of apop-

tosis by mycoplasma infection (reviewed by Lo 2002).

DNA fragmentation, a common biochemical hallmark of

apoptosis, is generally considered to be catalyzed by

endogenous endonucleases. In light of the relatively

large amounts of nucleases expressed by mycoplasmas

(Bendjennat et aL.1999), Paddenberg et al. (1998) tested

the effects of M. hyorhinls infection of NIH 3T3 cells,

checking for parameters characteristic of apoptosis. The

infected cells exhibited intranucleosomal DNA degrada-

tion into multimers of 200 bp, forming a ladder in

agarose gels. Nuclease activities were detected in cell

homogenates and culture supernatants. Their myco-

plasmal origin was indicated by inhibition of their

expression following chloramphenicol treatment of the

infected cells. Furthermore, enriched mycoplasmal

nucleases, purified from culture supernatants of M. hyor-

hinis and M. penetrans could reproduce the apoptotic

effects of mycoplasmal infection (Paddenberg et al.

1998; Bendjennat et al. t999). Apoptotic effects were

also observed in lymphocyte and epithelial tumor cell

lines infected by mycoplasmas, pointing to the possibility

that the numerous cases of 'spontaneous apoptosis'

reported in cell cultures are, in fact, the results of an

undetected mycoplasma infection (Paddenberg et al.

1998; Stolzenberg et al. 2000). The flnding that U. urea-

lyticum induces apoptosis in human lung epithelial cells

and macrophages may support the proposed role of the

ureaplasmas in chronic lung disease of premature infants

(Li et al. 2002). Some insight into the mycoplasmal cell

components that induce apoptosis has been presented by

Into et al. (2002) showing that mycoplasmal membrane

lipoproteins induce necrotic and apoptotic cell death in

monocytes/macrophages and lymphocytes. Apoptosis

was induced by caspases (cysteine proteases) through

Toll-like receptor 2 (TlR2)-mediated signaling.

PATHOGENICITY-ASSOCIATED GEN ES

A promising genetic approach, based on transposon
Tn4001 mutagenesis, has been applied to study patho-
genicity factors of S. citri (Foissac et al.,1997; Gaurivaud
et al. 2000a, b). One of the Tn4001 mutants did not
multiply in the leafhopper vector and, therefore, could
not be transmitted to the plant. Another mutant multi-
plied well in the plant, but did not induce symptoms. It
was found that in this nonpathogenic mutant, Tn4001
was inserted in the spiroplasmal fructose PTS operon,
abolishing the ability of the spiroplasma to utilize fruc-
tose, probably affecting in this way its pathogenicity.
The most likely explanation is that utilization of fructose
in the plant sieve tubes by the pathogenic spiroplasmas
may interfere with the normal physiology of the plant
causing chlorosis, stunting, and wilting (Bai and
Hogenhout 2002). It would be of interest to test if
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pathogenicity of the mutant can be restored by comple-
mentation with the wild-type genes, like the successful
restoration of motility in a Tn400l S. citri mutant by
complementation with the wild-type genes (Jacob et al.
1997; see Motility section). Continuing this line of
research, Jagoueix-Eveillard et al. (2001) embarked on
the study of plant genes that are deregulated following
infection by mollicutes. These rather preliminary studies
revealed that cDNAs of periwinkle plants are differently
expressed following infection with S. citri or by phyto-
plasmas. Clearly, much more work has to be carried out
to identify the metabolic pathways modified during
plant-mollicute interactions, but the genetic approach
appears to be very promising.

The lysogenic bacteriophage MAVl infecting M.
arthritidis (Voelker and Dybvig 1999; Washburn and
Cole 2002) appears to play an important role in the
pathogenicity of this murine mycoplasma. All virulent
M. arthritidis strains carry MAV1 DNA integrated at
various sites of the mycoplasmal chromosome, while
avirulent strains lack MAVl. Furthermore, the arthrito-
genic potential of a low-virulence M. arthritidis strain
could be considerably enhanced by lysogenization with
MAV1. The mechanism by which MAV1 enhances viru-
lence is not known. The fact that several MAVl-nega-
tive strains are not completely avirulent suggests that
MAVI integration may activate other virulence factors,
such as the M. arthritldrs superantigen MAM (Washburn

and Cole 2002), or increase the expression of M. arthri-
/ftlls cytadhesins. The recent identification in MAV1 of a
gene, named vlr, apparently encoding for a lipoprotein,
may provide some direction to future research, assuming
that the phage-derived lipoprotein is incorporated into
the cell membrane of the avirulent M. arthritidls, indu-
cing in some unknown way the conversion of the avtru-
lent to the virulent phenotype (Voelker and Dybvig
1999: Tu et al.2002\.

Adhesion to host cells

Most human and animal mycoplasmas adhere tena-
ciously to the epithelial linings of the respiratory or
urogenital tract, rarely invading tissues. Hence, they may
be considered as surface parasites. Adhesion of molli-
cutes to host cells is a prerequisite for colonization by
the parasite and for infection. The loss of adhesion capa-
city by mutation results in loss of infectivity, and rever-
sion to the cytadhering phenotype is accompanied by
regaining infectivity and virulence. The best-defined
mycoplasmal cytadhesins are those of M. pneumoniae

and. M. genitalium. Detailed information on the genes
and molecular properties of the encoded cytadhesin
proteins of these mycoplasmas (P1, MgPa, and P30) can
be found in several reviews (Razin and Jacobs 1992;
Razin et al. 1998; Krause and Balish 2001; Balish and
Krause 2002).

Although the above-mentioned cytadhesins fulfill the

major role in cytadhesion of M. pneumoniae and M.

genitalium, the process appears to be multifactorial,

involving in addition to the major cytadhesins, a number

of 'accessory' membrane proteins. These 'accessory'

proteins act in concert with cytoskeletal elements to

facilitate the lateral movement and concentration of the

cytadhesin molecules at the attachment tip organelle and

provide the scaffolding for the assembly of this organelle

(see Cellular morphology and cytoskeletal elements

section). Much of the recent effort, forming part of the

M. pneumonine genome project, has been directed to the

molecular definition of the attachment organelle compo-

nents, forming part of the mycoplasmal cytoskeleton

('Triton shell'). Some of the genes and the encoded

proteins of the M pneumoniae Triton shell (30 kDa;

40 kDa; 90 kDa; P65; P200; HMWI; HMW2, HMW3)

have been identified and characterized (Table 77.5) and

have recently been compared to their homologs in M.

genitalium (Dhandayuthapani et al. 2002). Interestingly,

the proteins are proline rich and exhibit repeat

sequences and other motifs reminiscent of eukaryotic

cytoskeletal proteins. Thus, the C-terminal domain of

P30 shows substantial sequence homology with the C-

terminus of P1 and exhibits immunological cross-

reactivity with fibrinogen, keratin, and myosin, a finding

which may be associated with the autoimmune sequelae

following M. pneumoniae infections (Romero-Arroyo

et al.  1999).

The HMW1 protein appears to be responsible for

targeting (trafficking) the P1 adhesin to the attachment

organelle (Balish et al. 2001) while the 40- and 90-kDa

proteins anchor P1 to the membrane of the organelle in

a way that allows mutual and intimate interactions of P1

Tabfe 77.5 M pneumoniae membrane and cytoskeletal proteins
a ssoci ated w i th cytad he renceu

Features and presumed
Protein Size (kDa) role of protein

P1 169

P30 30
HMW1 112

Major adhesin, prol ine-r ich
C-terminus

Adhesin, prol ine-r ich C-terminus
Cytoskeletal protei n, targeti ng
P1 to attachment t ip

HMW2 216 Cytoskeletal coi led-coi l  protein
at attachment t io

HMW3 74 Terminal button and core shaft
of attachment t io

B 90 Scaffolding role, anchoring Pl
to attachment t io

C 40 Scaffolding role, anchoring P1
to attachment t io

P65 47 Surface protein, prol ine-r ich
ac id ic  domain

P200 117 Cytoskeletal protein, role in
cvtoadherence is uncertain

a)  For  de la i l s  see  Ba l rsh  and Krause (2002)
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with cytoskeletal forming or associated proteins. Loss of
the 40- and 90-kDa proteins by mutation results in the
loss of the attachment organelle, cells becoming sphe-
rical, and nonadherent (Layh-Schmitt and Harkenthal

1999). The genes for HMW1, HMW3, and P65 are part

of the hmvl locus, along with the gene for P30. The
hmv2 gene for HMW2 lies about 160 kb from the hmwl
Iocus. Yet, transposon insertions into hmw2 resulted in
the simultaneous loss of HMW1. HMW3. and P65. as
well as of several other cytadherence-associated
proteins, probably due to accelerated endogenous
proteolysis (Krause and Balish 2001; Jordan et al. 2001).
Thus, it appears that HMW2 functions as a cytoskeletal
organizer and is required for the stable maintenance of
the above proteins (Fisseha et al. 1999). The complex
interrelationships between the components of the attach-
ment organelle underscores the need for the proper

ordered assembly of this organelle that must also be
coordinated with cell division (Fisseha et al. 1999;
Krause and Balish 2001; Seto et al. 2001).

The avian pathogen M. gallisepticum also carries an
attachment organelle (Figure 77.6) and its cytadherence,
like that of M. pneumoniae, is a complex multifactorial
process involving the coordinate action of a primary

cytadhesin molecule GapA and several additional cytad-
herence-associated proteins in a manner reminiscent of
the complex cytadherence mechanism of M. pneumo-

niae. 
'fhe gene crmA (cytadherence-related molecule

A), located immediately upstream of gapA, has signifi-
cant sequence homology to the ORF6 of the M. pneu-

moniae P1 operon (Mudahi-Orenstein et al. 2003; Papa-
zisi et al. 2000; Winner et al.20O3) and must be present

together with GapA to mediate cytadherence of M.
gallisepticum (Papazisi et at.2002a). An M. gallisepticum
gene encoding a 105 kDa protein, showed 45 percent

homology to the M. pneumoniae P1 gene, 46 percent

homology to the M. genitalium MgPa adhesin gene, and
47 percent homology to the M. pirum Pl-like protein
gene (Goh et al. 1998). Along the same line, the P30

adhesin gene of M. pneumoniae shows 40.9 percent iden-

tity with the 32 kDa protein gene of M. gallisepticum,

and 31.4 percent identity with the M genitalium P32
cytadhesin gene (Hnatow et al. 1998). Collectively, these
findings suggest the presence of a family of cytadhesin
genes conserved among the pathogenic mycoplasmas
belonging to the pneumonia phylogenetic clade. One
may speculate that these cytadhesin genes originate
from the same ancestral operon.

M. hyopneumoniae adheres to the cilia of the respira-

tory epithelium of swine (Young et al. 2000). The gene

coding for the ciliary cytadhesin was cloned and
sequenced and its 97 kDa protein product was char-
acterized (Minion et al. 2000). The R1 region near the
carboxy terminus of the protein mediates the adhesion
of the mycoplasmas to the cilia. Eight R1 repeating units

are required for cilia binding. Interestingly, M. floccu-
lare, genetically closely related to M. hyopneumoniae,

lacks the 97 kDa ciliary cytadhesin gene (Blank and

Stemke 2001), possibly explaining the lack of pathogeni-

city of this mycoplasma to swine. Cytadherence of M.

hyopneumonirre causes a fast increase in the intracellular

free Ca2* concentration in the infected porcine ciliated

tracheal epithelial cells probably causing damage and

loss of the ciliary epithelium (Park et at.2002).

The receptors on the host cell membranes responsible

for mycoplasma attachment, identified so far, are mostly

sialoglycoconjugates and sulfated glycolipids (Kitzerow

et al. 1999; Razin and Jacobs 1992; Zhang et al. 1994).

The glycoprotein fibronectin, known to serve as a host

receptor in the binding of streptococci, staphylococci,

mycobacteria, borrelia, and treponema appears also to

serve as a receptor in the binding of M. penetrans (Giron

et al. 1996) and of M. pneumoniae (Dallo et aL.2002).

Somewhat unexpected was the identiflcation of the cyto-

plasmic elongation factor Tu and the E1p subunit of

pyruvate dehydrogenase as the mycoplasmal fibronectin

binding proteins. It appears that the M. pneumoniae EF-

Tu and the pyruvate dehydrogenase subunit, in addition

to their major cytoplasmic biosynthetic and metabolic

roles, can be translocated to the cell surface and show

multifunctionality. Along this line is the recent identifi-

cation of glyceraldehyde-3-phosphate dehydrogenase of

M. genitalium acting, in addition to its important meta-

bolic role, as an adhesin to host cell surface mucin

(Alvarez et al. 2003). It is worth mentioning that Layh-

Schmitt et al. (2000) detected the E1s subunit of pyru-

vate dehydrogenase as part of a crosslinked complex of

the M. pneumoniae cytadhesins. What is the weight to

be given to the flbronectin cytadhesion system when

compared to the well-established speciflc cytadhesin

system (P1, P30, etc.) described above? Does the novel

system fulfill an auxilliary role in mycoplasmal attach-

ment to host cells? Obviouslv, these are issues that

require further study.

It may not be surprising that the surface exposed

cytadhesin proteins are amongst the most immunodomi-

nant mycoplasmal antigens. Furthermore, at least some

mycoplasmal cytadhesins, for example, the Vaa proteins

of M. hominis (Kitzerow et al,. 1999), the Vsp proteins of

M. bovis (Sachse et al., 2000), the MMA2 protein of M.

arthritidis (Washburn et al. 1998), the pMSA and pMSB

hemagglutinins of M. synoviae (Bencina et al. 2001), as

well as certain hemagglutinnins of M. gallisepticum

(Boguslavsky et al. 2000) (TabIe 77.6) exhibit the phase-

and size-variation properties to be discussed in the next

section.

Antigenic variation

The mycoplasma plasma membrane, being exposed to

the external environment, is the cell organelle that

comes into contact with the constituents of the host

immune system. Lacking the protection of a rigid cell

wall, mycoplasmas are particularly sensitive to growth



1988 Mycop lasma

Tabf e 77.6 Surface variable antigenic systems in mycoplasmas

Organism

M. hyorhinis

M. bovis

M. agalactiae

M. gallisepticum

M. hominis

M. fermentans

M. penetrans

M. arthritidis

M. mycoides subs. mycoides
(sc)

M. synoviae

M. pulmonis

Genes involved

v/p gene family

vsp gene family

avg gene family

PMGA (v/h) gene family

pvpA (single copy)

/mp gene family

vaa single copy gene

P78lpart of an ABC
transporter operon
malp single copy gene

mpl genes (P35,
P34A,P348,P38)

maa2 single copy gene

vmm gene

v/h pseudogene family

vsa gene family

System components

Lipoproteins

Lipoprotein, chimeric
l ipopro te in

Lipoproteins

Lipoproteins

Integral protein (not l ipid-
mod i f ied  adhes in )

Lipoproteins (p1 20; pl 35)

L ipopro te in  adhes in

L ipopro te in

Lipoprotein

Li poproteins

Lipoprotein adhesin

Lipoprotein

Lipoproteins

Chimeric l ipoproteins adhesins Gene conversion

Mechanism of variation

Strand sl ippage (poly A) Yogev
et  a l .  (1  991 a)

Site-soecif ic i  nversions
homologous recombination
(Lysnyansky et al.  2001;
Fl i tman-Tene et al.  2003)

Strand sl ippage (GAA) (Glew
et  a l .  1998)
Point mutation (GAA)
(Boguslavsky et al.  2000)

Unknown; phase-variable
masking (Ladefoged and
Christ iansen 1998)

Strand sl ippage (poly A)
(Zhang and Wise 1997)

Strand sl ippage (poly A)(Theiss
and Wise 1997)
Posttranslat ional mod i f  icat ion
(Calcutt et al.  1999b)

Promoter inversion (Horino
et  a | .2003)

Strand sl ippage (poly T)
(Washburn et al.  1998)

Strand sl ippage (TA). insert in
promoter region (Persson et al.
2002)

(Noormohammadi et al.  2000)

Site-specif ic inversions (Shen
et al.  2000)

inhibition and lysis by antibodies and complement. Yet,
despite this marked sensitivity, mycoplasma infections
are usually chronic in nature, indicating the frequent
failure of the host defense mechanisms to eradicate the
parasites. It appears that many pathogenic mycoplasmas
possess rather sophisticated mechanisms for rapid adap-
tation to changing microenvironments. Reversible
switching of the expression and modification of major
membrane protein antigens on the mycoplasma surface
provides an effective escape from rapid destruction by
the host immune system (reviewed by Yogev et al.
(2002)) Considering the chronic nature of mycoplasmal
infections, it would appear that the constant selection of
subpopulations, rather than adaptation of an entire
population to an environmental change, is responsible
for the heterogenous populations of these organisms.

Table 71 .6 presents the mycoplasmal antigenic varia-
tion systems studied thus far. The data enable some
generalizations to be made: (1) Most of the systems
consist of lipoproteins exposed on the external cell
surface and anchored to the membrane via acyl chains.
(2) The lipoproteins, functioning as dominant cell anti-
gens, carry repetitive sequences that can spontaneously
vary in size through changes in the number of these
motifs (size variation). Moreover, the lipoproteins vary

not only in size, but may be subjected to 'on' and'off'

expression states (phase variation). (3) Cloning and

sequencing of the lipoprotein genes has revealed that

the encoded proteins consist of three regions: the N-

terminal leader region, an intermediate domain, and the

C-terminal domain comprising of reiterated sequences

arranged in tandem. Deletion of the leader sequence on
processing of the protein leaves a cysteine residue at the

N-terminus free for acylation, preferentially by palmitic

and myristic acids. The resulting lipid-modified protein

is enchored to the outer surface of the membrane

through its lipid moiety. (a) In most cases, each

mycoplasma strain carries a family of lipoproteins,

encoded by multiple variant genes in several verslons.

The genes are expressed in various combinations and at

varying lengths on the organism's surface. Interestingly,

in the case of a large family of genes, only one or two
genes are expressed at a given time, the others are trans-

lationally silent (Bhugra et al. 1995; Glew et al. 1998;

Lysnyansky et al. 1999; Sasaki et al. 2002). (5) In many

cases, the surface exposed lipoproteins also function as
cytadhesins (-l able 77 .6).

The microbial population as a whole may sponta-
neously and randomly generate distinct cell populations

with varied antigenic phenotypes, 'heterotypes', that will
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survive the speciflc host response capable of eliminating
the predominant 'homotypes'. The frequency of occur-
rence of such genetic variants is strikingly high (10 a-

10-2 per cell per generation, compared to 10 6-10 8 of a
normal occurring mutation). Lipoproteins may not be
the only variable mycoplasma membrane proteins

exposed on the cell surface. Thus, the M. gallisepticum
PvpA is a non-lipid modified, integral phase-variable

membrane protein (Boguslavsky et al. 2000; Yogev et al.
2002). Nevertheless, this mycoplasma carries in addition
a highly immunogenic lipoprotein, pMGA, undergoing
high-frequency phase variation spontaneously and inde-
pendently (Glew et al. 1998). There is solid experi-
mental evidence for the occurrence of antigenic varra-
tion in vivo. Thus, multiple isolates of M. hominis
obtained from the same joint of a septic arthritis patient

during a 6-year period, exhibited antigenic variation,
although the strains were indistinguishable by restriction
endonuclease analysis (Olson et al. 1991). Field infec-
tions of sheep and goats by M. agalactiae (Flitman-Tene

et al. 2000) and chicken by M. gallisepticum (Glew et al.
2000) indicate that high-frequency antigenic phase varia-
tion occurs in vivo.

VARIATIONS IN THE M. PNEUMOru'AE Pl AND
P3O ADHESIN GENES

A hot spot for frequent mutation within a structural
gene was found in the major cytadhesin gene (P1) of M.
pneumoniae. Reversible and spontaneous cytadherence-
negative and cytadherence-positive mutants were asso-
ciated with an insertion or deletion of a single nucleo-
tide in a stretch of seven adenines. This mutation
resulted in a frameshift and generation of a termination
codon causing the premature termination of P1 transla-
tion (Su et al. 1989). Large portions of the coding
regions of the M. pneumoniae Pl operon exist as
multiple extragenic copies over the chromosome, named
RepMP2/3, Rep MP4, originating in the PL gene, and
Rep MP5 originating in the ORF6 gene of the P1
operon. Relics of these sequences detected in M. genita-
lium, named MgPa repeats, revealed strong sequence
similarities to the repetitive DNA sequences from M.
pneumoniae (Himmelreich et al. 1997). Clinical isolates
of M pneumoniae were found to exhibit some
nucleotide sequence variation in the P1 gene (Dorigo-
Zetsma et al. 2000, 2001). The variable regions in the
gene were found to correspond to regions of some of the
repetitive elements, suggesting that the P1 gene may
vary due to recombination between repetitive regions
(Kenri et al. 1999; Su et al. 1993). Accordingly, the M.
pneumoniae strains have been divided into two groups, I
and II  (Su et al.  1993).

The 30 kDa (P30) adhesin protein of M. pneumoniae
also appears to undergo size variation, losing proline-

rich repetitive sequences in its C-terminal region. The
truncated adhesin showed reduced antigenicity and
adhesion capacity. The mechanism underlying the loss of

the repeated sequences is not clear, but slipped base
pairing during replication or homologous recombination
processes between repeated sequences might be the
cause of size polymorphism (Layh-Schmitt et al. 1997).

The different genetic mechanisms that form the
genetic basis for antigenic variation, including strand
slippage, homologous recombination! gene conversions,
gene duplications, addition or deletion of tandem repeti-
tive units, and DNA inversions (Table 77.6) are
discussed in detail by Razin et al. (1998) and by Yogev
et al. (2002\.

lmmune system modulation

The complex network of interactions between myco-

plasmas and their host immune system involves myco-

plasma-induced specific and nonspecific immune reac-

tions. Specific protective defense mechanisms include

the production of systemic as well as local anti-

mycoplasmal antibodies of different classes and

subclasses, stimulation of cell-mediated immunity, and

opsonization and phagocytosis of organisms. In some

cases, in order for macrophages to kill invading

mycoplasmas, some accessory factors provided by the

host are required. Thus, alveolar macrophages serving

as the primary effector cells in early M. pulmonis killing

in infected mice depend on the presence in the lungs

of the collectin surfactant protein A. Nitric oxide

and superoxide radicals produced by the macrophage

contribute to the killing either directly or via the

production of peroxynitrite (ONOO ) (Hickman-Davis

et al.  1999).

The specific reactions elicited by invading myco-

plasmas, essential for resistance and protection against

mycoplasma infections, have also been shown to play a

role in the development of lesions and exacerbation of

mycoplasma-induced diseases (Razin et al. 1998).

Humoral immunity has a major role in defense against

systemic dissemination of mycoplasmal infection, but

cellular immune responses may be important in exacer-

bation of mycoplasmal lung disease. Lack of adaptive

response in severe combined immunodeficient (SCID)

mice infected with M. pulmonis was associated with

reduced lung lesion severity and with increased

mycoplasmal colonization and disease at extrapulmonary

sites. The transfer of naive spleen cells from immuno-

competent mice to M. pulmonis-infected SCID mice

restored the severity of lung lesions, while the transfer

of convalescent antt-M. pulmonis serum to the infected

SCID mice did not restore lung lesion severity, but

prevented arthritis (Cartner et al. 1998).

Although mycoplasmas circumvent phagocytosis

(Marshall et al. 1995; Minion 2002), they appear to

interact with mononuclear and polymorphonuclear

phagocytes, suppressing or stimulating them by a combi-

nation of direct and indirect cytokine-mediated effects.

For extensive recent reviews on cytokine induction by
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mycoplasmas, the reader is referred to Razin et al.
(1998) and to Rawadi and Roman-Roman (1998). These
immunomodulatory influences depend on both the
immune cells and on the mycoplasma species involved.
Thus, M. dispar rnanages to bypass phagocytosis by
bovine alveolar macrophages because it is covered by a
polysaccharide capsule which inhibits activation of
macrophages and suppresses the production of TNF-a
and IL-1 (Almeida et al. 1992). Other mycoplasmas acti-
vate monocytes, macrophages, and brain astrocytes and
induce secretion of the proinflammatory cytokines TNF-
cr, IL-1 and IL-6, chemokines (such as IL-8, monocyte
chemoattractant protein 1, macrophage inflammatory
protein 1olB, and granulocyte-monocyte colony-stimu-
lating factors (GM-CSF)), prostaglandins, and active
oxygen and nitrogen metabolites (Razin et al. 1998;
Ribeiro-Dias et al. 1999; Yirmiya et al., 1997).

In addition to eliciting antimycoplasmal immune
responses, mycoplasmas exert a wide range of nonspe-

,cific immunomodulatory effects upon cells comprising
the immune apparatus (Reyes et al. 1999). Mycoplasmas
have been shown to affect the immune system by indu-
cing either suppression, or polyclonal stimulation of B
and T lymphocytes, induction of cytokines, increasing
cytotoxicity of macrophages, natural killer cells and T
cells, enhancing expression of cell receptors, and activa-
tion of the complement cascade. The ability of myco-
plasmas to immunomodulate host immune responsive-
ness contributes to their pathogenic properties, enabling
them to evade or suppress their host defense mechan-
isms and establish a chronic, persistent infection
(reviewed in Razin et al. 1998; Muhlradt 2002). The
cytokine network plays a critical role in the maintenance
of immune system homeostasis. The overproduction of
some cytokines in response to mycoplasma infections
may upset the fragile equilibrium and thereby contribute
to triggering or aggrevation of autoimmune diseases
(Rawadi and Roman-Roman 1998).

Mycoplasmas are able to stimulate as well as suppress
Iymphocytes in a non-specific, polyclonal manner, both
in vitro and in vivo. It appears that mycoplasmal B cell
mitogens differ from bacterial lipopolysaccharides (LPS)
in that they are able to activate lymphocytes from C3H/
HeJ mice, which respond poorly to LPS, and their indu-
cing potential is unaffected by polymyxin (Brenner et al.
1997). Modulation of monocyte/macrophage activity by
mycoplasmas has been demonstrated in vitro by
augmented TNF-u-mediated tumoricidal activity towards
different tumor cell lines (Razin et al. 1998). The proven

capacity of many mycoplasmas to trigger the production
of proinflammatory cytokines in vivo may account for
much of the pathology observed during mycoplasma
infections and might also influence the subsequent inter-
actions of these microorganisms with lymphoid cells
(Manimtim et a\.2001). Additionally to affecting various
subsets of lymphocytes, mycoplasmas and mycoplasma-
derived cell components modulate the activities of

monocytes/macrophages and natural killer (NK) cells

and trigger the production of a wide variety of upregu-

lating and downregulating cytokines and chemokines
(Razin et al. 1998; Rawadi and Roman-Roman 1998).

Mycoplasma mediated secretion of proinflammatory

cytokines, such as TNF-o, IL-1, and lL-6 by macro-

phages, and of upregulating cytokines by mitogenically

stimulated lymphocytes play a major role in myco-

plasma-induced immune modulation and inflammatory

responses. On the other hand, the ability of some myco-

plasmas to induce downregulating cytokines, such as IL-

10, IL-13, and possibly also TGF-B may contribute to

their ability to evade host immune mechanisms by

perturbation of macrophage accessory and phagocytic

functions. In this way, decreasing production of pro-

inflammatory cytokines and T-cell proliferation and

affecting the balance between different T helper cell

subsets. The potential of alternately stimulating or

suppressing the immune system would impart a distinct

advantage to any pathogen attempting to survive in the

hostile and changing environment of the infected host.

As to the mechanism of cytokine induction by myco-

plasmas, Rawadi et al. (1998) reported that protein tyro-

sine kinase is absolutely required by the Mycoplasma

fermentans lipoproteins (LAMPf) to induce pro-

inflammatory cytokines in monocytic cells. The myco-

plasmal membrane lipoproteins bind to a cellular recep-

tor(s) that mediates directly or indirectly protein

tyrosine kinase activation. This binding triggers the acti-

vation of several signal cascade pathways that lead to

the phosphorylation and translocation of transcription

factors into the nucleus, resulting in transcription, and/or

translation of cytokine mRNAs.

It appears that certain mycoplasmas possess more

than a single cell component displaying mitogenic

activity, and that mycoplasmal mitogens are not necessa-

rily identical to mycoplasmal cytokine-inducing

elements. M. penetrans appears to possess several T or B

cell mitogens (Brenner et al. 1.996; Feng and Lo 1999),

including a glycolipid and a major membrane lipopro-

tein. However, although the mitogenic M. penetrans

lipoprotein is also highly immunogenic in M. penetrans-

positive AIDS patients and elicits production of specific

antibodies (Lo 1992; Brenner et al. 1996; Feng and

Lo f999), the glycolipid is not recognized in sera of M.

p e ne t r ans -rnfected individuals.

Of special interest as immunomodulators are the

mycoplasmal lipopeptides (MALP) which resemble the

classical murein lipoprotein in that they carry a fatty

acid-substituted N-terminal S-(2,3-bisacyclooxypropyl)

cysteinyl group, but lack the N-acyl long chain fatty acid

of the classical bacterial lipoproteins (Muhlradt et al.

1997; Muhlradt 2002). This feature renders these myco-

plasmal compounds exceptionally active as in vitro

macrophage stimulators. Microgram quantities of the M.

fermentans MALP-2 were found to stimulate the in

vitro, as well as in vivo, release of chemokines from
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macrophages, being more potent than LPS on a weight
basis (Deiters and Muhlradt 1999; Kaufmann et al. 1999)

and the co-administration of MALP-2 with a model

antigen resulted in potent enhancement of humoral and
cellular antigen-specific immune responses, suggesting
the use of the lipopeptide as a promising adjuvant for
delivery of vaccine antigens (Rharbaoul et al. 2002).
Biogenesis of the MALP-2 lipopeptide from the full-
length M. fermentans lipoprotein MALP-404 involves
the extracellular, site-specific proteolytic processing of
the lipoprotein yielding the MALP-2 surface-bound lipo-
peptide, as well as a stable, released fragment of MALP-
404. This defines a new mechanism of 'secretion' in
mycoplasmas and a novel means of altering the pheno-

type of mycoplasmas through posttranslational proces-

sing (Davis and Wise 2002). Ot phylogenetic interest is
the finding that the above mycoplasmal lipoproteins
share conserved amino acid motifs with lipoproteins of
B. subtilis, Treponema pallidum, and the relapsing fever
Borrelia spp. (Calcutt et al. 1999b; Rosati et al. 1999). In
summation, the above data indicate that mycoplasmal
lipoproteins and lipopeptides are probably the most
relevant mycoplasmal components in the early host reac-
tion. The primary target cells are likely to be the
alveolar macrophages liberating chemokines that attract
further leukocytes. The MALP-2 mediated response
being dependent on the signaling molecules Toll-like
receptor 2 ('lLF.2) and the activation of caspases, indu-

cing apoptosis and cell necrosis (Luhrmann et aI.2002;
Into et aI.2002; Rawadi 2000).

Another chemically defined immunomodulator,
produced by M. arthritidis, is MAM, a soluble excreted
protein of 26 kDa acting as a superantigen (reviewed in
Cole et al. 2000; Washburn and Cole 2002). MAM acti-
vates a major fraction of murine T cells and a minor
fraction of human T cells, by crosslinking MHC class II

to TCR, primarily through zinc-dependent binding to
the MHC class II E alpha chain in the mouse and to the
DR alpha chain in man (Langlois et al. 2003). Activation

of T cells (mainly VB6 and VP8 TCR subsets in mice

and VB17 and VB3 subsets in humans) induces clonal
proliferation and release of lymphokines, including IL-2,
IL-4,IL-6, and IFN and nitric oxide (Ribeiro-Dias et al.
2003). It should be emphasized that MAM is the only
mycoplasmal superantigen defined thus far. The finding
of antibodies to MAM or a portion of the MAM mol-
ecule in the sera of RA patients raises the possibility

that MAM or MAM-like epitopes crossreactive with

MAM may play a role in RA (Cole et al. 2000), but this
clearly requires further study before any definite conclu-
sions can be drawn.

Except for the chemically characterized M. arthritidis

superantigen MAM, the macrophage-stimulating lipo-
peptides and the phosphocholine-containing phosphogly-

colipids of M. fermenlans (Matsuda et al. 2000; Rottem
2002a) there is a need to identify and isolate additional
mycoplasmal cell components that exhibit mitogenic

and/or cytokine inducing activities. Likewise, there is

very little information on the nature of host cell recep-

tors for the mycoplasmal immune modulators.

EPIDEMIOLOGY AND CONTROL OF
INFECTIONS

Transmission

Acquisition of mollicutes can be established by direct

contact between hosts or through secondary means, such

as aerosols, fomites, food, water, insect vectors, or other

carriers, and by nosocomial acquisition, such as organ or

tissue transplants (Tully 1996). Many mycoplasmas

inhabit the mucous membranes of the respiratory,

urogenital, or gastrointestinal tracts of vertebrates, so

that the mycoplasmas can be transmitted by direct oral

to oral, genital to genital, or oral to genital contact.

Thus, mycoplasmas found in the oropharynx may also be

found in some cases in the genital tract and vice versa.

Respiratory aerosols or fomites apparently play the

major role in transmission of respiratory tract myco-

plasmas, while neonates can be infected by U. urealy-

ticum throttgh in utero infection (Taylor-Robinson and

Furr 1998).

Secondary transmission of mycoplasmas can also

occur through healthy carriers or through convalescent

carriers recovering from acute infections, as apparently

occurs in some M. pneumoniae respiratory infections in

humans (Williamson et al. 1992) and probably in acute

and chronic respiratory mycoplasmal diseases 1n

domestic animals. Mollicute transmission after plant

grafting of infected tissue to healthy rootstock (Tully

and Whitcomb L992), or through human organ or tissue

transplantation have also been described (Tully 1996).

Semen contaminated with mycoplasma is an important

factor in dissemination of sexually-transmitted diseases

in a variety of hosts and should be particularly consid-

ered in artificial insemination programs in humans and

bovines (Kanakas et al. 1999).

The upper respiratory and genital tracts of human

newborns are first colonized with mycoplasmas acquired

during passage through the female birth canal. There is

now substantial evidence that mycoplasma colonization

can occur even earlier in utero by organisms introduced

during fertilization or during early pregnancy. Generally,

neonatal colonization with both human oral and genital

mycoplasmas does not persist and the number and type

of mycoplasmas decrease with age. Subsequent reacqui-

sition of the human urogenital mycoplasma flora appears

to be directly related to sexual contact (Taylor-Robinson

and Furr 1998; Blanchard and Bebear 2002). In verte-

brates, acquisition from the maternal genital tract, and

in utero transmission (including egg transmission in

birds), apparently represents the initial mechanism of

infection. Transovarian transmission of spiroplasmas has



1992 Mycoplasma

been well established in Drosophila species (Williamson
et al.  1999).

Host factors also play an important and complex role
in determining whether an acquired mycoplasma behaves
as a pathogen or is avirulent. Endogenous mycoplasmas
may become pathogenic when the human host immune
system has been compromised or when surgical interven-
tion or trauma allows mycoplasma commensals to enter
the circulation or other host tissues. Common commen-
sals, such as M. hominis, M. salivarium, and IJ. urealy-
ticum have been shown to induce septicemia and overt
mycoplasma invasion of various host tissues and organs,
with localization in joints being especially prominent
(Blanchard and Bebear 2002).

Since M. pneumoniae infections are so common 1n
humans, epidemiological data on these infections are
abundant. One of the most puzzling features of M. pneu-
moniae pneumonia is the age distribution of patients. In
a survey conducted between 1964 and1975 of more than
100 000 individuals in the Seattle area, the age-specific
attack rate was highest among 5- to 9-year-old children
(Foy et al. 1979). Rates of M. pneumoniae pneumonia in
the youngest age group, 0-4 years old, were about one-
half those in school-age children, but considerably
higher than in adults. M. pneumonlae pneumonia was
rarely observed in infants younger than 6 months,
suggesting maternally conferred immunity. M. pneumo-
niae accotnts tbr 8-15 percent of all pneumonias in
young school-age children. In older children and in
young adults, the organism is responsible for approxi-
mately 15-50 percent of all pneumonias. Infection with
M. pneumoniae is worldwide and endemic; it occurs all
year round, but shows a predilection for the colder
months, apparently because of the greater opportunity
for transmission by droplet infection. M. pneumoniae
appears to require close personal contact to spread;
successful spreading usually occurs in families, schools,
and institutions. The incubation period is relatively long,
ranging from 2-3 weeks. The M. pneumonlae disease
manifestations and epidemiology have recently been
reviewed (Talkington et al. 2001; Jacobs 2002).

U. urealyticwa is spread primarily through sexual
contact. Colonization has been linked to the frequency
of sexual intercourse and the number of sexual partners.
Women may be asymptomatic reservoirs of infection
(Taylor-Robinson and Furr 1998).

Treatment of infections

The mycoplasmas are sensitive to most broad-spectrum
antibiotics, such as the tetracyclines and macrolides, as
well as to the newer quinolones, but are resistant to anti-
biotics that specifically inhibit bacterial cell wall synth-
esis. Susceptibility profiles of human mycoplasmas to a
variety of the 'classical', as well as the newer antibiotics
were reviewed by Bebear and Bebear (2002). Recom-

mended guidelines for testing mycoplasma susceptibility

to antibiot ics are presented by Hannan (2000).

Tetracyclines are widely used in the treatment of
genital tract infections, while macrolides are used for

respiratory tract infections, mostly by M. pneumoniae.

Erythromycin, the newer macrolides, the ketolides, and

the newer quinolones have equal or sometimes greater

activity against mycoplasmas as compared to tetra-

cyclines. Most of the effective antibiotics only inhibit

mycoplasma multiplication, and do not kill them. The

ketolides and some quinolones have some mycoplasma-

cidal activity (Taylor-Robinson and Bebear 1997).

Mycoplasmas may develop resistance, either by gene

mutation, by acquisition of a resistance gene, or by

active efflux of the antimycoplasmal agent (Bebear and

Bebear 2002; Pereyre et aL.2002; Raherison et al. 2002;

Reinhardt et al. 2002). Thus, integration of the tetM
gene into lhe U. urealyticum or the M. homims chromo-

some renders these mycoplasmas resistant to tetra-

cycline. The resistance factor could be transferred from

other tetracycline-resistant bacteria by a process resem-

bling conjugation (Roberts and Kenny 1987).

Mycoplasmas may be difficult to eradicate from

human or animal hosts or from contaminated cell

cultures by antibiotic treatment, either due to resistance

of the specific mycoplasma to the antibiotic, lack of

mycoplasmacidal activity of the antibiotic, or due to the

intracellular location of some of the mycoplasmas. As

expected, mycoplasma eradication is particularly difficult

in immunosuppressed or immunodef,cient patients

(Taylor-Robinson and Bebear L997).

Vaccination

WHOLE CELL VACCINES

The frequent failure of antibiotics and other therapeutic

approaches to eradicate mycoplasmas and abort the

infectious disease process has led to the conclusion that

development of effective vaccines is the most promising

approach to control mycoplasma infections. The many

efforts to develop effective and safe vaccines to myco-

plasmas have been only partially successful. The overall

success obtained with formalin-inactivated M. pneumo-

niae vaccines in humans has been extremely disap-
pointing, although inactivated vaccines and live atte-
nuated vaccines have had some success in control of

some mycoplasma diseases in animals. No acceptable

live vaccine has been developed for human use
(reviewed in Ellison et al. 1992). Prior natural infection

appears to provide the most effective resistance;

however, evidence shows that M. pneumoniae infections

recur at intervals of several years. These observations

suggest that immunity to a single natural infection is of

relatively short term, particularly in children, and it may

be unrealistic to expect more, or even as much, from

artifi cially induced immunity.



Epidemiology and control of infect ions 1993

Attenuation of mycoplasma strains tends to reduce
virulence and immunogenicity. In most cases, attenuated
viable vaccines do not reach the level of protective effi-
ciency required from a commercial vaccine. Killed M.
pneumoniae vaccines administered intranasally to
hamsters are relatively inefficient unless boosted by
parenteral inoculation of vaccine (Ellison et al. 1992).
Intranasal immunization may be ineffective because the
antigenic mass is not retained for a sufficient period in
the lungs. On the other hand, parenteral killed vaccines,
particularly if combined with adjuvant, do produce

adequate protection in terms of reducing pneumonia,

although there is only a minimal effect on the number of
organisms growing in the lungs. A similar protective

effect can be achieved briefly by inoculation with hyper-
immune serum. In summary, a single dose of vaccine in
a form suitable for clinical use is unlikely to produce
lasting immunity to M. pneumoniae infection. Stimula-
tion of systemic antibodies may prevent the clinical
manifestations of pneumonia, but additional local stimu-
lation with live or killed organisms may be necessary to
evoke resistance to colonization.

The advantages of live vaccines are well established,
but they frequently suffer from deficiencies. Thus, the
live M. gallisepticum F-strain provides good protection

but may be pathogenic to young chicks. Vaccines based
on temperature-sensitive mutants of M. gallisepticum are
safer than the F-strain. but do not afford the same level
of protection. Consequently, Papazisi et al. (2002b)

proposed a new approach, based on employing a live,
attenuated M. gallisepticum strain R5ir5 that had lost the
gapA and crmA adhesin genes. Insertion of the adhesin
gapA gene into the chromosome of the attenuated strain
resulted in the expression of a high level of Gap A on
the mycoplasma cell surface. Vaccination of chicks with
this genetically modified strain produced a high level of
antibodies to Gap A, protecting the chicks against infec-
tion with the virulent Rro* M. gallisepticum.

PROTEIN VACCINES

An approach worth pursuing is the preparation of
vaccines made of antigenic components specifically
related to the mycoplasma-host cell interaction, such as
mycoplasmal cytadhesins. Guinea pigs preimmunized

with purified PL adhesin protein and subsequently
infected wrth M. pneumoniae showed increased levels of
M. pneumoniae-specific IgG, IgA, and adherence-inhi-
biting antibodies. However, these animals developed
severe lung lesions on challenge, suggesting that it may
well be harmful to vaccinate the host with the Pl
protein, as it may sensitize the host so that subsequent
infection will potentiate host response and lead to a
more severe disease (Jacobs et al. 1988; Razin and
Jacobs 1992). Another mycoplasmal protein vaccine was
developed more recently against M. hyopneumoruae
(Chen et al. 2007). This vaccine was composed of a

recombinant chimera of the nontoxic moiety of Pseudo-

monas exotoxin with a fragment of an M. hyopneumo-

niae cytadhesin overexpressed in ,E coli. The serological

response of pigs to this chimeric protein was promising,

but more work is needed to show the effectivity of this

vaccine under field conditions.

DNA VACCINES

Genetic immunization (DNA vaccines) is a novel,

promising approach to vaccine production that has many

of the advantages of live/attenuated vaccines, but with

no risk of infection. There is no need for confounding

factors, such as adjuvants, hapten carriers, or denaturing

agents. It involves introducing DNA encoding a

pathogen protein into host cells, using an expression

library of the pathogen. The first step in the process is

the successful transfection of cells that take up the

plasmid. The cDNA, with a strong mammalian promoter

in the construct, directs the synthesis of mRNA, leading

to the synthesis of the immunogen protein. If the trans-

fected cell is a professional antigen-presenting cell

(APC) (e.g. a dendritic cell) that expresses class I and II

MHC proteins, as well as costimulatory molecules, the

process of antibody production can proceed (Lai and

Bennett 1998). The DNA vaccine effectively induces

antibodies as well as cytotoxic T lymphocytes. Thus both

humoral and cell mediated responses are induced - a

distinct advantage. Barry et al. (1995) prepared an M.

pulmonis library by fusing digested mycoplasmal DNA

on to the last exon of the gene encoding the human

growth hormone (hGH), using cytomegalovirus as a

vector, so that hGH-M.pulmonis antigens might be

secreted. Theoretically, a library expressing the entire

genome of a pathogen could be used as a vaccine. Barry

et al. (1995) found that about L ng DNA injected into

the skin was required to produce an immune response.

Mice immunized with M. pulmonis libraries and chal-

lenged had no culturable mycoplasmas and no lung

Iesions.

Lai et al. (1994) constructed an M. pulmonis genomic

library cloned in )"gt 11 and transfected into E. coli.

Clones of E. coli expressing a fusion protein reactive

with anti-M. pulmonis antibodies were transferred orally

or intravenously into mice. Expression of fusion proteins

in the mice was induced by adding isopropyl-B-n-thioga-

lactopyranoside (IPTG) into the drinking water,

resulting in local and systemic antibody production and

effective protection of the animals against large numbers

of virulent M. pulmonis. DNA vaccines could also be

used to treat animals already infected with M. pulmonis.

When infected mice were immunized with the DNA

vaccine 1 week after infection, the numbers of organisms

recovered from tracheolung lavage gradually decreased

and were totally eliminated by 4 months (Lai et al.

1997).

It is possible to select the epitope important as an

immunogen, by isolating the dominant antigen, prepare
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a mAb to it, and use this antibody to select the E. coli
clone producing the specific fusion protein carrying this
epitope. Thus, the DNA vaccine is controllable. Such a
specific DNA vaccine was developed for M. hyopneumo-
niae. Following screening of the mycoplasmal clone
bank with hyperimmune pig serum, Fagan et al. (1996)

identifled a clone with a sequence homology to the R2
subunit of ribonucleotide reductase. This clone was
expressed rn E. coli as an 11 kDa protein fused to B-
galactosidase. Assessment of the vaccine potential of the
fusion protein in pig trials showed the vaccinated pigs to
be significantly protected against challenge with a viru-
lent M. hyopneumoniae. Use of an attenuated Salmo-
nella typhimurium aroA strain as a vector for delivery of
the above immunogenic M. hyopneumoniae fusion
protein did protect mice against experimental infection
with M. hyopneumoniae, and thus has the potential of
providing a cheap and easily administratable oral
vaccine for swine (Fagan et al. 1,997). Efforts to develop
an effective DNA vaccine against M. hyopneumoniae
are still under way, suggesting the failure of the above-
described DNA vaccines to provide satisfactory protec-
tion of swine in field trials. A recent trial is that reported
by Chen et al. (2003). They constructed a plasmid vector
carrying the P42 heat shock protein gene of M. hyopneu-
moniae driven by the potent cytomegalovirus promoter.
Injection of the plasmid into mice induced both humoral
and cellular responses. The antiserum from the immu-
nized mice inhibited growth of M. hyopneumoniae. One
can only hope that this vaccine will offer better protec-
tion for swine than the previous DNA vaccines.

A novel genetic strategy to control phytoplasma
diseases has been based on expression in plants of anti-
bodies (plantibodies) that are able to interfere with
multiplication of the pathogen. Le Gall et al. (1998)

engineered a gene of a single-chain variable fragment
antibody to a major membrane protein of the stolbur
phytoplasma. They cloned it in a plasmid of Agro-
bacterium tumefaciens and transformed it to tobacco
plants. The transformed plant carried the transgene.
When grafted on a stolbur-infected tobacco root stock,
the transgenic tobacco shoots grew free of symptoms,
while normal tobacco shoots showed severe stolbur
symptoms.

There can be little doubt of rhe great potential of
DNA vaccines so that one may expect the rapid devel-
opment of these new generation vaccines. Whether the
high hopes will be substantiated will have to await the
results of large-scale field trials.

DIAGNOSIS OF INFECTIONS

Mycoplasma identification and laboratory diagnosis of
mycoplasmal infections has been based on the classical
bacteriological tests, including morphology, cultural
characteristics, physiological, and serological properties.
While these tests still occupy a major part in myco-

plasma diagnostics, new tests based on the molecular

analysis of genomic DNA, ribosomal RNAs, cell
proteins, and lipids appear to push aside the classical

tests, and one may expect that the molecular tests will

shortly become the prevailing tests in mycoplasma iden-

tification (Razin 2002). Systematic and detailed descrip-

tion and evaluation of the classical procedures used in

mycoplasma identification can be found in the two

volumes of Methods in mycoplasmology (Razin atd

Tully 1983; Tully and Razin 1983), while the newer

molecular methods are included in the two more recent

volumes of Molecular and diagnostic procedures in

mycoplasmology (Razin and Tully 1995; Tully and Razin

1996). A succinct practical review of current methods

applied in routine laboratory diagnosis of mycoplasmal

infections, with emphasis on infections in humans, has

been published (Waites et al. 2001).

Cultural properties and biochemical
tests

The International Committee on the Taxonomy of

Mollicutes issued recommended tests for mycoplasma

identification, as well as for description of new species of

the class Mollicutes (International Committee 1995).

The recommended tests include those required to define

a new isolate at the higher taxonomic levels (class,

order, family), as well as tests for genus and species

determination. Thus, a test for sterol requirement, based

on growth promotion by cholesterol in the presence of

either 0.01 or 0.04 percent Tween 80 (Tully 1995) sepa-

rates the sterol-nonreqdring Acholeplasma and Meso-
plasma species from the members of Mollicutes

requiring cholesterol for growth. Other key tests to iden-

tify Mycoplasma and Ureaplasma species include those

for sugar fermentation, arginine, and urea hydrolysis
(Razin and Tully 1983).

Serological tests

A wide variety of serological tests have been employed,
particularly in mycoplasma species and strain identifica-

tion. The classical recommended tests include growth

and metabolism inhibition by specific antisera, as well as

direct and indirect immunofluorescence tests applied to

mycoplasma colonies. A combined deformation-metabo-

lism inhibition test system has been used to provide both

screening and refined analysis and definition of Spir-

oplasma species (see the relevant chapters rn Methods in

mycoplasmology; Tully and Razin 1983). A variety of

other, in some cases more sensitive, tests based on prin-

ciples of enzymeJinked immunosorbent assay (ELISA),

immunobinding, immunoblotting, immunofluorescence,

and immunoperoxidase tests have been applied to myco-
plasma diagnosis (see section B in Tully and Razin

1ee6).
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A wide variety of serological procedures are based on

detection of specific antibodies in sera of humans and

animals suffering from mycoplasma infections. The
procedures, as well as the evaluation of the results, are

discussed in detail in the relevant chapters of Molecular

and diagnostic procedures in mycoplasmology (Tully and
Razin 1996) and in Waites et al. (2001). Serodiagnosis

consists of examining serum samples for antibodies that
inhibit the growth and metabolism of the organism or fix

complement with mycoplasmal antigens. Being the best
established and important human pathogen thus far,
laboratory diagnosis of M. pneumoniae infections has

been the subject of numerous studies (reviewed in

Daxboeck et al. 2003). Antibody response in myco-
plasmal pneumonia is most easily demonstrated by

complement flxation (CF), reacting acute- and convales-
cent-phase sera with intact organisms or their lipid
extract as antigen. A four-fold or greater antibody rise is

considered indicative of recent infection (Ferwerda et al.
2001), whereas a sustained high antibody titer may not
be significant, because a relatively high level of antibody
may persist for at least 1 year after infection.

In view of the many limitations of CF tests, they have

recently been largely replaced by methods applying

alternative technologies, based mostly on enzyme immu-

noassays (EIA). Efforts were also invested in developing

more defined and specific antigens based on immunodo-
minant M. pneumoniae membrane proteins, such as P1
(Tuuminen et al. 2001) or the 116 kDa protein (Duffy

et al. 1999). A P1-enriched antigen preparation was not

only the most sensitive in detecting antibodies at the

early stage of infection, but also detected antibodies to

M pneumoniae produced during the convalescent phase

of infection (Tuuminen et al. 2001). This antigen is

suitable for IgG, IgM, and IgA EIA testing (Suni et al.
2001). A combination of M. pneumoniae-specific PCR in

nasopharyngeal aspirates with an IgM-capture immu-

noassay in acute phase sera, increases the sensitivity of
rapid laboratory diagnosis of M. pneumoniae, enabling

the attainment of a laboratorv result in onlv 1 or 2 davs
(Ferwerda et al. 2001).

A variety of rapid tests based on indirect hemaggluti-

nation of erythrocytes or latex particles coated with M.
pneumoniae antigens, or an immunofluorescence assay
detecting IgM antibodies to M. pneumoniae (Dorigo-

Zetsma et al. 1999) have been developed, and some are
commercially available. EIA test kits presently achieve

the largest market share of commercial mycoplasma

serologic tests (Suni et al. 2001; Tuuminen et al. 2001;

Waites et al. 2001). In summation, although PCR consid-
erably extends the arsenal of reliable laboratory techni-
ques, serology still retains importance in diagnosis of M.
pneumoniae infections and of complications associated

with M. pneumoniae infections. It is well known that
IgM antibodies are frequently diagnostic in children
because they are most likely experiencing an episode of

a primary disease. In adults, on the contrary, IgM anti-

bodies alone may not be diagnostic. Serology using IgA
and IgA-antibody detection remains a method of choice
for the diagnosis of acute infection in adults (Watkins-

Riedel et al. 2001).

Restriction endonuclease analysis

The classic tests for mycoplasma identiflcation and clas-

sification have been supplemented by a variety of tests

based on genomic DNA analysis. Restriction endonu-

clease analysis (REA) of the mycoplasma genome

provides a convenient and cost-effective means of deter-

mining DNA sequence variations among strains of

mollicutes species (Razin and Yogev 1995). Variations

in the array of fragments generated by a specific restric-

tion endonuclease are called restriction fragment length

polymorphisms (RFLP). RFLPs can result from

sequence rearrangements, insertion or deletion of DNA

segments, or base substitutions within the restriction

endonuclease cleavage sites. Restriction endonuclease

analysis has become a most useful taxonomic tool, facil-

itating the identification and classiflcation of myco-

plasmal isolates, as well as providing means for evalu-

ating the degree of genotypic heterogeneity of strains

within established species (Djordjevic et al. 2001; Razin

1992).

The great advantage of chromosomal restriction endo-

nuclease analysis is that it is universally applicable and

sensitive, because the entire genome is evaluated for

RFLP, and in addition it is relatively easy to perform.

Moreover, unlike SDS-PAGE of mycoplasmal cell

proteins, restriction endonuclease analysis is not suscep-

tible to contamination by culture medium contaminants,

and requires very little (3-5 pg) of unlabeled DNA per

test (Razin and Yogev 1995). A more recently devel-

oped technique, named amplified-fragment length poly-

morphism (AFLP) is a whole genome fingerprinting

method based on the selective amplification of restric-

tion fragments. This multistep procedure combines in an

elegant manner the power of PCR with the informative-

ness of REA. AFLP yields more complex banding

patterns than other DNA fingerprinting methods,

increasing the discrimination between strains. In this

way AFLP can be used as a device in studies of epide-

miology, pathogenicity, and genetic variability in natural

populations of mollicute species (Koktovic et al. L999).

Southern blot analysis of genomic DNA digested by a

restriction enzyme and hybridized with a cloned

conserved gene or a specific genomic fragment as a

probe, has become a most useful tool in the identiflca-

tion, classiflcation and subtyping of mollicute species

(Razin 1992; Yogev and Razin 1995). The fact that the

rRNA operons in the various mollicutes differ in restric-

tion sites within the operon and in the flanking

sequences results in the production of hybridization

patterns specific to different mollicute species or strains.
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A restriction enzyme having a 6-bp recognition site will
usually cut the one or two mycoplasmal rRNA operons
in a few sites, so that the hybridization patterns are
usually simple and much easier to compare than the
multiband restriction patterns obtained by restriction
endonuclease analysis of entire genomic DNA. Southern
blot hybridization with cloned rRNA genes as probes
has been named 'ribotyping'. However, other conserved
genes can be employed as probes, such as the tuf gene,
encoding the elongation factor EF-Tu. The mollicute
genome carries only one copy of this gene, so that the
hybridization patterns obtained with restricted mollicute
DNAs are also very simple and easy to compare (Razin
1992).

PCR-b_a1ed diagnostic procedures

The introduction of PCR to diagnostics in the late 1980s
pushed aside many of the previously developed DNA
probes and commercial kits (Razin 1994). PCR tests are
several orders of magnitude more sensitive than those
based on direct hybridization with a DNA probe. More-
over, PCR is fast, copying a single DNA sequence over
a billion times within 3 hours. Nucleic acid ampliflcation
techniques are not limited by the ability of an organism
to grow in culture, a feature of paramount importance
considering the fastidious nature of some mycoplasmas,
such as M. genitalium, and the fact that not all molli-
cutes can be cultured in vitro, notably the phytoplasmas,
and the hemoplasmas (Eperythrozoon and Haemo-
bartonella species, see Phylogeny and taxonomy
section). Thus, PCR-amplified 165 rDNA subjected to
RFLP analysis has become the method of choice for
routine detection, differentiation, and classiflcation of
phytoplasmas (Marcone et al. 2000; Seemuller et al.
2002).

PCR methodology is still at a phase of rapid develop-
ment and new procedures, modifications, etc., are
reported almost daily. Detailed descriptions of metho-
dology and evaluation of PCR-based tests in diagnostics
can be found in the relevant chapters in Molecular and
diagnostic procedures in mycoplasmology (TtilIy and
Razin 1996). The first major step in the development of
a PCR-based test concerns the selection of the appro-
prlate target sequences for amplification. The sequence
to be amplified can be chosen from a published myco-
plasmal gene sequence or from a randomly cloned DNA
fragment demonstrated to be specific for the myco-
plasma to be detected (Kong et al. 2001; Caron et al.
2000). Complete or almost complete sequences of the
165 rRNA genes are now available for almost all the
established mollicute species, and can be retrieved from
data banks (see Phylogeny and taxonomy section). This
facilitates the selection of a variety of target sequences,
starting with sequences in the highly conserved regions
of the genes, producing primers of wide specificity

('universal primers') which will react with the DNA of

any mycoplasma or even with the DNA of other prokar-

yotes. These may be satisfactory for detection of

mycoplasma infection in cell cultures, where the goal

is just to screen the cultures for contamination. In case

of a need to differentiate the contaminating myco-
plasmas, a multiplex PCR system can be employed,

consisting of a universal set of primers along with primer

sets specific for the mycoplasma species commonly

infecting cell cultures (Choppa et al. 1998; Kong et al.

2001). The mycoplasmal 165 rRNA genes carry, in addi-

tion to the conserved regions, more specific variable

regions, as well as specific 165-235 intergenic spacer

regions. Primers can be selected from these regions with

various degrees of specificity, ranging from clusters of

species, single species, down to the subspecies level
(Kong et aI.2001).

Although conventional PCR tests should, under

optimal conditions, detect the DNA of a single myco-

plasma, this rarely happens in testing clinical material.

Two-step (nested) PCR has been devised to increase

sensitivity to a level enabling detection of a single myco-
plasma in a clinical sample (Verdin et al. 2000). Another

advantage of nested PCR is that the second round PCR

serves to confirm the specificity of the first round PCR.

Another approach is that termed random amplified
polymorphic DNA (RAPD), or arbitrary primer PCR
(AP-PCR). It involves PCR ampliflcation with a single

arbitrary primer at low stringency, resulting in strain-

specific arrays of DNA fragments that can reproducibly

distinguish even closely related strains of a species. The

simplicity of this procedure, and the availability of

commercial kits should facilitate the use of RAPD

analysis as a routine procedure for identiflcation of

strains of a mollicute species, employing the RAPD
patterns to investigate disease outbreaks for epidemio-

logic tracking (Cousin-Allery et al. 2000).

Comparing PCR results with those of
culture and serology

Numerous publications compare the results of the PCR

technique with culture and serological testing for

M. pneumoniae (for references see Razin 2002 and

Daxboeck et al. 2003). Most publications indicate the

higher sensitivity and the much faster results obtained

by PCR (for examples, see Dorigo-Zetsma et al. 1999

and Ferwerda et al. 2001). The sensitivity of PCR assays

is usually in the order of magnitude of a few femtograms

of mycoplasmal DNA. When translated into numbers of
organisms, 1 fg of mycoplasmal DNA is approximately

equivalent to the genomic DNA of a single mycoplasma

cell, based on a genome size of about 1 000 kb. The

ability to detect by PCR a single mycoplasma cell makes

PCR the most sensitive detection method available.

even more than culture. In theory. a positive culture can
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be derived from a single mycoplasma cell. In practice,

however, due to many reasons (including mycoplasma

cell aggregates, multinuclear f,lamentous forms, defec-

tive or nonviable cells) a positive mycoplasma culture

requires an inoculum equivalent to about 100 to 1 000

cells. This is known for other bacteria as well and is the
reason for using the expression colony-forming units
(cfu) or color-changing units (ccu) rather than number

of cells per milliliter (Razin 1994).

Obviously, PCR should be applied in the case of
patients with an impaired immune response where sero-

logical tests may be much less effective. Positive PCR

results for M. pneumonlae in culture-negative persons

without evidence of respiratory disease suggests either
inadequate speciflcity of the test, persistence of the

organisms after infection, or their existence in asympto-

matic carriers, making interpretation of such results diffl-

cult (Waites et al. 2001). In other words, would such a
sensitive technique as PCR lead to 'over-diagnosis' of

M. pneumoniae infections partly due to its detection in
healthy carriers? It is still difficult to answer this ques-

tion in a definitive manner.

In conclusion, PCR detection of mycoplasmas is still

too labor-intensive, expensive, and complex to be

carried out routinely in most clinical microbiology
laboratories. Development of satisfactory commercial
PCR kits may simplify the procedures and bring about

better standardization of the technique, and if available

at a reasonable cost, PCR could become the major
method for diagnosis of mycoplasmal infections.
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HISTORIC PERSPECTIVES

The first means to diagnose infections by chlamydia (i.e.

by Chlamydia trachomatis) was the demonstration of
intracytoplasmatic inclusions in smears of eye secretion
in cases of inclusion conjunctivitis,' a discovery made at
the beginning of the twentieth century (Halberstaeter

and von Prowasek 1907). During this period it was also
demonstrated that parents to babies suffering from this
condition also had genital mucosal cells with similar
inclusions. The designation of C. trachomatis refers to its
etiological role in trachoma (Darougar and Jones 1983).
Since then, lymphogranuloma venereum (LGV) is also
known as a chlamydia infection. A 'rediscovery' of C.
trachomatis as one of the main causes of nongonococcal
urethritis (Dunlop et aL. 1972) and cervicitis (Brunham
et al. 1984) was made during the 1970s and early 1980s.
Complications thereof, such as endometritis and salpin-
gitis (pelvic inflammatory disease (PID)), could be
linked to infection by C trachomatis (Mhrdh et al.
1977). It was also demonstrated that newborns could
develop not only conjunctivitis (Stenberg and Mirdh
1990), but also pneumonia (Beem and Saxon 1977).

During the 1930s, Bedson described the life cycle of
chlamydia (i.e. of Chlamydia psiuaci) (Bedson et al.
1930). The organisms were for some time named
Bedsonia after him. It was established that 'parrot fever'
or psittacosis/ornithosis was caused by Chlamydia psit-
taci. The agent could be associated with a variety of

animals infections and with zoonotic infections. such as

abortion and premature birth in women infected by

sheep (Johnson et al. 1985), and conjunctivitis due to the

feline conjunctivitis agent (Hartley et al. 2001).

In 1,976, respiratory tract infections occurred in a

Finnish military camp (Kleemola et al. 1988). Isolated

agents had similarities to chlamydia strains recovered

from the eyes of persons in Taiwan (strain TW-183) and

Iran (strain IOL-207) and from a case with acute

respiratory tract infection in the USA (strain AR-39).

They were regarded variants of agents classified as C.
psittaci. Initially, these agents were recognized as the

TWAR agents (Kuo et al. 1986), now recognized as a

separate species, r.e. C. pneumoniae. Seroepidemiolo-

gical studies showed that antibodies to these agents

occur more often in persons who later developed heart

infarction (Saikku et al. 1988). This observation led to

investigations into whether or not there is a correlation

between arteriosclerosis and C. pneumoniae (Kuo et al.

1993; Campbell and Kuo 2003). If an association, or

even correlation, really exists is, however, still an open

matter (van der Ven et al. 2002; Broman and Hammers-

chlag2002).

ln 1957, embryonic hen eggs were used to isolate C

trachomatis (T'ang et al. 1957). This latter method was,

however, not suitable for routine clinical use, which is

why the introduction of tissue cell cultures in 1965

meant a step forward (Gordon and Quan 1965). Later

develooments involved the use of HeLa 229 cells treated
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with DEAE, i.e. a dextran of high molecular weight.

Other pretreatments utilized emetin, cytochlasin B,

hydrocortisone or iodoxyuridine (IUDR). Irradiation of

the cells increased their sensitivity to infection. The need

to prepare the cells by irradiation and/or chemicals some

days before use meant great restrictions if diagnostic

services were to be applied on a large scale. In 1.976, a

diagnostic breakthrough was made by application of

cycloheximide treatment of McCoy cells. This could be

made in conjunction with infection of the cells, which

made it practical and cheap to use cell cultures (Ripa

and Mirdh 1,977). By application of this method,

screening studies could demonstrate the wide spread of

genital chlamydial infections in general populations.

Enzyme-linked immunosorbent assay (ELISA), e.g.

ChlamydiazymeG), was widely applied in the diagnosis of
genital infections by C. trachomatis untll the end of the

1990s, when nucleic acid-based tests took over in many

laboratories. In retrospect, the use of ELISA tests can

be regarded as'the dark age' in chlamydial diagnostic

services, as their sensitivity was low, i.e. 50-70 percent.

In comparison, adequately performed cell cultures have

a sensitivity of at least 85 percent. During the 1990s, kits

with amplified nucleic acid tests, such as polymerase

chain reaction (PCR) (Livengood and Wrem 2001) and

ligase chain reaction (LCR) (Lee et al. 1995) came on

the market.

TAXONOMY

The species of the genx Chlamydia are shown rn

Table 78.1. Three species occur in humans, i.e. C.

trachomatis, C. psittaci, and C. pneumoniae. The forrth

species of genus Chlamydia, i.e. C. pecorum, is a

nonhuman pathogen. The chlamydia organisms belong

to the family Chlamydiaceae in order Chlamydiales. On

the basis of molecular markers, a new taxonomy for

chlamydia organism has been proposed, using the

denomination Chlamydophila for genus (Everett et al.

1999). These authors proposed the recognition of C.

muridarum and C. srzis. However, this taxonomy has not

been generally accepted and was opposed by a large

group of researchers in the field (Schachter et al.2001).

The old taxonomy is used in this chapter.

C. trachomatis was initially divided into 15 serovars

(Table 78.1). More recently, the proposal of four new

Table 78.1 Taxonomy of the chlamydia organisms

Taxonomy

Order
Fami ly

Genus

Soecies
Biovars of C. trachomatis

Serovars oI C. trachomatis

subtypes of earlier recognized serovars have been made,

i.e. Da. Ga. Ia. and L2a. Serovars of C. trachomatis have

been identified by microimmunofluorescence (MIF) tests

(Wang and Grayston 1982). The subidivision by MIF

fitted well with the clinical spectrum of infections caused

by the various serovars and with subdivision obtained by

genetic sequencing. Differences in the major outer

membrane proteins (MOMP) can form a base for subdi-

vision of C. trachomatis into different serovars (Caldwell

and Schachter 7982). Using antibodies raised against

different domains of MOMP, such subdivisions can also

be made. PCR-based restriction fragment length poly-

morphism of outer membrane protein (OMP) 1 means a

simpler method for serovar typing than by MIF tests

(Frost et al. 1991).

Chlamydia pneumoniae was initially included in C.

psittaci (Kuo et al. 1986). Structural and antigenic

analyses formed the base for separating C. pneumoniae

into its own species (Campbell et al. 1990).

REPRODUCTIVE CYCLE

Chlamydia organisms, which are intracellular parasites,

multiply by binary fission in a cytoplasmatic vacuole

which is surrounded by a membrane with similarities to

the host cell's cytoplasma membrane (Conati et al.

2002). Chlamydiae are classifled as bacteria, but have a

unique mode of replication as illustrated in Figure 78.1.

The infectious particle is the elementary body (EB)

(Figure 78.2). The EB adheres to the host cell with the

aid of heparin-sulfate-like glucosaminoglycan molecules

which are required for chlamydia to enter a host cell. A

number of substances are known to enhance contact

between EBs and host cells, i.e. diethylaminoethyl-

dextran and iodoxyuridine, which have been utilized in

in vitro cultures. The EB is taken up through a vesicle, a

phagosome, without phagolysosomal fusion. After an

eclipse phase of approximately 12 h, the EB develops

into a reticulate body (RB). The EB has a diameter of

200-300 nm. whilst that of the RB is 1 000-1 500 nm.

The RB is divided by binary fission inside the vesicle.

During the synthesis of substances by the chlamydia cell,

the metabolism of the host cell is depressed through

influence of the chlamydia parasite. Eighteen to 24 h

after the EB has attached, the RBs are undergoing reor-

ganization into EBs. Within another 6 h, the EBs are

Chlamyd ia les
Chlamydiaceae

Chlamydia

C. trachomatis, C. psittaci, C. pneumoniae, C' pecorum

trachoma, lymphogranuloma venereum (LGV), mouse
pneumoni t i s  agent

A, B, Ba, C, D, E, F, G, H, l ,  J, K 11,12, L3
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inJect ious EB

Hours
(approximate)

\

Fusion of  inc lusions
Appearance of  in i t ia l
bodies

Figure 78.1 Schematic drawing of the developmental cycle of Chlamydia trachomatis showing uptake of elementary bodies (EBs),
formation of reticulate bodies (RBs), multiplication and release of the agent as EBs

released and the host cell dies. In vivo, the develop-
mental cycle is longer than in in vitro cultures. Its exact
time may differ by prevailing circumstances but may be
up to a week At the end of the reproductive phase, the
chlamydia inclusion may be so large that it displaces the
nucleus of the host cell. This phenomenon may give the
impression that the inclusion more or less surrounds the
nucleus, like an overcoat. This once gave the organisms
their name 'chlamydia,' which in Greek means 'over-

coat. '

BIO. AND IMMUNOCHEMISTRY
GENETICS

Infectivity increases
with EB product ion

DNA condensat ion wi th in
K6 tO torm tBs
5 -S  b r i dg ing  MOMP

Figure 78.2 Electron-microscopic picture of a section of a cell of
Chlamydia trachomatis, serovar D, attached to carbon-coated
grid and stained with ammonium molybdate (with courtesy of S
Birkelund, A G Lundmose and G Christiansen, Aarhus lJniversitv.
Denmark) Bar = 100 nm

Most bio-, immunochemical and genetic data on chla-
mydia organisms are derived from studies of C. tracho-
matis. Handling of C. psittaci involves risks for labora-
tory infections and C pneumoniae is difficult to culture.

The chlamydia organisms are energy parasites of
eukaryotic cells, which supplies them with ATP, GTP,
and UTP. The metabolism of the chlamydia organisms
is, otherwise, similar to that of eubacteria (M6rdh et al.
1 989).

The EB has a central, electron dense area surrounded
by a cytoplasmatic membrane and a double-layered

Ch lamyd ia l
ant igen Inc l us i on

\

Binarv f iss ion of  RBs
Chlamvdial  ant ioen
releas6d from ce-ll
surface
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outer membrane. The outer membrane is made up of up

to 50 percent protein and 30 percent lipids as well as

fatty acids and carbohydrates (Birkelund et al. 1989;

Siridewa et al. 1993; Su et al 1996; Yxfeldt et al.1994;

Kuo et al. 1996; Stephens et al. 2001; Conati et al.2002).

The EB has a lipopolysaccharide (LPS) surface struc-

ture, which is common to all species of the genus Cftla-
mydia. -fhe 

LPS has two antigenic domains. One is

shared with gram-negative bacteria while the other is

specific for chlamydia organisms. LPS contains a genus

specific epitope, i.e. 3-deoxy-o-manno-oct-2-ulopyrano-

sonic acid (KDO). This trisaccharide is highly antigenic.

The chlamydial cell wall also contains proteins, e.g. the

MOMP, which has a molecular weight of 40 x 106. The

MOMP has four variable domains (I, II, III, and IV).

Differences between them can be utilized to identify the
various species of genus Chlamydia (Zhong et al. 1990).

Apart from MOMP, there are other proteins on the cell

surface, i.e. Omc A and Omc B.

The guanine + cytosine (G + C) content of the DNA

of C trachomatis rs 44 percent and that of C. psittacilC.

pneumoniae is 41 percent. The DNA homology is only

10 percent between the two species, while the 165 RNA
gene sequence shows over 95 percent homology. The
genome of C. trachomatis is a double-stranded DNA

molecule with a molecular weight of 660 x 106. The

entire 1000 kb genome of C. trachomatis has been

sequenced (Stephens et al. 2002). The structure of

MOMP and the sequence of the MOMP genes of C
psittaci have been studied (Zhang et al. 1989).

Almost all strains of C. trachomatis tested contain

additional genetic material in the form of a 7.5 kb

cryptic plasmid (Peterson et al. 1990). The nucleic acid

sequence is used for diagnostic purposes in PCR and

LCR tests (see the section on Diagnosis below).

Although only single strains have so far been detected

that do not carry this plasmid, individuals harboring

such strains will therefore remain undetected in such

tests. Obviously, a more general check for the presence

of nonplasmid-containing strains of C. trachomatis is

essential, as long as the main diagnostic tools are based

on the nucleic acid sequence in the cryptic plasmids.

PATHOGENESIS AND IMMUNE
RESPONSE

Apart from being an intracellular parasite causing cell

disruption and death of the host cell (Conati et aI.2O02),

the pathogenicity mechanisms of chlamydia organisms

are not well understood. However, a cytotoxin has been

recognized. The LGV serovars are more invasive than

the non-LGV serovars, causing ulceration and lymphan-
gitis. The other serovars of C. trachomatis (Table 78.1)
cause infection of epithelial linings, such as of the
mucosa of the cervical channel, endometrium. uterine

tubes, urethra, vas deferens, epididymis, and conjunc-

tiva. Tumor necrosis factor (TNF)-o-induced ohvsio-

logical apoptosis can be inhibited by a chlamydial

infection (Fan et al. 1998).

A chlamydial infection may result in proinflammatory

cytokine production, along with an immune response to

the agent and induce antibodies to heat shock proteins

(hsp), e.g. to hsp60 (Witkin et al. 1996). As chlamydia

and other bacteria share epitopes with human hsps, it

has been speculated that chlamydial infections may

cause an autoimmune response. hsp60 production can

cause localized inflammatory reactions, e.g. in the

uterine tubes. RBs may escape the immune response

and thereby explain persistent infections. Formation of

new EBs from RBs can induce an immune response and

inflammatory reactions resulting in a cyclic process of

scarring of the infected tissue. For example, this may

eventually lead to partial or total obliteration of the

fallopian tubes causing tubal factor infertility or subin-

fertility. If the vas deferens is affected, the male may

transiently be subfertile. Such a pathogenicity

mechanism might also explain the lower success rate of

in vitro fertilization in women with evidence of a passed

genital chlamydial infection. In trachoma, immune reac-

tions contribute to changes resulting in blindness.

Clearance of a chlamydial infection and resistance to

reinfection is dependent on T-cell response. CD4- and

CD8-positive cells are engaged. Interferon-y may inhibit

multiplication of RBs.

C. pneumoniae can prevent programmed cell death in

experimentally infected cell cultures (Carratelli et al.

2002), claimed as a possible pathogenicity principle.

A role of chlamydial hps60 in stimulation of an

innate immune response to C. pneumoniae has been

demonstrated (Costa et al.2002).

CHLAMYDIA TRACHOMATIS

Epidemiology

The World Health Organization (WHO) has estimated

that the number of new genital infections by chlamydia

has almost reached 100 million annually, which makes

these infections one of the most prevalent sexually trans-

mitted diseases (STD). However, the epidemiological

situation varies by country (Norman 2002). This can

partly be explained by the introduction of national

screening programs (Mirdh 2002b). Where such

measures have been undertaken, the prevalence of

genital chlamydial infections has markedly decreased

and so have their complications, e.g. PID (Westr<im

1998). In the UK, a recent increase in the prevalence of

such infections has been seen, whereas in the Scandina-

vian countries there has been a decrease, although a

small increase has been noted in recent years (to some

extent due to the introduction of nucleic acid detection

methods). It should, however, be observed that popula-

tion-based data and reliable surveillance systems are



2010 Chlamydia

generally lacking (MiLrdh 1998). The number of cases Table 78.2 Conditions in nonpregnant and pregnant women, in
detected closely depends on whether screening for chla- fetuses, in newborns, and in males, in whom infections with

mydia carriers is performed, as the majority of those :l1ryl1,.li1thomatis 
plavs an etiological role sequelae of

who are infected by C. trachomatis are -or" o. t"ra 
these conditions are also listed

asymptomatic and have no reason to consult health Manifestations Sequelae

providers. The number of genital chlamydial infections Nonpregnant women

detected in a region or country is also dependent on Cervicitis Infertility

whether or not partner noti f icat ion is performed (Mirdh Endometri t is Chronic abdominal pain

1998). Access to diagnostic services and knowledge of Salpingitis Ectopic pregnancy

which detection methods are in current use is essential. PID Chronic obstructive lung

Some currently used methods have a low sensit ivi ln disease

andior specificity. This means that either a large propor- Periappend.icitis Asthma

tion of cases remain undetected or are being falsely =:i1,"^tj:11:/teritonitis/ 
Trachoma (entropion'

reported as chlamydia-infected. To sum up, 
"pij.o-'i-o# 

Pertsigmoiditis pannus' blindness)

gical data based on populat ion surveys are almost Chorioamnionit is ?
nonexistent and surveillance data must be interpreted lntrauterine infection of
with caution. fetuses

Young age is identified as a risk factor to contract
genital chlamydial infections and also for reinfection
(Norman 2002). Thus, in most societies, young teenagers
belong to those that should be addressed in preventative
work, which has to start at school age to be effective
(Mirdh 2002b). With the knowledge that young adults
are most commonly infected, screening of middle-aged
persons is often neglected. Therefore, the age distribu-
tion of documented cases can be misleading for under-
standing the chlamydia epidemic situation. As for other
STDs, a high number of sex partners is, of course, also a
risk factor. The transmission rate of genital chlamydial
infections is, however, poorly documented.

Trachoma is regarded as the most common cause of
preventable blindness (Darougar and Jones 1983). Some
decades ago, it was estimated to affect some hundred
millions of persons. The so-called 'trachoma belt' covers
North Africa and the Sub-Saharan region, Middle East,
the dry area of the Indian subcontinent, and South East
Asia. Recent society developments and trachoma
prevention programs have markedly reduced the preva-
lence of trachoma (Jones 1975). Ethnic belonging, rather
than poor sanitary conditions, seems to play a role for
the prevalence of trachoma in displaced persons living in
the same camp (Mahmoud et al. 1994a).

Clinical  syndrome

The manifestations of infections bv C. trachomatis are
shown in Table 78.2.

GENITAL INFECTIONS IN NONPREGNANT
FEMALES, INCLUDING CERVICITIS,
ENDOMETRIT|S, AND SALptNGtTtS (plD)

Chlamydia infections may involve both the lower and
upper genital tract of men and women (Mirdh et al.
1917, l98la; Holmes et al. 1980; Svensson et al. 1981;
Ingerslev et al. 1982). In most countries today, C. tracho-
matis is the most common cause of cervicitis. The

Postpartum PID

Newborns

Conjunctivi t is in newborns
Pneumonia  in  in fan ts

Males

U retr i t is

Ep id idymi t i s

Vaseit is

Both genders

Proctitis

Sexually acquired reactive
arthri t is (SARA)

Reiter 's syndrome

columnar epithelium of the cervical channel is infected.
Mucopurulent discharge from the cervical os is a char-
acteristic finding (Brunham et al. 1984). The majority of
chlamydial cervicitis cases is low-symptomatic. Cervical
ectopy is not related to an increased risk of contracting

chlamydial infection. Tubal infections may spread
through the fallopian tubes to intraabdominal sites, such
as to the liver surface (Wdlner-Hanssen et al. 1981;
Mirdh and Wolner-Hanssen 1985).

C. trachomatis is a common etiological agent of endo-

metritis (Mirdh et al. 1981a). Chlamydial endometritis
(and salpingitis) is associated with production of chlamy-
dial hsp60 antibodies (Peeling et al. 1,997) which elicit a
mononuclear cell reaction. An intensive mononuclear

cell infiltration can be seen in endometrial aspirates

after specific histological staining (Figure 78.3). Approxi-

mately 40 percent of all women with genital chlamydial
infections have a PID. In clinical practice it is not
possible to determine which patients do have an
ascending infection. The infection may spread to the
tubes and cause salpingitis (M6rdh et al. 1977l- Svensson
et al. 1981) (Figure 78.4). The latter infection may
spread further to the abdominal cavity to cause peri-

appendicitis, peritonitis, perihepatitis, perisplenitis, and
perisigmoiditis (Wolner-Hanssen et al. 1981; Mirdh and
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Figure 78.3 Chlamydial endometritis with a characterisilc plasma
cell infiltration

Wolner-Hanssen 1985) (Figure 78.5). In chlamydial peri-

hepatitis, the affected woman may present with pain

under the right arcus, which can mimic a cholecystitis

attack. Tubal infections may result in tubal factor inferti-

l i ty (Henry-Suchet et al.  1981; Svensson et al.  1983;

Patton et al. 1994). This risk increases with each episode

of salpingitis. ln rough terms, the risk for involuntary

chi ldlessness is 25,50, and 75 percent after one, two, and

three episodes of PID, respectively. A repeated episode

of salpingitis may not necessarily be due to chlamydial

infection, but to bacterial infections in a damaged tube

Extrauterine pregnancy (Svensson et al.  1985) is asso-

ciated with a past chlamydial infection. Chronic abdom-

inal pain may be still another sequelae of PID due to C.

trachomatis.

Oral contraceptives can influence the natural history

of genital chlamydial infect ions (Svensson et al.  1984)

and mask symptoms of chlamydial PID (Mirdh and

Hogg 1998). In women with chlamydial salpingitis who

are on the pill, spread of the infection into the abdom-

inal cavity is less common than in nonusers.

Figure 78.4 Histological section of a fallopian tube of a woman
with acute salpingitis from whom Chlamydia trachomatis lvas
isolated from the tubes and who developed a significant antibody
response The tubes were removed because of severe
complications

Figure 78.5 Chlamydial perihepatitis in a case of chlamydial
salpingitis showing the characteristic fibrin deposit on the liver
capsule

NONGONOCOCCAL AND POSTGONOCOCCAL
URETHRITIS

The term nongonoccocal urethritis (NGU) was coined to

characterize cases of urethral discharge that could not be

associated with gonorrhea (Dunlop et al. 1972). When

methods to diagnose C. trachomatls infection had been

established, the true etiology of these cases was discov-

ered. By the end of the 1970s, NGU cases outnumbered

those of gonococcal urethritis; a situation which has

remained so in most countries. This is also true for

urethritis that persists after microbiological, but no clin-

ical cure, of gonorrhea, i.e. for postgonococcal urethritis

(PGU). PGU is often due to an infection by C. tracho-

matis not cured by conventional gonorrhoea therapy.

ADVERSE PREGNANCY OUTCOMES

Chlamydial infections are of specific concern in preg-

nancy (Mirdh 2002a) (Table 78.2). Such infections have

been associated with a number of adverse pregnancy

outcomes, such as early and late abortion, stillbirth,

prematurity, small-for-date babies, and intrauterine fetal

infections Serological evidence of an intrauterine infec-

tion by C trachomatis was found in 10 percent of babies

born preterm or in the case of stillbirth, as evidenced

from tests of cord blood (Gencay et al. 2000). For any

one of these conditions, it is difficult to assess the role, if

any, of confounding factors such as genetic poly-

morphism for interleukine production.

Ectopic pregnancy correlates to a history of PID

(Svensson et al.  1985; Brunham et al.  1986) and presense

of hsp60 antibodies (Sziller et al. 1998). In countries

where nationwide massive screening programs for detec-

tion of genital chlamydial infection have been

performed, the rate of extrauterine pregnancies has

decreased dramatically (M6rdh 2002a).



20'12 Chlamydia

lnfection by C trachomdlis may also interfere with in
vitro fertilization (IVF) trials (Wolner-Hanssen and
Mirdh 1984; Witkin et al. 1994). C. tachomans can
attach to, and even penetrate, spermatozoa. hsp60 anti-
bodies to C. trachomatis are found in cases subjected to
IVF (Spandorfer et al.  1999).

Elective abortion in cervical carriers of C. trachomatis
involves an increased risk of developing post-abortion
PID (Moller and Mdrdh, 1980). Therefore, test ing
women to be subjected to legal abortion has been
recommended as a routine measurement.

LGV

LGV is caused by serovars L 1-3 of C. trachomatis.
LGV is usually found in tropical and subtropical coun-
tries (Perine and Stamm 1999). ln other regions, it
usually occurs as import cases. The incubation period is
1-3 weeks. The first sign of infection is usually a vesicle
or an ulcer on the penis or on the fourcette in women
(the latter easi ly gets undetected). Also, extragenital
sites such as the fingers may be the primary location. As
in syphilis, the ulcer heals. Later, there will be involve-
ment of the inguinal lymph nodes, which occurs after 2-
16 weeks. The lymph nodes get swollen, painful,  and wil l
suppurate. often through several sinuses. In one third,
this phenomenon is seen bilaterally. This is the char-
acteristic 'bubo' of LGV. If the lymphatic nodes under
the inguinal ligament are involved, there is the so-called
'groove sign' In women, the i l iac lymphatic glandulae
are commonly involved. This second stage of LGV is
accompanied by constitutional symptoms, such as chills,
headache, myalgias. and arthralgias. When the LGV
organisms invade the lymphatic system. it may result in
lymphstasis causing elephantiasis of the genital region.
There could also be manifestations from several other
organs, e.g. the eyes. central nervous system (CNS).
heart, and lungs. Rectal strictures and development of
rectal and rectal-vaginal fistulae may also be seen.

LGV should be included among differential diagnosis
of any genital ulcer if there is any history or epidemiolo-
gical data supporting the possibility of such an etiology.
If case culture is used to diagnose LGV, the entire cell
carpet will generally become infected, which can be used
as a differential diagnostic marker for LGV. Detection
of antibodies to chlamydia LPS has been used to
diagnose LGV, as well as PCR and genetic referencing.

CONJUNCTIVITIS

Chlamydial conjunctivitis, also named paratrachoma and
inclusion conjunctivitis (usually debuts unilaterally to
spread to the contralateral side) is seen in newborns
(Figure 78.6), infants, children. and adults (Figure 78.7)
(Stenberg and MArdh 1990). lt affects the lower lid
where follicules are found (Figure 78.8). It often debuts
in the newborn after 1-2 weeks, but may do so within
days if the baby has been infected in utero. Chlamydial

Figure 78.6 Neonatal conjunctivitis caused by Chlamydia
trachomatts

conjunctivitis is seen in adults with a frequency of one to
200-400 reported cases of genital chlamydial infection.
In newborns, the condition is generally self-healing.

Cred6 prophylaxis is ineffective against C. trachomatis.

The condition is often misdiagnosed and affected
persons have often consulted several physicians before
the diagnosis is established. Conjunctivitis in a newborn

may indicate that the baby or infant also has concomi-

tantly chlamydial pneumonia. It should be noted,
however, that half of all neonatal chlamydial pneumonia

cases lack signs of conjunctivitis. Chlamydial conjuncti-
vitis resolves over 3 months without treatment. In adults.
a concomitant genital chlamydial infection should be
searched for (Stenberg and M6rdh 1993). Autoinocula-

tion of the eye with genital secretion is believed to be
the most common route of transmission of chlamydial
conlunctlvltls

PROCTITIS, EPIDIDYMITIS, AND VASEITIS

C. trachomatls infection can be a cause of proctitis
(Stamm et al. 1982). Epididymitis is one complication of
chlamydial urethritis, which is most often seen in age
groups in which infections with C. trachomatis are most

Figure 78.7 Chlamydial conjunctivitis in a young man showing
intensive congestion
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Figure 78.8 Chlamydia follicles in the lower lid of a case of
i n cl u si on co nj u nctiv it i s

common (Berger et al. 1978). The epididymitis is usually

unilateral, which may explain why infertility in males on

the basis of a past chlamydial infection is uncommon. It

is, however, believed that it may cause transient subferti-

lity. This may also be due to transient occlusion of vas

deferens, which can be seen in grivit monkeys experi-

mentally infected with C. trachomatis (Moller and

MArdh 1980).

ARTHRITIS AND UVEITIS

Chlamydial arthritis that occurs in conjunction with a

genital infection is named sexually acquired reactive

arthritis (SARA) Chlamydial urethritis is also one

manifestation of nondysenteric Reiter's syndrome, i.e.

arthritis, acute anterior uveitis (an intraocular inflamma-

tory disease of the iris or ciliary body of the eye), and

urethritis (Keat 1980). SARA is linked to histocompat-

ibility antigen HLA-821 . Chlamydial antigen has been

detected in synovial fluid, but whether the chlamydia

organisms actually invade joints, and if so, if only tran-

siently, has been discussed for decades. Seroepidemiolo-
gical studies seem, however, to support an etiological

role of C. trachomatis in some of these cases.

CERVICAL CANCER

A possible correlation between cervical cancer and
genital chlamydia infections has been considered since

the beginning of the 1980s (Schachter et al. 1982). Onco-
genic types of human papilloma viruses, i.e. types 16/18,

closely link the etiology of cervical cancer to infections.

These types are involved in at least 90 percent of

cervical cancer cases, while several of the other almost

100 HPV types may account for another 5 percent. In a

serological study of more than 50 000 Scandinavian
women (using sera collected many years previously) who

were subjected to cytological screening, antichlamydial

antibodies to serotypes G was significantly more

common than in controls (OR 6.6 (1.6-27.0)), followed

by serotypes I and D (Anttila et al. 2001). The study

design did not, however, allow investigation of potential

confounding factors such as smoking, sexual risk taking,

including number of sex partners, and any difference

between healed and nonhealed HPV infections.

NEONATAL INFECTIONS

There are two major manifestations of neonatal chlamy-

dial infection, namely conjunctivitis (Stenberg and

Mirdh 1990) and pneumonia (Beem and Saxon 1977),

although the lower genital tract may also be colonized.

It is believed that the infection is mainly spread from the

mother to the infant when the fetus is passing through

the birth canal (Schachter et al. 1986). A very early

onset may indicate that the child was already infected in

utero (Gencay et al. 2000), both in cases with and

without premature rupture of the membranes (PROM).

There is a comparatively higher chance for an infant to

only become transiently colonized in the eyes than to

develop clinical chlamydial conjunctivitis (MArdh et al.

1980b).

Neonatal conjunctivitis often manifests mono-ocularily

and the fellow-eye will become affected aftet 2-7 days in

three-quarters of cases, which is earlier than in adults.

The eyes of the infant with chlamydial conjunctivitis

may be covered by copious discharge. There is usually

edema and erythema of the eyelids (Figure 78.6). There

may be bleeding when touching the conjunctival surfaces

at examination or during sampling. The nasopharynx is

colonized by C. trachomatis in one third of cases, which

is believed to be the source of lung infections.

A neonatal chlamydial lung infection may easily be

overlooked as symptoms are often only vague. The child

becomes ill after approximately 6 weeks which is when

the parents are likely to be the only observers of the

infant's health. The child may be afebrile or only subfeb-

rile. There may be a cough and congestion that the

parents often will not recognize as pathologic. Lung

auscultation may reveal rales and there may be

tachypnea. Chest X-ray shows diffuse infiltrates and

hyperinfiltration. Histologically, there are diffuse inter-

stitial and alveolar inflltrates. The child may have eosi-

nophilia (>300 mm3) and the total serum concentration

of IgM may be increased. The presence of anti-

chlamydial IgM antibodies to C. trachomatis is a pathog-

nomonic sign. It is notable that C. trachomatis pnet-

monia only occurs in newborns, while C. pneumoniae is

responsible for chlamydial pneumonia in adults.

Neonatal chlamydial pneumonia may involve the risk of

developing chronic obstructive lung (COL) disease.

TRACHOMA

Trachoma has been the most common cause of preven-

table blindness (Darougar and Jones 1983; Jones 1975).

The pathological changes in the eyes are more

pronounced in the upper than the lower lid. This is in

contrast to paratrachoma (inclusion conjunctivitis),

where the situation is the opposite (Figure 78.8). There
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are limbal follicules, pannus formation, and scarring,
which very rarely occurs in paratrachoma cases (inclu-
sion conjunctivitis). Trachoma may develop over
decades and lead to blindness with pannus formation
(Figure 78.9). Immunological, mechanical (entropion
causes lesions of the cornea), and infections by other
organisms which affect the injured eye makes the condi-
tion gradually progress. The prevalence of trachoma is
related to poverty, overcrowded living conditions, and
poor sanitation. Also, behavior factors may influence the
prevalence (Mahmoud et al. 1994a).

CHLAMYDIA PSITTACI

Epidemiology

In the past there was an obvious overdiagnosis of human
cases of infections with C. psittaci due to crossreactivity
with C. pneumoniae (TWAR) or even with C. tracho-
matis if based on serology. Birds are the most common
source of human infections ('parrot fever') (Olsen et al.
1998), although C. psittaci infects a large number of
animals. Individuals shown by serological tests to be
infected with C psittaci refused to admit that they had
had any recent contact with birds or any other animals.
Interindividual transfer of infections by C. psittaci is a
rare event. Spread from animals to humans may be
airborne, but often occurs by handling infected material.
Infected birds and other non-avian animal species may
be healthy carriers of the organism. Persons most
vulnerable to contract infections are those plucking and
eviscerating birds in butchery plants, i.e. from chickens,
turkeys, and ducks (Andrews et al. 1981). Feathers,
excrement, nasal secretion, and viscera of infected birds
can be the source of infection. Persons owning caged
birds may occasionally be infected, as can veterinarians.
Human infections have often been associated with the
import of pscittacine birds, e.g. of budgerigars and cock-
atiels. As such birds may spread C. psittaci, many coun-
tries have strict quarantine regulations for importing

caged birds. Other groups in danger of contracting infec-
tions are zoological shop personnel and persons

connected to pigeon races. A famous epidemic occurred
on the Faroe Isles among pickers of seagull eggs. The
risk of laboratory infections must also be taken into
account as a method of acquiring infections by C. psit-

taci, as must participation in the autopsies of infected

animals.

Goats, sheep, pigs, horses, and cattle may be infected
by C. psittaci (McCauly and Tieken 1968; Dilbeck et al.
1986). Humans are less often infected by these domestic
animals.

Clinical  condi t ions in humans

C. psittaci infections may spread from animals to
humans, i.e. being the cause of zoonotic infections
(Table 78.3).

PNEUMONIA AND EXTRAPU LMONARY
MANIFESTATIONS

Lung infections caused by psittacine birds have been
referred to as cases of psittacosis, while infections by C.
psittaci with nonpsittacine strains have been referred to
as ornithosis cases.

The incubation period of psittacosis is 1-2 weeks to 1
month (Eidson 2002\. The onset can be acute or start
gradually. In most cases, there is a nonproductive cough,
fever, chills, and headache. Diarrhea and a sore throat
may be present. Respiratory symptoms may be absent,
but occur in approximately one fifth of cases. Hepatitis,
reactive arthritis, and erythema nodosum are less
common manifestations. Abdominal symptoms may
predominate. There may be splenomegaly. Auscultation

may reveal vague rales, which is in contrast to the
spread consolidations often seen at chest X-ray. Leuko-
penia, or at the most a slight increase in the number of
white blood cells, are generally present (a hallmark of
most human chlamydial infections). Rarely, meningitis,
encephalitis, and myocarditis do occur. The infection
may be fatal due to cardiovascular or respiratory insuffi-
ciency, which occurred in up to one third to one fifth of

Table 78.3 Manifestations and consequences of infections by
Chlamydia psit taci rn humans

Manifestations and consequences of infections

Pneumonia (ornithosis/psit tacosis, 'parrot fever')
Placenti t is (abort ion)

Premature birth
Hepati t is

Conjuctivi t is
Myocardit is
Reactive arthri t is
Men ing i t i s

Enceoha l i t i s

Figure 78.9 Pannus formation in a case of trachoma
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psittacosis cases before the antibiotic era and develop-
ment of modern intensive care. At present, fatal cases
are rare. Autopsy may reveal lung alveoli filled with
exudate and extensive signs of pneumonitis.

PLACENTITIS AND ABORTION

Women handling infected sheep may contract infections
with the 'ewe abortion agent' resulting in abortion, still-
birth, and premature birth. Humans can contract the
infection by lambing sheep or taking care of newborn
lambs. Pregnant women may become severely ill
(Johnson et al. 1985). Signs of placentitis are found in
cases where macroscopic inspection reveals microinfarc-
tion areas (Andrews et al. 1981). The histological picture
is characterized by signs of infection of the trophoblasts.
Caprine C. psittaci strains, i.e. 'Chlamydophila abortus,'
serovar 1, can cause placentitis and abortion in women.
Infected goats may also abort (Pospischil et aI.2002).

CONJUNCTIVITIS

Cats may infect humans with the chlamydia feline
conjunctivitis agent Chlamydia (Chlamydophila) felis
(Ostler et al. 1969). Intrafamily spread of this eye infec-
tion occurs.

Infect ions in animals

commonly affected by C. pneumoniae is children 5-L5

years of age.

The first evidence of the existence of respiratory tract

infections with C. pneumoniae was based on an epidemic

of such infections in Finnish military barracks in 19'76

(Kleemola et al. 1988). In conscripts who had just

arrived at the camp, 25 percent had such serum MIF

antibodies in contrast to 47 percent of those who had

been in the garrison during the epidemic. In another

Finnish camp, this latter percentage was 51.

The difficulty of distinguishing a past infection from a

current infection by C. pneumoniae, and crossreactions

with other chlamydial species in serological tests has

led some questions to the value of many early sero-

epidemiological studies. Thus, interpretation of early

seroepidemiological studies of pneumonia cases must be

made with caution if based on CF tests. This is due to

the fact that the test does not differentiate between

infections by C. psittaci (i.e. ornithosis cases) and infec-

tions by C. pneumoniae.

Children in developing countries seem to be more

commonly affected by pneumonia by C. pneumoniae

than those in industrialized communities.

Clinical  condi t ions

A variety of clinical manifestations can be documented
in animal infections by C. psittaci, e.g. ocular and central
nervous infections, pneumonia, pericarditis, arthritis as
well as intestinal (bowel) trachoma, and genital tract
infections. Cats may get gastrointestinal infections
causing diarrhea (Guillard et al. 1984). Infertility due to
C. psittaci infection threatens the existence of the koalas
in Australia.

CHLAMYDIA PNEUMONIAE

Epidemiology

Antibodies to C. pneumoniae is a common finding in
population-based surveys. Seroprevalence figures from
such studies from USA, Middle America, Spain, Japan,
Taiwan, and New Zealand vary betwen 54-59,62,63,48,
75, and 4'7o/o, respectively (Saikku et al. 1988). It is esti-
mated that each individual as a mean will contract at
least two to three infections by C. pneumoniae during
their lifetime. It is notable, however, that there are very
few isolates of the organism in relation to the claim that
C. pneumoniae will infect the vast majority of indivi-
duals. Men more often have serological evidence of
having acquired infections with C. pneumoniae than
women. This also accounts for smokers. Great variations
in the prevalence of C. pneumonide serum antibodies
have, however, been reported by time and geographic
origin, in both children and adults. The group most

Proposed and documented manifestations of infections

by C. pneumoniae, are shown in Table 78.4.

UPPER RESPIRATORY TRACT INFECTION,
INCLUDING CHRONIC BRONCHITIS

Most upper respiratory infections by C. pneumoniae
seem to be rather mild, particularly in children. Asymp-
tomatic infections do occur (Grayston et al. 1986;

Schmidt et al. 2002). The infection is often self-limiting,

but persistent infections do occur although they are

uncommon in children. Endemic-like situations have

been registered from time to time. A correlation

between chronic carriership of C. pneumoniae and

excerbation of chronic bronchitis has been demon-

strated, as evidenced from analyses of sputum samples

tested by nested touchdown PCR. Prolonged antibiotic

courses have been recommended for effective clearance

Table 78.4 Manifestations - documented and proposed - and
sequelae of infections by Chlamydia pneumoniae

Documented and proposed manifestations

Rh in i t is
Pharyngit is

Pneumonia

Chronic obstructive lung disease (COL, COPD, COAD)

Arteriosclerot ic plaque formation

Coronary heart disease

Carotid artery stenosis

Aort ic valve stenosis
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of C. pneumoniae in cases with chronic bronchitis (Blasi

et al.2002).

P N E U M O N I A

Infection with C. pneumoniae is regarded as one of the
three most common etiological agents of community-
acquired pneumonia (Monno et al. 2002). Lung infec-
tions with C. pneumoniae in children share a number of
characteristics with that of Mycoplasma pneumoniae

pneumonia (Nelson 2002). Double infections with the
latter organism and Streptococcus pneumoniae is also
common, which adds to the difficulty of managing such
infections based only on case history, symptoms, and
signs. Also, chest X-ray and laboratory tests involve

differential diagnostic problems. Cough, fever, and

fatigue are present in the majority of cases followed by
rhinitis, pharyngitis, headache, and myalgia in almost
half of all cases developing pneumonia (Table 78.5),
while one or more symptoms of nausea, vomitus,

dyspnea are found in approximately one fifth of the
patients. Abdominal and chest pain, otitis media,

sinusitis, diarrhea, bronchitis, erythema nodosum,

exanthema, myocarditis, and pericarditis may be found,
but infrequently.

To establish the diagnosis of C. pneumoniae pnet-

monia, serum samples should be collected for serological
tests and sputum for antigen detection assays.

CHRONTC OBSTRUCTTVE LUNG DTSEASE (COL,
COPD, COAD) AND ASTHMA

Chronic infections by C. pneumoniae is believed to be
involved in the development of COL (COPD, COAD)
or chronic acute lung disease (Clementsen et al. 2002;

Smieja et al. 2002). Progress of COL is linked to
smoking, which is a behavioral factor not yet considered
strong enough in studies searching a link between COL
and C. pneumoniae. Almost half of all smokers will

experience COL after 50 years of age. Neonatal pneu-

monia caused by C. trachomatis, like other types of
pneumonia affecting babies and infants (Beem and
Saxon 1977), may play an etiological role in COL.

Some studies claim an etiological role of C. pneumo-

niae in asthma (Clementsen et al. 2002), while others
have not found the seroprevalence of C. pneumontae

antibodies to differ between asthmatic patients and

Table 78.5 Symptoms and signs of infecttons by Chlamydia
pneumoniae (C = common, i e >40 percent, lC = /ess common
39-11 percent, U = uncommon <10 percent)

Symptoms and signs of infection

Cough (C)

Fever (C)

Fatigue (C)

Myalgia (c)

Nausea (LC)

Abdomina l  pa in  (LC)

Chest pain (U)

Diar rhea (U)

Exanthema (U)

Arthri t is (U)

controls. Use of corticosteroids in asthmatic patients

interferes with the T helper (Th)-1 response and

enhances a Th-2 response, which decreases the ability to

clear intracellular infections, as that with C pneumontae.

Detection of serum IgA antibodies to C. pneumoniae

may be used to diagnose chlamydial infection in

asthmatic patients. In contrast to coronary disease (see

below), detection of chlamydial hsp is not a useful

marker of chlamydial infection in patients with less

severe asthma.

CORONARY HEART DISEASE AND CONDITIONS
AFFECTI NG NONCORONARY ARTERIES

Associations between C. pneumoniae and heart disease

have been proposed, i.e. between early impaired

coronary flow in heart infarction (coronary artery

stenosis) and aortic stenosis. However, other studies

deny any such correlation (Janatuinen et al. 2002). Many

of the assumed correlations between C. pneumoniae and

coronary heart disease have also been claimed for Heli-

cobacter pylori (Bloemenkarnp et al. 2002). hsp60 IgA

antibody level is associated with coronary disease, espe-

cially in cases with documented C. pneumoniae infection

and inflammation.

Carotid artery stenosis has been associated with C.

pneumoniae in some, but not in other, seroepidemio-

logical studies. An association between intimal calcifica-

tion of femoral arteries in nondiabetic patients and serum

antibodies to the organism has been demonstrated.

ARTERIOSCLEROTIC PLAQUE FORMATION

The first observation of a possible association between

myocardiaf infarction and infection by C. pneumoniae

was based on a serological study of Finnish men

publised by Saikku and coworkers in 1988 (Saikku et al.

1988). C pneumoniae infection has been associated with

arteriosclerotic plaque formation, e.g. in coronary

arteries (Kuo et al. 1993). Others have not found any

impaired coronary blood flow in persons wrth C. pneu-

moniae antibodies (Janatuinen et aL.2002). C. pneumo-

niae antigen has been demonstrated in aortic valves in

patients undergoing aortic valve replacement, but others

have failed to make such a detection (Rose 2002;Yainio

et al.2002).

A large number of scientific groups have studied the

possibility of a correlation between infections by C.

pneumoniae and arteriosclerosis. However, the results

have been contradictory both in seroepidemiological

studies and in attempts to demonstrate the agent in

arteriosclerotic plaques. The outcome of interlaboratory

investigations of the same clinical material has given

completely contradictory results, i.e. some laboratories

have found evidence of an overall occurrence of C.

pneumoniae infections in the samples tested, while

others completely failed to do so. C. pneumoniae sero-

positivity has been correlated to thrombosis-related

microembolization, but not to plaque-related embolization.
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TNF-a is involved in the pathogenesis of arlherosclerosis,
but no link between this factor and C. pneumoniae has
been demonstrated either to cardiovascular disease or
dementia. A role of chlamydial hsp60 as a mediator of
inflammatory response during infection by C. pneumoniae
has been proposed (Costa et al.2002).

Similar correlations as for C. pneumoniae and cardio-
vascular and other vascular diseases have been made
with Helicobacter pylori (Fong et al. 2002) and recently
also for cytomegalovirus (CMV) (Bloemenkamp et al.
2002) and herpes virus. This has changed the point of
argument that rather the total'infectious load'- perhaps

from childhood - is more important for the development
of arteriosclerosis than any single agent.

Experimental infection by C. pneumoniae in mice
(Liuba et al. 2002) and rabbits accelerates arterio-
sclerotic plaque formation, which has been used as an
argument for an etiological link. However, the study
designs used did not clearly show if the inoculation dose
caused an infection or rather a vaccination. If the latter
is true, the possibility of a terrifying side effect of vacci-
nation against C. pneumoniae colld be assumed.

INFLAMMATORY BOWEL DISEASE

Some studies claim a role of C. pneumoniae in inflam-
matory bowel diseases, but the results are highly
conflicting. Studies have confirmed the common
presence of C. pneumoniae in colonoscopic biopsies in
cases of Crohn's disease and ulcerative colitis. However,
no significant difference with controls without evidence
of any inflammatory bowel disease could be demon-
strated (Chen et al. 2002). It is considered that many
microbes, including bacteria and viruses, passing the
intestine may co-act with chlamydia to produce an
inflammatory response promoting development of
pathological processes in vessels.

CNs DISEASES AND PERIPHERAL NERVE
SYSTEM ENGAGEMENT

As for several other syndromes, a possible correlation
between multiple sclerosis (MS) and late onset Alzhei-
mer's disease on one hand, and C. pneumoniae on lhe
other, have given conflicting results. A significant differ-
ence in the prevalence of antibodies to C. pneumoniae in
patients with acute ischemic stroke and controls has
been detected (Ngeh et al. 2003). However, other
recent studies have not come out in the positive for an
etiological role of C. pneumoniae in any of these CNS
conditions.

DIAGNOSIS

Microscopy

In earlier days, Giemsa was used to strain EBs, which
are eosinophilic in contrast to the basophilic RBs. Also,

dark-field microscopy can be used to detect chlamydia

organisms where EBs appear as yellow bodies due to

their natural autofluorescence. Microscopy, using mono-

clonal antibodies to C. trachomatis (Tam et aI. 1982), is

a rapid means of detecting chlamydia EBs in eye secre-

tion in conjunctivitis cases. The sensitivity of immuno-

flourescence (IF) tests of genital secretion is problematic

in more longstanding infections where the number of

EBs has often become low. The use of IF tests for urine

specimens is also a problem, as there are many artifacts

in the samples that can mimic EBs. It is rare to detect

chlamydial inclusions in clinical samples. The advantage

of IF tests is that the answer may be obtained rapidly.

Unfortunately, IF tests have been used by inexperienced

staff in many countries, which has resulted in a large

number of false-positive diagnoses.

Culture

Commercial interests once colored the debate about
which is the best method for diagnosing genital chlamy-
dial infections, in which the value of culture was under-
scored. The most widely applied culture method in
current use is application of cycloheximide-treated
McCoy cells (Ripa and MArdh 1,977). Cycloheximide
inhibits the protein metabolism of the host cell, thereby
favoring growth and multiplication of chlamydia organ-
isms, as being energy-parasites stealing ATP from the
host cell. Chlamydial inclusions in cell cultures can be
easily detected by iodine staining of the cell carpet,
where inclusions stain brown in contrast to the yellow
color of the host cells. Inclusions can also be detected by
staining with monoclonal antibodies by which they
appear intensively apple green (Stamm et al. 1983).
Counterstain with rhodamine B gives the cells a red
color, which makes the detection of chlamydia-positive
cases easier and the picture is attractive to the eye
(Figure 78.10). To establish the diagnosis, at least ten
EBs have been recommended to be used as the cut-off

Fi g ure 78. 1 0 I ntraacytopl asmatic i ncl usions of C hlamydia
trachomatis in cycloheximide-treated McCoy cells cultures stained
with labeled monoclonal antibodies. Cell carpet counterstained
with rhodamin B
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level. A lower cut-off can be accepted, but must be
related to the experience of the microscopist. However,
a high cut-off will mean that chlamydia-infected indivi-
duals may be falsely classified as negative.

The use of both urethral and cervical cultures has
been recommended for detection of genital chlamydial
infections, increasing the positive rate by approximately
5 percent. However, if taking consecutive samples from
the cervix at the same time, the sensitivity of culture
studies will also increase. The third consecutive sample
collected with cotton-tipped swabs from the cervix
yielded the highest positive rate. Use of urine for culture
is inadequate, as the positive rate is only 30 percent

compared to cervical samples from the same individuals.
The current sampling recommendation is to use the first
collected cervical swab for gonococcal culture (o.

discard it) and thereafter collect a sample for chlamydia
culture (Mirdh et al. 1981b). The type of sampling swab
used is essential, as both cotton and wood sticks can be
highly toxic to chlamydia organisms, due to calcium algi-
nate and resins, respectively (Mirdh and Zeeberg 1981).

With the exception of serovars L 1-3, EBs produced in
primary cultures of clinical samples do not enter
uninfected cells after being released. In the case of LGV,
more or less the entire cell carpet may contain inclusions. This
characteristic can be used as a diagnostic marker for LGV.

C. psittaci can be grown by the same principles as for
C. trachomatis, but the high risk for laboratory infections
has made serology preferable. C. pneumoniae is difflcult
to get to multiply in tissue cell culture, which may explain
the very limited number of strains of this species that
have been isolated. Using the same methods as for isola-
tion of C. trachomatis, i.e. cycloheximide-treated McCoy
cells, the inclusion count of C. pneumoniae in primary
cultures is extremely low. HeLa cells treated by DEAE-
dextran have been proposed to be a better choice, like
human lung (HL) cells. The few inclusions that show up
are generally small in size (Figure 78.11). C. pneumontae

is also difficult to propagate in tissue cell cultures.

Figure 78.1 1 lntraacytoplasmatic inclusions of Chlamydia
pneumoniae in McCoy cells stained with immunofluorescent
antibodies Cell carpet counter-stained with rhodamin B

Cultures may serr/e the purpose of allowing rapid test
of microbial cure after antibiotic therapy, that is, during
the second to third weeks after flnishing treatment.
DNA tests may then still be positive due to the presence
of dead, but not yet shed EBs. The use of cultures as a
diagnostic method also offers the possibility of
performing antibiotic susceptibility tests of isolated
strains and detecting nonplasmid-containing strains.

Geno- and serotyping of clinical
isolates

Serotlping of isolates of C. trachomalis has so far only

been performed in an epidemiological context (Persson

2002). Serovars A, B, Ba, and C of C. trachomatis have

generally been connected with trachoma, although also D

(generally connected with genital infections and inclusion

conjunctivitis) may sometimes cause trachoma. Serovar B

may also infect genital organs. Serovar E is predominant

in nontrachoma areas, e.g. in North America, Europe,

and South Pacific. It often outnumbers the prevalence of

all other serovars together. Double infections with more

than one serovar do occur, but are not common. It seems

fair to conclude that there is no strong evidence for a

virulent advantage of any of the serovars.

Genotyping by sequencing the chlamydia MOMP

gene has revealed subtypes within serovars of C. tracho-

matis (Frost et al. 1991.; Pedersen et al. 2000).

ELISA

ELISA tests were widely used to diagnose genital chla-

mydial infections. Such tests are still in use in economic-

ally less developed countries, mainly because of the

price being lower than for DNA-based tests. Because of

the low specificity, it has been recommended to use

confirmatory tests in case of a positive ELISA test, such

as in Chlamydiazyme@ tests. In ELISA tests, immobi-

lized LPS antibodies bind the LPS antigen. A secondary

antibody linked to an enzyme causes a color change that

can be registered optically. 'Gray zone' results is a

dilemma with these diagnostic tests. The results falling

within this zone must be rechecked with confirmatory

tests (Mirdh et al. 1990). This delays the return of

answers to the clinician. If the cut-off is increased, the

sensitivity will, of course, decrease. Other problems are

crossreactions with Staphylococcus aureus and gram-

negative bacterial species, such as Escherichia coli.

This problem is accentuated when rectal, urine, and

pharyngeal samples are to be tested (not recommended).

Nucleic acid and ribosomal tests

At present, nucleic acid amplified tests (NAAT), such as
Cobas Amplicor, Roche (PCR) (Livengood and Wrem
2001), LCR (i.e. LcX, Abbott (Lee et al. 1995) and
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real-time PCR tests, have been recommended for the
diagnosis of genital chlamydial infections. The last
method is more sensitive than nested touchdown PCR
techniques. PCR and LCR tests for C. trachomatis ate
based on DNA sequences in the cryptic plasmid found

in all such strains, but with a few documented exceptions
(Peterson et al. 1990). Real-time PCR has been
employed to detect C. pneumoniae antigen (Bennedsen

et al.2002).

There were initial problems with Taq-polymerase
inhibitors and DNA contamination during sample hand-
ling, particularly after amplification. Adding inhibitors of
potential inhibitors to the kits has solved these problems

to a large extent, together with the development of
closed sample systems, and chemical sterilization of
amplified products. In-house nucleic acid test results

from research laboratories that have not taken such
precautions must be analyzed with caution. In low
prevalence populations, there are problems with the
positive predictive value in DNA tests, creating manage-

ment problems. Clinicians being in charge of patients

who mainly belong to a low prevalence group for
genital chlamydial infections are recommended
retesting of all patients with a positive test result
(preferably with another diagnostic test) to avoid false
diagnoses.

Chlamydia 16S-rRNA genes have been utilized in
recently introduced commercial tests. Transcription-

mediated amplification (TMA) tests make use of rRNA

as target. These tests have a clinical value similar to that

of the DNA-based tests. In the past, Gene-Probe6 was
the most commonly applied ribosomal RNA test used.

The introduction of DNA and RNA tests meant an
increased sensitivity and specificity of chlamydial diag-
nostic services. Paradoxically, the introduction of auto-
mated systems handling NAAT analyses increased the

specificity of chlamydial tests in units staffed with inex-
perienced technicians formerly involved in subjective
tests, such as reading of IF tests and cultures.

Some commercial NAAT kits, e.g. for PCR and LCR

tests, are offered as a package of tests for both C.
trachomatis and Neisseria gonorrhoeae (Livengood and
Wrem 2001).

In LCR tests (Stary et al. 1997), swabs from the
vaginal introitus yield a somewhat higher positivity rate
than samples collected from the cervix of the same
women. Self-swabbing of the introitus by women them-

selves resulted in an even somewhat higher percentage

of positive cases then when the sampling of the same
women was performed by medical personnel.

Doctor' s office tests

Doctor' s office tests for the diagnosis of genital chlamy-
dial infect ions, such as ClearviewF and Surecel l  R , have
a low accuracy compared to NAAT tests. One advan-

tage of the former tests is, however, that the result can

be obtained when the patient is still at the clinic.

Serology

Tests for antichlamydial antibodies have made use of

both chlamydial LPS and MOMP as antigen. Chlamydial

LPS is shared by all chlamydial species. As LPS of C.

trachomatis crossreacts with C. pneumoniae and C. psit-

taci and was easy to produce, it was in the past made use

of in complement-fixation (CF) tests used for diagnosing

LGV and ornithosis/psittacosis (Mirdh et al. 1989).

Recombinant MOMP and recombinant OMP-2 have

been used to detect antichlamydial antibodies. A

species-specific peptide has been identified, which avoids

crossreactivity problems in serological assays of chlamy-

dial infections by the various species (Niirviinen et al.

1997).

In MIF tests (Wang and Grayston 1982), chlamydia

antigen can be applied on a glass slide and a panel of

known serovar-specific antibodies can be used to deter-

mine the identity of the antigen. Antigens of known

serovars of C. trachomatis car. also be used to test for

the presence of serovar-specific antibodies. The use of

LPS-free preparations of chlamydia antigen in MIF

tests have demonstrated crossreacting antibodies to

other chlamydia species being common, particularly

during early onset of the immune response (Domeika

et al. 1997). Thus, the antibody response becomes more

species-specific after the onset of antibody production.

A Washington Research Foundation, Labsystems, and

MRL Diagnostics kits for MIF tests can be used to

detect IgM, IgG, and IgA antibodies to C. pneumoniae.

The value of real-time quantitative PCR for detection

of C. pneumoniae has been evaluated (Mygind et al.

2002).
Serology has so far not been a useful means for diag-

nosing ongoing genital chlamydial infections. The fact

that both IgA and IgG antibodies to C. trachomatis

occur in a high percentage of women with no evidence

of a current genital chlamydial infection means that the

positive predictive value is unacceptably low. PID

patients may lack IgM antibodies to C. trachomatis,

which might be due to cervicitis which has preceded the

tubal infection by some time. Serological tests have

been of value in seroepidemiological surveys. Serolo-

gical tests are, however, of clinical signiflcance in the

diagnosis of neonatal pneumonia in which a positive

antichlamydial IgM antibody test, is a pathognomonic

sign (Persson 2002). The presence of IgA antic-

hlamydial antibodies has been believed to predict a

persistent chlamydial infection, as IgA antibodies in

general disappear quicker than IgG antibodies. A test

for IgG antibodies to C. trachomatis has also been

argued to be a screening test for tubal occlusion due

to a previous chlamydia infection and to support the
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diagnosis of ectopic pregnancy. These three latter propo-
sals have, however, been opposed as being clinically
useful. Presence of hsp60 antibodies to C. trachomatis
seems to be a better predictor of tubal factor infertility
and ectopic pregnancy than demonstration of MIF anti-
bodies to the agent.

In human C. psittaci infections, e.g. in ornithosis/psit-
tacosis, IgM antibodies are often lacking or occur in only
low titers, while seroconversion of IgG antibodies can
usually be demonstrated. However, a significant IgG
antibody change may take up to 3 weeks. Also IgA titer
rises can be seen. CF tests using LPS-containing antigen
will involve the risk of crossreactivity with other chlamy-
dial species. MIF tests have also been used for antibody
detection.

ANTIBIOTIC SUSCEPTI BILITY

Until recently, antibiotic susceptibility tests have played
an unimportant role in the management of infections by
C. trachomatls (Persson 2002) in the belief that all
strains are susceptible, at least to erythromycin, azithro-
mycin, and tetracycline drugs, such as doxycycline.
However, there are now reports of strains with high
minimum inhibitory concentration (MIC) values to
erythromycin (i.e. >1 pglml) and tetracycline (i.e. >4 ytgl
ml) (Lefevre and Lepaargneur 1998; Somani et al.2000).
Single strains with a reduced susceptibility to azithro-
mycin and to quinolones, e.g. to ofloxacin, have been
linked to therapeutic failure. However, there have been
difficulties obtaining interlaboratory consistent suscept-
ibility determinations, which have been an obstacle in
the interpretation of such tests and of their clinical
significance. Chlamydia organisms lack muramic acid,
but the presence of two penicillin-binding proteins may
explain their susceptibility to betalactam antibiotics,
provided enough high doses are given for at least 2
weeks.

Chlamydia-positive cases at retests have usually been
regarded as cases of reinfection or due to compliance
problems rather than to antibiotic resistance. However,
there seems to be a mandatory task to start to routinely
survey the existence of resistant strains of C. trachomatis
in different geographic locations and to develop surveil-
lance systems for registration of nonsusceptible strains.

Under antibiotic pressure, C. trachomatls may, in in
vitro tests, develop decreased susceptibility to the drug
under test. Such strains usually lose their antibiotic resis-
tance when propagated in absence of the antibiotic.
Such heterotypic resistance has, however, not been
connected to therapeutic failure (Schmid et al. 2001).
Subinhibitory concentrations of betalactam antibiotics
may induce RBs which are insensitive to this group of
antibiotics. This might explain relapses after use of beta-
lactam antibiotics. RBs are naturally also insensitive to
some other antibiotics, which may be another reason for
relapses after antibiotic therapy.

ANTICHLAMYDIAL ACTIVITY OF BODY
FLUID

Body fluids possess antichlamydial activity, e.g. amniotic

fluid (Elbagir et al. 1989a), cervical secretion (Mahmoud

et al. 1994b) (with varying effect during the menstrual

cycle), saliva (Genc et al. 1994), and seminal fluid
(Mirdh et al. 1980a). The seminal fluid activity may

explain why chlamydial infections of the male accessory
genital glands are rare, compared to PID. The antic-

hlamydial activity of tear fluid (Elbagir et al. 1989b) may

explain why transient colonization is more common than

conjunctivitis in infants born to mothers with genital

chlamydial infection (Mirdh et al. 1980a). The antic-

hlamydial activity of human milk (Elbagir et al. 1990)

may also have a protective effect against the develop-

ment of neonatal chlamydial infections.

THERAPY

Chlamydia trachomatis

Protein inhibitors, e.g. tetracyclines, erythromycin, and

azithromycin, are all first-line alternatives in the therapy

of chlamydial infections, apart from tetracycline in preg-

nancy (Brihmer et al. 1995; Carlin and Baron 1996;

Magid et al. 1996; Genc 2002; Guaschino and Ricci

2002). Other macrolides, such as roxithromycin and josa-

mycin seem to have a somewhat lower activity than

erythromycin, which can be compensated with higher

doses and/or prolonged courses (Stenberg and Mirdh

ree3).
Azithromycin is a derivative of erythromycin, classi-

fied as an azilide antibiotic. It has the advantage that it

is rapidly and efflciently taken up by eukaryotic cells,

where it can reach chlamydia organisms. Another advan-

tage is that azithromycin can be given as a single dose

regimen, i.e. with 1 g. The drug also persists in the body
for a period similar to a standard multidose regimen

with tetracyline. Azithromycin therapy with this dose

can be instituted at the clinic before a chlamydia-posi-

tive patient leaves. This means that one can avoid any

compliance problem, which often arises with the multi-

drug intake required when using tetracyclines. Azithro-

mycin can be used in pregnancy (Genc 2002). Doxycy-

cline should be given with 200 mg per day both to men

and women; in men for at least 7 days and in women
preferably for 10-14 days. Different dose regimens for

uncomplicated and complicated genital chlamydial infec-

tions in women is artificial, as almost half of all women

infected by C. trachomatis have a PID (at least endome-

tritis). It is not possible to identify women with PID

without performing endometrial aspiration and histolo-

gical investigation of the aspirate. Such an invasive
procedure is unrealistic to perform on a routine basis
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and involves risk to facilitate ascendance of chlamvdia
organisms to the upper genital tract.

Amoxicillin is listed as a second-line therapeutic alter-
native with a dose regimen of 500 mg three times a day
for 7 days. For pregnant women, the best alternative is

1 g of azithromycin or amoxicillin 500 mg for 10 days
(Genc 2002). Pregnant women tolerate these drugs
better than erythromycin.

Quinolones are chlamydicidal in action (Guaschino

and Ricci 2002). However, quinolones are regarded as
second-line alternatives in chlamydial infections because
of their comparatively low efflcacy. Quinolones are

contraindicated in pregnancy. Clindamycin, commonly

used to treat bacterial vaginosis and to treat upper
genital tract infections, has a too low activity against
chlamydia organisms to be a drug of choice. This

also accounts for chloramphenicol, sulfonamides, and

aminoglycosides.

Co-infection with N. gonorrhoeae and C. trachomatis
should be considered in any case in which such infec-
tions might be involved (Genc and MArdh 1997). Some
decades ago, roughly one quarter of all cases of either
gonorrhea or genital chlamydial infection in Swedish
STD and gynecological clinics, had such a double
infection.

Treatment guidelines have been given for various

situations in genital and allied infections by C. tracho-
matis, e.g. those produced by the Center for Disease

Control and Prevention in the USA (CDC Guidelines
2002) and those of the Association of Genitourinary
Medicine in UK (National guidelines for 1999).

Local therapy with tetracycline ointment has long

been used to treat trachoma (Darougar and Jones 1983),

but local therapy with azithromycin is likely to be more

effective. General azithromycin therapy is even more

effective in this disease (Holm et al. 2001).

Chlamydia. psittaci and Chlamydia
pneumonne

Human infections by C. psittaci should be treated with

the same drugs as in infections with C. trachomatis, i.e.
with one of tetracycline, erythromycin, and azrthro-
mycln.

Resolution of pulmonary infection by C. psittaci

usually starts after L week, although it can be longer.

Psittacosis resolves in a fortnight to 1 month. Relapses

do occur. Reinfection may occur from untreated caged
birds. Prophylactic therapy in flocks of birds and non-

avian herds infected by C. psittaci varies in efflciency.
Treatment of pneumonia with C. pneumoniae should

be the same as in psit tacosis.

Prophylactic antibiotic therapy of persons at risk for

coronary heart disease did not result in a decreased rate
of heart infarction, and neither did azithromycin prevent

coronary heart infarction (Gupta et al.1997). Treatment,

for example with amoxicillin, metronidazole, azithro-

mycin, or omeprazole reduced adverse cardiac events,

but the effect was independent of C. pneumoniae and

Helicobacter pylori seropositivity (Stone et al. 2002).

Aspirin, and its derivate salicylic acid, had a positive

effect on cardiovascular adverse events. The cardiopro-

tective effect of salicylic acid, regarding infections by C.

pneumoniae and ischemic heart disease, is believed to be

mediated by induction of nuclear factor (NF)-kappa B

production. This inhibits growth of C. pneumoniae and

production of interleukines, such as IL-6 and IL-8 (Tiran

et al. 2002). Once a month roxithromycin therapy for at

least 2 years reduced the progress of peripheral arterial

occlusion in a randomized, double-blind, placebo-

controlled trial (Wiesli et at.2002). Likewise, treatment

with 150 mg roxithromycin twice daily for 1 month,

reduced progress of early carotid artery arteriosclerosis

in stroke patients followed-up for 2years. The effect was

best in C. pneumoniae seropositive cases (Sander et al.

2002). Reduction or cessation of smoking and regulation

of diabetes are among possible confounding factors in

heart infarction, the influence of which must be consid-

ered in evaluation of prophylactic antibiotic therapy in

artery vessel diseases, like the weakness in the diag-

nostic tools for diagnosing C. pneumoniae infections

(Broman and Hammerschlag 2002).

CHLAMYDIA SCREENING AND
RESCREENING

As the majority of infections by C. trachomaris both in

men and women are more or less asymptomatic,

infected persons have generally no motivation to

consult. Therefore, it is essential to perform screening to

detect carriers (Genc et al. 1993; Genc and Mirdh 1996;

Svensson et al. 1994). This is important as hindering

spread of the organism to uninfected individuals will

avoid adverse immunological reactions, which may

continue even after microbiological cure in people who

have contracted the infection.

Screening should be accompanied by partner notifica-

tion. This is generally highly rewarding, as usually more

than half of sexual consorts are chlamydia-positive.

There is an obvious need for rescreening persons posi-

tive for C. trachomati,s, as either relapse or reinfection is

common in genital chlamydial infections (M6rdh and

Persson 2002).

Voided urine or samples from the vaginal introitus

collected by self-sampling with mailed or otherwise

distributed sampling kits, allow mass screening of popu-

lations for C. trachomatis (Ostergaard et al. 1996).

The pay-off of performing intensive screening

programs has been calculated from computer modeling

(Genc and Mirdh 1996). In Sweden, just over half a

million chlamydia tests were performed for a number of

years during the 1980s (in a population of approximately

8.5 million) (Mirdh 2002b). Apart from reduction of the



2022 Chlamvdia

prevalence of genital chlamydial infections, the number
of PID and extrauterine pregnancies decreased sharply
after the screening activities (Westrom 1998). Screening
of selected groups has also proved effective to prevent
complications from infections by C. trachomatis, for
example in women about to undergo abortion (Osser
and Persson 1984).
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both arthropods and helminths (Figures 79.1 and 79.2).
The genus Cowdria has been abandoned and many
species have been reclassified into other genera. The
Bartonella genus is a close neighbor in the alpha group

of proteobacteria and now comprises the former Rocha-
limeae species, Grahamella, and Wolbachia melophagi.

Coxiella and Rickettsiella are now in the gamma group

of proteobacteria closely related to Legionella species
and Francisella tularensis. Wolbachia persica is a species
in the genus Francisella. The more distantly related
Eperythrozoon and Haemobartonella genera, including
erythocytic animal pathogens that were classilied with
Anaplasma, are in fact closely related to mycoplasmas

and issue from the gram-positive lineage.

Until the use of cell cultures and molecular amplifica-
tion with typing for Rickettsia, identification was based
on culture in animals and embryonated eggs. The
description of new Rickettsia species was very slow.
Since 1980, many new Rickettsia and rickettsial diseases
have been found and more rickettsioses and ehrlichioses
have been reported (Table 79.1). The new genetic tools,
as well as the use of cell culture assays, have allowed for
the discovery of many new rickettsioses and ehrlichioses
in the past 20 years (see Table 79.1) (Raoult and Roux
1997), including three ehrlichioses and ten rickettsioses

that have since been described. Three major conditions
determined the discovery of new rickettsioses. Some
were discovered followine clinical descriptions in
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INTRODUCTION

Rickettsiae were historically defined as small gram-nega-
tive intracellular bacteria This definition is very weak
and has required that many organisms previously named
Rickettsia needed to be reclassified. This includes
Coxiella burnetii (first named Rickettsin diasporica),
Neorickettsia sennetsLt (first named Rickettsia sennetsu
and then Ehrlichia sennetsu), Ehrlichitt canls (first
named Rickettsia canis), and Bartonella qnintana (first
named Rickettsia quintana, and lately Rochalimaea quin-
tana), among others. The past 20 years have seen signifi-
cant changes in the field. Three major changes include
the reclassification of the Rickettsiales, the description
of many new emerging rickettsial diseases, and the
beginning of the genomic era for intracellular bacteria.

The universal gene encoding for 165 rRNA has been
widely used for the classilication of bacteria It is parti-
cularly useful for intracellular bacteria such as rickett-
siae because so few phenotypic criteria are available.
Many genera were reclassified following 165 rRNA
sequencing. The Orienta genus was created from an
independent branch of the Rickettsia genus phylum
(Tamura et al.  1995). The 'ehrl ichia'  group was recently
reclassified (Dumler et al. 2001) into four genera,
including Ehrlichia and Anaplasma, which are associated
with ticks, Neorickettsia, which is associated with
helminths, and Wolbachla, which are associated with
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R. rickettsii
R. prowazekii
R, tsutsugamushi

Ehrlichia canis
E. phagocytophila
E. sennetsu
Cowdria ruminantium
N e o r i cketts i a e I m i nth oeca

Wolbachia pipientis
W. melophagi
W. persica
Rickertsiella grylli

Bartonella quintana
B. henselae
B. talpae
B. bacilliformis

Brucella melitensis

Rickettsiales

cr, Proteobacteria

countries where spotted fever was unknown (Japan and

R. japonica (Mahara 1997), Flinders' Island and R. honei

(Stenos et al. 1998), and Russia and Astrakhan fever
(Tarasevich et al. 1991)). Some were recognized after

bacterial identification based on culture and polymerase

chain reaction (PCR) in places where the new pathogen

was confused with another known rickettsial pathogen

(R. africae (Raoult et al. 2001b), R. mongolotimonae
(Fournier et al. 2000a), and R aeschlimanii (Raoult et al.

2002b) with R. conorii, R. felis (Schriefer et al. 7994)

with R. typhi). Finally, some were identified by the colla-

borations of physicians and microbiologists who faced

atypical or unknown diseases (R. slovaca (Raoult et al.

2002a) and R. helvetica (Fournier et al. 2000b) (Raoult

and Roux 1997)).

Many Rickettsia in their arthropod hosts were initially

identified long before their implication as a human
pathogen (Raoult and Roux 1997). The denomination
'nonpathogenic' rickettsia is therefore highly speculative

and has later been proven untrue in many instances. For

example, Coxiella burnetii and Legionella pneumophila

were considered 'nonpathogenic.' Among rickettsiae, R.

felis and R. africae were identified in their vectors long

before being implicated as human pathogens.

Two species, R. prowazekll (Andersson et al. 1998)

and R. conorll (Ogata et al.2000,2001), were among the

first 50 sequenced bacterial genomes. They are consid-

ered paradigms of the intracellular bacteria with small
genomes. Genomic studies have shown that R. prowa-

zekil should be considered as a subset of R. conorii that

has incompletely evolved in its current niche, as attested

v Proteobacteria

by the large proportion of noncoding DNA in the

former species. This noncoding DNA consists mainly of

remnants of genes found in R. conorii. Genome analysis

showed that both rickettsiae have multiple copies of

ATP-ADP translocase genes (a parasitic enzyme that

allows the importation of adenosine triphosphate

(ATP)), spot T (an alarmone that is secreted in other

microorganisms with starvation), and proline/betain

transporters. The analysis of R. conorii also exhibited

two new strategies of bacterial evolution. Palindromic

repeats that can integrate into coding genes were found

(Ogata et al. 2000, 2002). The different steps of evolu-

tion from complete gene to a gene remnant through a
'splitting' phenomenon were also described (Ogata et al.

2001). Genome analysis of metabolic pathways that are

Iacking in Rickettsia may provide a rational basis for

design of medium culture for the axenic growth of Rick-

ettsia species, an ultimate goal for rickettsiologists.

HISTORY

Typhus is suspected to be the cause of many huge,
historical outbreaks including the plague of Athens, as
described by Thucidides in the flfth century BC.

However, it is still controversial whether this event can

truly be attributed to typhus. One theory proposes that

typhus was imported from America aftet Columbus'
return. This theory matches with the fact that the only
nonhuman reservoir identifled currently is in America in

flying squirrels (Dasch et al. 1978). Thb f,rst description
of a disease compatible with typhus was made by

Bartonella bacilliformis <
Grahamella talpae --' 7
Anaplasma marginale /

Figure 79.1 Current classification of the Rickettsiales (right column) compared with the former classification (from 1984 kft column)

Rickettsia rickettsii
R. prowazekii
Orientia

Ehrlichia chaffeensis
E. ewingii
E. canis
E. ruminantium

Anaplasma phagocytophilum
A. marginale

Wolbachia pipientis

N eo r i c ketts i a sennetsu
N. helminthoeca
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Fracastor. Typhus was included with typhoid in the
group of diseases in which patients suffered fever and
typhos (which in Greek means 'change in mental
status'). Several authors, including Boissier de Sauvage
in 1760 (Weiss, E. 1988), proposed a scheme to differ-
entiate these two diseases (see Table 79.1). Typhus was
lirst properly described by Von Hielderbrand in 1810
(Weiss, E. 1988) after the outbreak in Napoleon's
army (Weiss, E. 1988; Weiss, K. 1988). Gerhard (Weiss,

E. 1988) described the pathological differences in these
two diseases in 1832. It is generally accepted that typhus
and louse-transmitted diseases killed more than half of
the 700 000 men of Napoleon's army during the Russian
campaign in 1,812 (Zinsser 1935). It also killed millions
during the First World War and five million Russians
during the Bolshevik revolution. During the Second
World War. outbreaks were noted in concentration
camps in North Africa and in Italy. The association of

Tabfe 79.1 Historicd data on drseases caused bV Rickettsial species (first and senior authors)

Discovery

Descript ion of exanthematic typhus
First report of scrub typhus
Descript ion of RMSF
Tick role in RMSF
Role of body l ice in typhus
Descript ion of MSF
Serology test based on Proteus
lsolation of Rickettsia rickettsi i
fsolation of R. prowazektt

Weil-Fel ix test
ldenti f icat ion oI R. typhr
Descript ion of the ' t6che noire' in MSF
First isolat ion of O. tsutsugamushi (R. oriental is)
Role of chiggers in scrub typhus
Role  o f  f leas  in  mur ine  typhus
fsolation of R. conorii
Descript ion of Siberian t ick typhus
lsolation of R. sibirica
Descript ion of Rickettsialpox
lsolat ion of R. akari
lsolation of R. australis

Queensland t ick typhus
fsolation of R. slovaca
Culture of R. conori i  lsrael
lsolation of R. helvetica

Japanese spotted fever
Culture of R. hei longjanhensis
Culture of R. japonica

lsolation of R. africae
Astrachan fever
Fl inders' lsland spotted fever
First case of infection by R. africae
Cufture and identi f icat ion of R. conori icasoian
Culture o'f  R- honei
Culture and identi f icat ion of R. sibir ica
mongolotimonae

First case of f lea-borne sootted fever
lnfection by R. sibirica mongolotimonae
First infect ion by R. slovaca
Culture of R. aeschlimanntt
First case of acute infection bv R. helvetica
Culture of R. fel is
First case of infection bv R. aeschlimannii

Year

1760

1879

1 899

1 908

1 909
1 909
1 9 1 0
1911

191 1

1 9 1 6
1921

1925

1 930

1 930
1 930
1932

1 935
1 938
1946

1946
1946

1946

1 968
1974

1979

1984
1 985
1 989

1 990

1 999
1 9 9 1
't992

1992
't992

1 993

1994
1 996
't997

1997

2000

2000
2002

Author

Boissier de Sauvage

Nagayo

Maxcy

McCal la

Ch. Nicol le (Nobel Prize)

Conor et al.

Wi lson
Ricketts

Ch.  N ico l le

Wei l  and Fe l i x

Mooser

P ier i

Nagayo
Kawarimura

Dyer

Brumpt

Shmatikov et al.

Krontovuka et al.

Huebner

Huebner
Plotz and Smadel

Plotz and Smadel

Brez ina  e t  a l .

Goldwasser
Burgdofer and Peter

Mahara
LOV

Udida and Walker

Ke l ly
Tarasevitch and Raoult

Stewart
Ke l ly  and Raou l t

Tarasevitch and Raoult

Ba i rd  e t  a l .

Yu  and Raou l t

Schriefer and Azad

Raoult et al.

Raoult et al.

Beati  and Raoult

Fourn ie r  and Raou l t

Raoult et al,

Raoult et al.

Reference

Weiss, E. 1988

Rehacek and Tarasevich 1988

Weiss, E. 1988

Weiss, E. 1988

Raoult et al. 1997

Raoult et al.1997

Weiss, E. 1988

Weiss, E. 1988

Raoult et al.1997

Weiss, E. 1988

Weiss, E. 1988

Raoult et al.  1997

Rehacek and Tarasevich 1988

Rehacek and Tarasevich 1988

Weiss, E. 1988

Raoult et al.  1997

Rehacek and Tarasevich 1988

Rehacek and Tarasevich 1988

Weiss, E. 1988

Weiss, E. 1988
Weiss. E. 1988

Weiss, E. 1988

Rehacek and Tarasevich 1988

Raoult et al.1997

Raoult et al.1997

Raouft et al. 1997

Raoult et al.1997

Raoult et al.1997

Raoult et al.1997

Raoult et al.1997

Raoult et al.1997

Raoult et al.1997
Raoult et al. '1997
Raoult et al.1997

Raoult et al.1997

Schriefer et al.  1994

Raoult et al.  1996

Raoult et al.  2002b

Raoult et al.  2002b

Fournier et al.  2002

R a o u l t  e t  a 1 . 2 0 0 1 a

Raoult et a!.2002b

MSF, Mediterranean spotted fever; RMSF, Rocky Mountain spotted fever
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fever, rash, and neurologic involvement became the hall-
mark of rickettsial diseases. Rocky Mountain spotted
fever in 1899 and Mediterraneous spotted fever were
described based on these basic clinical findings.

The etiologic agents of these diseases were not found
easily. They do not grow in basic axenic medra. Proteus
species were isolated from the urine of patients with
typhus and were erroneously considered to be the etio-
logical agents. By chance, they cross-react with rickettsia
and were used in the first serological assay (the Weil-
Felix test). Culture of the rickettsial agents was difficult
but was finally obtained in laboratory animals at the
beginning of the twentieth century (see Table 79.1).
Rickettsial diseases have been among the most deadly in
history. It was also very dangerous to work on these
diseases and two famous rickettsiologists, Ricketts and
Von Prowazek, died of typhus. Da Rocha Lima named
the causative agent of typhus in their honor: Rickettsia
prowazekii.

Charles Nicolle identified the role of body lice in the
transmission of typhus and its agent, and the role of
ticks in transmission of the causative agent of Rocky
Mountain spotted fever was definitively established by
H. Ricketts (see Table 79.1). He was also the first to
isolale Rickertsia ric ketts ii.

Rickettsiae were grown first in animals. Guinea pigs
(for Rickettsid spp.) and mice (for Orientia) were used.
The scrotal reaction of interperitoneally infected guinea
pigs allowed differentiation between R. typhi (first

named R. mooseri) and R. prowazekii. As animals shed
living organisms, manipulation of rickettsia was very
dangerous. Until the discovery of the role of chlor-
amphenicol in the treatment of typhus during the
Second World War by Woodward, it remained a
dangerous field (Weiss, K. 1988).

MICROBIOLOGY

The rickettsiae are intracellular parasites. They are
small gram-negative bacteria that live freely in the cyto-
plasm of their infected eukaryotic host cells. Rickettsiae
induce phagocytosis and rapidly escape from the phago-
cytic vacuole to live in the cytoplasm. Escape from the
phagosome may be due to activation of a phospholi-
pase. Phospholipase A2 was believed to be involved
(Walker et al. 2003); however, a phopholipase A.2 gene
is not present in the genomes of R. prowalekii or R.
conorii. It may be that phospholipase D, which is
secreted by R. conorii, is in fact the key enzyme for
intracellular parasitis (Renesto et al. 2003). Spotted-
fever-group rickettsiae can grow in both the cytoplasm
and the nucleus of infected cells, and they can also
escape from living cells. Typhus-group rickettsiae grow
in the cytoplasm only and are released when the heavily
infected host-cell membranes are destroyed. This
difference is determined by the intracellular motility of
SFG rickettsiae, which is in turn determined by

polymerization of host actin (Teysseire and Raoult

1992; Teysseire et al. t992). R. typhi have limited moti-

lity and actin polymerization does not occur in R.

prowazekii-infected cells. By comparing the genomes of

R prowazekil and R. conorii, it was speculated that a
gene encoding for a protein resembling ActA that is

involved in Listeria monocytogene.r may be responsible

for the ability to polymerize actin (Ogata et al. 2001);

this theory has been confirmed (Harlander et al. 2003;

Gouin et aI.2004).

Rickettsiae are 0.3-O.5 pm in diameter and L-2 pm in

length. As they do not stain well with Gram stain, other

stains are preferable. The Gim6nez technique is used for

Rickettsia species and Giemsa is used for Orientia. Rick-

ettsiae can be grown in animals, including guinea pigs

for Rickettsiae and mice for Orientia, as well as in

embryonated eggs and cell cultures.

CLASSIFICATION

The genus Rlckettsia was first divided into three

different groups: spotted fever, typhus, and scrub typhus.

Rickettsia tsutsugamushl, the agent of scrub typhus, has

been found to be distinct enough by 165 rRNA gene

sequence comparisons to warrant transfer into a new
ger]us, Orientla, which was created to include the single

species, Orienta tsutsugamush (Tamura et al. 1995).

Presently, the genus Rickettsia is still made up of the

typhus group (TG) and the spotted fever group (SFG).

However, R. canadensis, which is transmitted by ticks

and for which pathogenicity in man is unknown, along

with R. bellii, does not belong to either of these groups.

Several of the bacteria in these groups are pathogenic

and are transmitted to man by arthropod bites or

arthropod feces (Table 79.2). -fhe TG includes R.

prowazekii, the agent of the epidemic typhus, trans-

mitted by the body louse, and R. typhi, the agent of

murine typhus that is transmitted by fleas. The SFG

includes an increasing number of serotypes following the

improvement of approaches for rickettsial isolation and

a more widespread interest in arthropod-transmitted

disease (Raoult and Roux 1997). New SFG rickettsiae

have been identified by culture or PCR from humans,

including Israeli tick typhus rickettsia in Israel, Portugal,

and Italy, R. africae in Africa, R. japonica in Japan, 'R.

felis' in Europe and America, the Astrakhan fever rick-

ettsia in Russia, R. honei on Flinders' Island, Australia,

and 'R. mongolotimonae', R. slovaca, and R. aeschli-

mannii in France. Several rickettsia were isolated from

ticks only: R. massilliae in France and in Greece,Bar 29

in Spain, R. helvetica in Europe and Japan, Strain S in

Armenia, R. peacocki i , 'R. cooleyi, '  and'R. amblyommii '

in the USA. and R. sibirica HL-93 in China. Other rick-

ettsiae were characterized in insects, but their culture

has been impossible until now: AB bacterium, pea aphid

rickettsia. and PTB bacterium were characterized in

Adalia bipunctata, Acythsiphon pisum, and Empoasca
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Table 79.2 Classification of rickettsial strains

Taxon

Spotted fever group

R. conorii (malish)

R. conori istrain Ml
R. conori i  strain Indian t ick typhus r ickettsia
Astrakhan fever t ick

lsrael i  t ick typhus r ickettsia
R. sibirica
R. mongolotimonae

R. africae

R. parkeri

Strain 5
R. slovaca
R. honei

R. rickettsii

R. japonica

R. heilongjanghensis

R. paecockii

R. massi l iae
Bar  29
R. rhipicephali

R. aeschlimanii
R. montanensis

MO Aa

wB-8-2
'R. amblyommii'
R. helvetica

R. akari

R. australis
'R. fel is '

Unnamed group

R. canadensis
R. bellii

AB bacterium
Pea aphid r ickettsia

PRB bacterium
'R. cooleyi'

Typhus group

R. prowazekii

R- typhi
Scrub typhus

Orienta tsutsugamushi

Vector

Rh i pi cepha I us, Hae mophysa I is

Rhipicephalus
Rhipicephalus

Rhipicephalus

Rhipicephalus

H ae mop hysal i s, De rmacentor

Haemophysalis
Amblyomma

Amblyomma

Rhipicephalus

Dermacentor

Rh i p i cepha I us?, lxodes?

Derm ace ntor, Am blyom ma

Dermacentor, lxodes

Dermacentor
Dermacentor

Rhipicephalus

Rhipicephalus
Rhipicephalus

Hyalomma
Dermacentor

Amblyomma

Amblyomma

Amblyomma
Ixodes

Al loderma nyssus sa ng u i neus

Ixodes

Ctenophalides felis

Haemophysalis
Argas, Ornithodoros,
D e r m a ce nto r, H ae m o p h ysa I i s

Adalia bipunctata
Acrythosiphon pisum

Empoasca papaye

lxodes

Ped i cu I us h u m an us co rporis

Xenopsylla cheopis

Leptothrombidium

Geographic distribution

Mediterranean Sea, Black Sea, Afr ica

Georg ia

lnd ia
Astrakhan region (Russia)

lsrael,  Portugal, l taly

China, Russia, Pakistan

France,  Inner  Mongo l ia

Africa

U5A
Armenia

Eurasia

Tasmania ,  Tha i land

America

Japan

Russ ia ,  Ch ina

U5A
France, Portugal, Greece

Spa in

USA, Portugal, France

Africa

USA

U5A
USA

USA

Switerzland, France, Sweden

Worldwide

Austral ia

Worldwide

Canada

USA

England

U5A
Puerto Rico, Costa Rica

U5A

Worldwide
Worldwide

Asia, Oceania/entry>

p(tpaye, respectively (Raoult and Roux 1.9971, Parola and
Raoult 2001; Roux and Raoult 1999).

PH ENOTYPIC IDENTIFICATION AND
CLASSIFICATION INSIDE THE GENUS
RICKETTSIA

As rickettsiae are diff,cult to grow and purify, studies

have been very limited. Until recently, rickettsial phylo-
geny was nonexistent and classiflcation had been based

on morphological, pathogenic, ecological, and antigenic

criteria, as they could not be characterized by the

phenotypic criteria traditionally used in bacterial

taxonomy.

The differentiation of the groups within the genus

Rickettsia has historically been based on several factors

(Weiss and Moulder 198a): (1) the intracellular position

in the nucleus and the cytoplasm for the SFG rickettsiae

and R. canadensis, but only in the cytoplasm for R.

prowazekii and R. typhi; (2) an optimal growth tempera-

ture of 32'C for the SFG (or 28"C for R. felis) and 37'C

for the TG; (3) a G + C percent of DNA of 32-33
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percent for the SFG and of 29-30 percent for the TG;
(4) the cross-reaction of sera from patients with rick-
ettsial infection with the somatic antigens of strains of
Proteus, including OX19 for TG and R. rickettsii and
OX2 for SFG. Serologic cross-reactions were also noted
between the R. canadensrs group and R. prowazekii and
R typhi on the one hand and between the representa-
tives of the SFG on the other hand. Complement fixa-
tion was the first test used among SFG to differentiate
between Mediterranean spotted fever and Rocky Moun-
tain spotted fever (Plotz et al. 1,944). R. sibirica, R. akari,
and R. australis were then also differentiated (Pickens
et al. 1965). Toxin neutralization tests were successfully
applied to the differentiation of the same rickettsiae
(Bell and Stoenner 1960). The advent of the density
gradient centrifugation purification method enabled the
separation of rickettsiae from host-cell component
(Weiss et al. 1975) and has allowed the study of rick-
ettsial proteins. Rickettsiae have been differentiated on
the basis of their protein profiles in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
including analysis of all rickettsia for which culture was
possible. Western blot performed with antisera from
convalescent humans or animals demonstrates reactivity
with two proteins (now called rOmpA and rOmpB) for
the SFG rickettsiae and R. canadensis and only with
rOmpB for the TG rickettsiae. These outer-membrane
proteins were shown to have molecular weights char-
acteristic for each species (Gilmore and Hackstadt
1991). The indirect microimmunofluorescence (MIF)
serologic typing test with mouse sera was developed in
1978 and was the reference method for the identification
of new SFG rickettsiae for more than 10 years (Philip
et al. 1978). The antigenic determinants for thrs sero-
typing scheme are rOmpA and rOmpB; two groups were
confirmed, the TG, including R. prowazekii, R. typhi,
and R. canadensis, and the SFG, in which ten serotypes
were described. Two strains of R. rickettsii, Hlp-like and
R-like, and isolates obtained from Dermacentor occi-
dentalis in California clustered in the same serotype, but
their antigenic profiles were different. Some antigenic
relatedness among serotypes was identified. In one
subgroup were included R. sibirica, R. parkeri, and R.
conorii, which were found more distant. Another
subgroup included R. montanensls, R. australis, and.
isolates obtained from Ixodes pacificus in Oregon, but
these serotypes were only remotely related to one
another. R rhipicephall and R. akari did not clearly
belong to any subgroup.

Anacker et al. (1987) demonstrated species, subspe-
cies, and subgroup antigenic determinants on rOmpA
and rOmpB by reactivity with monoclonal antibodies
against R. rickettsii. Most of the species accepted by
taxonomists could be differentiated, except for R. akari
and R. australis, which reacted only with monoclonal
antibodies to the group-specific lipopolysaccharide
(LPS)-like antigen. Xu and Raoult (L998) determined

taxonomic relationships among the SFG rickettsiae by

comparative analysis of immunogenic epitopes reactive

against a panel of 98 monoclonal antibodies. Mono-

clonal antibodies were directed against R. africae, R.

conorii, R. massiliae, R. akari, R. sibirica, and R. slovaca.

Neither monoclonal antibodies reactive with the LPS-
like antigen nor those reactive with the major outer-

membrane proteins reacted with R. bellii, confirming

that this species is not an SFG rickettsiae. The taxo-
nomic relationships determined among the SFG were

consistent with those previously determined by genomic

criteria, which are discussed below. Monoclonal anti-

bodies also demonstrated that R. felis is antigenically

related to SFG rickettsia (Fang and Raoult 2003).

Antibiotic susceptibility also allows differentiation of

several groups. The rickettsiae of the R. massiliae grottp,

of which R. aeschlimanil is a human pathogen (Raoult

et aL.2002b), are resistant to erythromycin and rifampin.

The other representatives of the genus Rickettsia arc

resistant to erythromycin and susceptible to rifampin
(Rolain et al.  1998).

Considering modern biosystematics including phylo-

geny and population genetics, it is evident that the
present classiflcation and nomenclature of the genus

Rickettsia are inadequate. The division of the genus in

TG and SFG is not accurate based on gene phylogeny.

R. canadensis and R. bellii should be excluded from the

TG and the SFG, respectively.

Bacterial taxonomy should reflect classification and

nomenclature of the different representatives and should

allow identification of unknown organisms (Table 79.3).
Polyphasic taxonomy, which integrates phenotypic and
phylogenetic data, seems to be the best approach for

rickettsial taxonomy, as demonstrated for other bacetrial
genera (Vandamme et al. 1996). Serotyping by micro-

immunofluorescence and monoclonal antibodies are

available. However. as these antibodies are often
directed against rOmpA and rOmpB outer-membrane
proteins, the information they give is redundant with

those of genotypic approaches based on s1:tdy ompA

and. ompB sequences, which are less subjective. Whole-

cell protein patterns for the rickettsiae can be compared

when culture is possible. Several methods should be

considered. A standard definition determines that
different strains belong to the same species if they share
70 percent or greater DNA-DNA relatedness (Wayne

et al. 1987). However, the 70 percent cutoff value is not

absolute. For rickettsia as an example, when applying

this criterion, R. rickettsii, R. conorii, R. sibirica, and
R. monatensis would be a single species (Walker 1989).

An alternative phylogenetic species concept could
delineate a species by comparison of percent gene simi-
Iarities. The comparison of 165 rRNA sequences is not a
good taxonomic approach for analysis of the genus

Rickettsia because more than 97 percent similarity exists
between any two taxa. However several other gene

sequences have been determined for most species and
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Table 79.3 Genome size, G + C percent content, DNA-DNA homology, and antibiotic susceptibility for different representatives of the
genus Rrckettsia

Representative

R. conorii
R. rickettsii

R. sibirica

R. massi l iae

R. rhipicephali
R. monatensis
R. akarl group

R. akari
R. australis

R. prowazekii

R. typhi
R. canadensis

Genome size (kb)

1  237

1 272

1 243

1 370

1 256

1 250

1 229

1 269

1  1 1 9
1 099
NT

Erythromycin
susceptibility

R

R

R

R

R

R

R

R

S

s
R

Rifampin susceptibility

s
s
S
R

R

R

S

s
5
s
S

G + C"/o

32-33
32-33
32-33
NT
32-33
NT

29-30
NT
29-30
29-30
29-30

NT, not tested; R, resistant; S, sensitive

could be used to establish a method for rickettsial classi-

fication and nomenclature, including ompA, ompB, gltA,

17-kDa lipoprotein gene, and gene D (Sekeyova et al.
2001) (see Figure 79.1). Antibiotic susceptibility patterns

also provide an interesting approach for confirming
phylogenetic groups, as determined for rifampin resrs-

tance in the R. massiliae grottp. A remaining problem is

that rickettsiae are intracellular bacteria, and for some,

culture is not yet possible. Thus, for these bacteria, gene

sequence comparisons are without doubt the only basis
for taxonomy.

In conclusion, based on current knowledge, it is
possible to differentiate four groups in the clade Rlck-

ettsia-O rientia (see Figure 79.1).

1 Orienta, the agent of Scrub typhus.
2 The typhus group with R. prowazekii and R. typhi.

3 The spotted fever group, which is very homogeneous

with most of the agents of tick-borne rickettsioses
(see Figure 79.2), including R. rickettsii, R. sibirica, R.

africae, R. conorii, R. slovaca, R. japonica, R heilong-
janghensis, R. honei, and several independent species:

R. aeschlimanii; R. akari, R australis, and R. helve-
ttca

4 A fourth group, previously named the ancestral group

(Fuerst and Poetter 1996), comprised of R. canadensis

and R. bellii.

GENETICS

The annotated genome sequence of R. prowazekii was
published in 1998 (Andersson et al. 1998) and that of R.

conorii was published in 2001 (Ogata et al. 2001). Both

have a single small unique chromosome, but each
presents different features (see Table 79.4). The R.
prowazekii genome not only is smaller, but also has a

smaller coding content and a theoretical coding capacity

that is onlv 61 oercent of that of R. conorii. Rickettsial

genomes also exhibit a previously unknown phenom-

enon called repeat parasitism, whereby palindromic

repeats are inserted into various coding and noncoding

regions. The predicted proteins encoded by the para-

sitized genes appear functional (Ogata et al. 2000). A

comparative analysis of the two genomes shows that no

gene was transferred since the separation of the two

species, an estimated 80 million years ago. Moreover,

the genomes express a perfect colinearity that allows an

analysis of gene evolution. It was shown that some genes

were progressively destroyed. First, a stop codon was

insterted in the gene, but the two resulting open reading

frames (ORF) were transcribed, them smaller ORFs

(those with proteins predicted to be under 70 amino

acids long) were no longer transcribed. These ORFs

would then be degraded into noncoding remnants.

Among the R. conoril genes in R. prowaTekll genomes,

200 such remnants were identified.

Rickettsiae have paralog gene families that may trans-

duce important functions. An ATP/ADP translocase

gene is present in four copies and encodes a parasitic

enzyrne exclusively found among Chlamydia, Rickettsia,

and plants. Four spotT copies are also found, which

encode proteins that play a major role in processes

related to bacterial starvation. Both rickettsiae also have

several copies of genes encoding ProP, a transporter that

plays a role in response to osmotic changes. Multiple

genes of outer-membrane proteins of the Sca family

Tabfe 79.4 Comparison between Rickettsia conorii and Rickettsia
prowazeki i

Species

Genome s ize  (bp)

G + C c o n t e n t ( % )

ORFs

Coding content (%)

R. conorii

1 268755

32.4

1374

8 1

R. prowazekii

1 111 523

2 9 0

834
76
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were found (five in R. conorii and four in R. prowa-

zekii). Three of these proteins were previously identified
as major antigens (rOmpA, rOmpB, and gene D).

METABOLISM AND COMPOSITION

Compared with bacteria that grow in axenic medium,
little information is available about the metabolism of
rickettsiae (Winkler l99O). Rickeusia prowarykil has
been studied most extensively. ATP/ADP translocase, a
unique parasitic enzyme, was identified that allows the
importation of ATP from the host cytosol. Genome
analysis predicts that several functions are missing
(Ogata et al. 2001). For energy metabolism, R. prowa-

zekii and R. conorii lack glycolysis, sugar nucleotide, and
pentose phosphate pathways. For biosynthesis functions,
both lack purine and pyrimidine ribonucleotide
biosynthesis enzymes. Many amino acid biosynthetic
pathways, and other gene families, including those for
glutamate, serine, histidine, aromatic amino acid, and
branched-chain amino acid biosynthesis, are lacking.
Folic acid and cofactor enzymes, such as biotin and ribo-
flavin (for R. prowazekil only) are also lacking.

The composition of the cell walls of rickettsiae is
typical for that of proteobacteria (Winkler 1990),
including peptidoglycan, lipopolysaccharide, and an
outer membrane with only a few identified proteins. A
family of 5 Omp (Sca family) has been identified by
genome sequencing (Ogata et al. 2001). sca5 encodes
rOmpA and is present only in SFG rickettsiae; sca4
encodes rOmpB and is present in SFG and TG but is
absent in R. bellii and R. canadensis; sca3 or gene D is
also absent in the R. bellii grotp; and scal and sca2 have
been detected in R. conorii and R. prowazeki (Ogata
et al. 2001). These genes are also found in all other rick-
ettsiae in a truncated form (unpublished). rOmpA and
rOmpB are immunodominant proteins against which
protective antibodies may be generated. As such, they
are potential vaccines. Thus, OMPs determine the
species-specific antigenicity and LPS determines the
group-specific antigenicity.

Orientia tsutsugamushl does not exhibit a typical cell
wall (Kawamura et al. 1995) and neither peptidoglycan
nor LPS have been detected. One cross-reaction identi-
fied in O. tsutsugamuslei is that used in the Weil-Felix
test with Proteus mirabilis OXK.

PATHOGENICITY AN D VIRU LENCE
FACTORS

The natural history of rickettsial diseases involves
several steps (Walker et al. 2003). Transmission is
provided by either saliva inoculation (tick-, mite-, or
flea-transmitted), by autoinoculation after scratching
lesions contaminated by insect feces (epidemic and
murine typhus), or by aerosol (epidemic typhus by
inhalation of louse feces. of other rickettsioses in the

laboratory, or in the context of bioterrorism). After

entry through the skin, mucous membranes, or lung, the
rickettsiae will spread, usually through the lymphatics

from the portal of entry. Target cells are the endothelial

cells (with the exception of R. akari and O. tsutsuga-

mushi, for which the monocyte is also a target). Rick-

ettsiae enter host cells by phagocytosis. Adhesion may

involve a rickettsial outer-membrane protein such as

rOmpA and rOmp (Li and Walker 1998). After inter-
nalization, the phagocytic vacuole is rapidly lysed (Teys-

seire et al. 1995) and rickettsiae escape the phagocytic

digestion to multiply freely in the cytoplasm (and the

nucleus for spotted fever rickettsia). SFG rickettsiae can

spread from cell to cell by actin mobilization (Teysseire

et al. 1992; Heinzen et al. 1993). The infected cell is

injured via lipid peroxidation of host-cell membranes
(Silverman and Santucci 1988). In order to exploit the
cell for its own growth, R. rickettsii inhibits cell apop-

tosis by upregulating NF-rB activation (Clifton et al.
1998). Escape from the vacuole is suspected to be medi-

ated by an enzyme, and indirect evidence implicates a
phospholipase A (Silverman and Santucci 1988; Walker

er al.20O2). A gene encoding for a phospholipase D has

been found in the genome of R. prowazekii and

R. conorii, and preliminary data show that it may be a
key factor in virulence (Renesto et al. 2003). The

immune response to rickettsiae is mainly based on cyto-

kine-mediated intracellular killing and clearance by

cytotoxic CD8 lymphocyte (Feng and Walker 1996). In
mice, interferon gamma (IFN-y) and tumor neciosis fact

alpha (TNF-u) synergistically activate nitric oxide
synthase-2-dependent killing. Antibodies to outer-

membrane proteins play a major role in protection

against rickettsiae. The immune control of rickettsiae is
not sterilizing. R. prowazekil survive in apparently cured
patients who may relapse, years later, with the influence

of stress. Persistence, late relapse, and chronic diseases
have not been established for other rickettsioses.

TOOLS FOR THE DIAGNOSIS OF
RICKETTSIOSES

The biological tools for diagnosis have changed signifi-

cantly in recent years. The main difference comes from

the application of molecular biology techniques, the
generalized use of PCR amplification, and microcell

culture using shell vial methodologies (Raoult and Roux
1997)

lsolation of Rickettsiae

Rickettsiae are typically identified with Gim6nez
staining, although some other bacteria also retain the
basic carbol fuchsin stain and must be distinguished on
the basis of culture requirements. Rickettsiae have been-
isolated by several different methods. Animal inocula-
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tion has been widely used, originally with guinea pigs

and subsequently using rats and voles. Embryonated
eggs have also been widely used. However, cell culture
is currently the most widely used system for primary

isolation. Rickettsial cell culture isolation differs from

that used for viral isolation, since antibiotics. with the
exception of cotrimoxazole, cannot be used (Kelly et al.
1992). Tick or mammalian cell lines have been used. We
have used a microculture system to isolate rickettsiae
from human blood and other sources (Bacellar et al.
1995; Balayeva et al. 1994; Eremeeva et al. 1994;
Marrero and Raoult 1989). The shell vial assay was
adapted from a commercially available method for cyto-
megalovirus culture with early antigen detection. Isola-

tion of rickettsiae by cell culture is now performed routi-
nely in our laboratory using heparinized (leukocyte cell
buffy coat) blood, skin biopsy samples before antibiotic
therapy, or arthropods (Marrero and Raoult 1989;
Espejo-Arenas and Raoult 1989). Many rickettsiae,
including R. conorii, R. rickettsii, R. massiliae, R. aeschli-
mannii, R. slovaca, R. helvetica, 'R. mongolotimonae,'

and R. africae, have been isolated by this method. It has
also been used in Zimbabwe (Kelly et al. 1992) and in
Portugal (Bacellar et al. 1995). Although this assay is
useful. for unknown reasons about one-third of the
isolates are lost on passage (La Scola and Raoult 1996).
However, the importance of culture cannot be under-
estimated, since obtaining an isolate from a tick or a
patient is the ultimate goal in rickettsial disease descrip-
tion. Recently, we faced an unsolved problem in trying
to grow R. felis. This rickettsia was reported to grow in
Vero cells at 37"C (Radulovic et al. 1995) but was lost

under these conditions. We were unable to grow it from
infected fleas in our routine shell vial assay over a
period of 1 year. After multiple attempts, we tried isola-
tion of R. felis at 28'C, as its arthropod hosts are fleas
(Raoult et al. 2001a). Flea-associated microorganisms,
such as Yersinia pestis, fteqxently grow better at this
temperature. As HEL cells do not grow well at 28'C, we

used XTC2 cells, an amphibian cell line that grows well

at28C and is used for arbovirus culture. This technique
allowed easy isolation of R. felis (Raoult et al. 2001a).

Subsequently, we tried without success to grow it at

37'C (La Scola et al. 2002). We believe that this

organism does not grow at 37"C and that the first report
of its cultivation reflected contamination by R. tvphi (La

Scola et al.2002).

Currently, when an isolate has been obtained, the
best method of identification is gene-based. Citrate
synthase gene (gltA), the 165 rRNA gene, 17-kDa
lipoprotein gene, and outer-membrane protein genes
(rOmpA, rOmpB, and gene D) are most frequently

used for this purpose (Raoult and Roux 1997).
However, a clear genetic definition of a new species is
currently lacking. Traditionally, the Rickettsia species
definition was based on serotyping by microimmuno-
fluorescence (MIF) (Sekeyova et al. 1998). This

technique takes a long time, requires a pool of anti-
sera, and lacks reproducibility.

Serology

Serological assays are the simplest diagnostic tests to

perform. The Weil-Felix test was the first to be used

and involves antigens from three Proteus strains: P.

vulgaris OXz, P. vulgaris OX19, and P mirabilis OXK.

Its use in the diagnosis of rickettsioses is based on sero-

logical crossreactions (Raoult and Dasch 1995). The test

lacks sensitivity and specificity but has historically been

used for laboratory diagnosis and provides evidence of

newly encountered rickettsioses.

Today, the most commonly used serological test is

MIF. It is reliable but does not allow differentiation of

infection among the SFG rickettsia (Hechemy et al.

1986; Hechemy and Michaelson 1985). The Western blot

immunoassay (Raoult and Dasch 1995) allows differ-

entiation among the SFG, provided that acute-phase

sera are used. The test detects two types of antigens,

high-molecular-weight outer-membrane protein (rOmpA

and rOmpB) and LPSlike antigen. The high-molecular-

weight outer-membrane proteins are species-specific

(Beati et al. 1994; Raoult and Dasch 1995) and provide

the basis for rickettsial serotyping (Philip et al. 1978). If

sera are collected very early in infection, strong homo-

logous reactions are often observed, making a specific

diagnosis possible (Raoult et aI.200lc). However, as this

rarely occurs, more specific methods are needed. Cross-

absorption studies are useful, especially if complemented

by Western blotting (Brouqui et al. 1997) (see

Figure 79.3). This is the case for typhus, because in 50

percent of patients, serum antibody titers were the same

when tested using R. prowazekii and R. typhi antigen

(La Scola et al. 2000). Although this technique is accu-

rate, it is also very expensive and time-consuming. since

a large number of rickettsiae are required for each

absorption (La Scola et al. 2000).

It must be emphasized that serological testing can be

considered only the first step in diagnosis or in recogni-

tion of a rickettsial disease. In general, direct evidence

of the identity of a rickettsial pathogen is required

before purported new syndromes, new manifestations,

or new areas of endemic infection can be defined. This

evidence should be based on a combination of culture,

microscopic, or genetic detection techniques and not

solely on serology. In fact, the literature is replete with

serologically based reports of new diseases or new clin-

ical forms of disease that can only be viewed with

some degree of skepticism (Raoult and Roux 1997).

Recently, crossreactions were identifled between Legio-

nella and Rickettsia species (Raoult and Dasch 1995).

In conclusion, MIF remains the basic technique. It is

useful to test several antigens simultaneously to help

identify the causative species, which usually exhibits a
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Figure 84.3 Western blot comparing Rickettsia conorii and Rickettsia africae

higher titer. Determining the presence of IgM is useful
to confirm recent infection. Usually, diagnostic cutoffs
are 64 or 128 for IgG antibodies and 32 or 64 for IgM
antibodies.

PCR-based detection of Rickettsiae

Rickettsiae may be detected by PCR amplification from
blood, skin biopsy samples, and arthropod tissues. To
preclude PCR inhibition and to enhance sensitivity,
specific procedures must be used prior to amplification
from blood. Cells are sedimented and the leukocytic cell
buffy coat is used for rickettsial testing. Although hepar-
inized blood is used for cell culture, it is preferable to
use blood collected in ethylenediaminetetraacetic acid
(EDTA) or sodium citrate, because heparin inhibits
PCR and is difficult to neutralize. PCR amplification
must be performed before initiation of antibiotic treat-
ment and before antibody becomes detectable. Fresh
tissues are preferred for this procedure, but paraffin-
embedded tissues and even specimens fixed and
mounted on to slides may be used (Stein and Raoult
1992). Although rarely present in Rocky Mountain
spotted fever and not always present in other rick-
ettsioses, the tAche noire (eschar) is the most useful
biopsy sample to assay (Williams et al. 1994). TAche
noire samples are the best for detection of SFG rick-
ettsiae because the tissue contains more bacteria than

are present in blood; several isolates have been char-
acterized by this approach (Brouqui et al. 1997; Raoult
et al. 1996). PCR amplification of tdche noire or blood
samples can be very useful because infection can be
detected before cell culture is positive or seroconversion
has occurred.

PCR-based methods for the detection of rickettsiae
are attractive as they not only circumvent the need for
culture but also possibly offer more sensitive and
specific alternatives. Rickettsial DNA can also be
detected in ticks (Gage et aI. t994; Gage et al. 1992),
fleas, and lice by PCR-based ampliflcation method
(Higgins and Azad 1995). Detection strategies based
on recognition of sequences within the 165 rRNA
gene (Roux and Raoult t995; Pretzman et al. 1995),
and genes encoding the 17-kDa lipoprotein (Anderson
and Tzianabos L989; Baird et al. 1996; Balayeva et al.
1995), citrate synthase (Schriefer et al. 1994; Raoult
et al. 1997; Wood et al. 1987), and rOmpB (Raoult
et al. 7997; Gilmore et al. L99L) and rOmpA (for SFG
rickettsiae (Raoult et al. 7996; Niebylski et al. t997;
Roux et al. 1996) outer-membrane proteins have been
described. Since none of the PCR assays to date is
speciflc for individual rickettsial species, reaction
products must be further analyzed to identify the
species being detected. Approaches involving either
restriction endonuclease analysis or nucleotide
sequence determination have been described.

Rc

200

1 1 0

47
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The major problem when using PCR is the risk of
contamination. To circumvent this problem, we

sequence all amplicons and consider a diagnosis only
when either the sequence is found for the first time in

the laboratory or when at least two different target
genes have been amplified and sequenced. Regardless,

negative controls that mimic typical specimens should be

used every third or fifth sample. Ampliflcation should

not be detected in any negative control before inter-
pretation of results.

In order to increase the specificity of PCR, a new

technique termed 'suicide PCR' was described. This
technique was first introduced to detect Y. pestis in

ancient remains (Raoult et al. 2000). In this technique, a

target sequence is selected that has never before been

used in the laboratory and is used for a single assay

only. As no prior contamination is possible, highly sensi-
tive techniques, such as nested PCR, are therefore
applicable with limited risk. This technique has been

used for the diagnosis of R. africae (Raoult et al. 2001b)
and R. slovaca (Raoult et al. 2002a), which illustrates

the greater robustness and potential than regular PCR.
The availability of the complete genome sequences of R.
prowazekii (Andersson et al. 1998) and R. conorii
(Ogata et al. 2001) provides a large potential comple-
ment of target sequences for such studies.

lmmunological detection of Rickettsiae

Skin biopsy specimens have been used in the diagnosis
of rickettsioses since the early work of Woodward
(Walker et al. 1978b; Woodward 1973). Samples can be

tested as fresh frozen sections or after fixation and
paraffin embedding. Clinical samples obtained at
autopsy can be tested in the same manner as skin biopsy
specimens (Walker et al. 1978a, 1981).

The use of methods incorporating specific polyclonal

or monoclonal antibodies allows detection of rickettsiae

in blood or tissue (George et al. 1992). This diagnostic

approach allows the confirmation of infection in patients

before seroconversion and permits rapid specific treat-

ment. The method can also be used to diagnose rick-
ettsial infection in fixed tissues retrospectively (Paddock

et al. 2003).

Ticks collected for attempted isolation of Rickettsiae

should be kept alive before being tested. If transport or
long-term maintenance is needed, a humidified chamber
is useful. While the ticks are still alive, the hemolymph

test should be performed following surface sterilization
(Burgdorfer 1970). In this procedure, one tick leg is
amputated, allowing the collection of a drop of hemo-

lymph, which can be applied on to a glass slide and
subjected to either Gim6nez staining (Gimenez t964) or
immunodetection methods. Ticks should then be

dissected (Kelly et al. 1991,; Peter et al. 1990). Tick

tissues, including the reproductive organs, can be care-

fully removed for further testing. Immunological detec-

tion methods can incorporate polyclonal or monoclonal

antibodies, the latter of which can be used to determine

the infecting species. Immunofluorescent labels have

been widely used in conjunction with these antibodies,

but immunoperoxidase labels and detection systems

appear to allow a better microscopic definition of cells

around the detected Rickettsiae (Dumler et al. 1990). R.

typhi cat also be detected in infected fleas by enzyme-

linked immunosorbent assay (ELISA) (Dobson et al.

1989).

HABITAT AND EPIDEMIOLOGY

Rickettsiae live in association with arthropods (Rehacek

and Tarasevich 1989). In some instances, this association

is stable and the Rickettsiae are transmitted transova-

rially from the female to progeny. This is true for many

tick-associated Rickettsiae, such as O. tsutsugamushi and

R. akari in mites, and for R. typhi and R. felis in fleas. R.

prowazekii kills its arthropod host and is not transmitted

to its progeny (Houhamdi et al. 2002). The spectrum of

possible infected artropods is not known. For example,

human lice can be infected by R. typhi (Houhamdi et al.

2003), R. akari (Rehacek and Kovacova 7976), and R.

rickettsii (unpublished data). Ticks can be artificially

infected with R. akari (Rehacek and Kovacova 1976)

and have been found naturally infected with R. prowa-

zekl (Raoult and Roux 1997). Typically, there is a limit

to the tick species that can harbor speciflc serotypes of

Rickettsiae. However, speciflc coevolution of ticks and

Rickettsiae has not been demonstrated. Some Rick-

ettsiae (such as R. rickettsil) have alarge range of hosts,

whereas others are restricted to a single host.

The geographical and temporal distributions of rick-

ettsioses and ehrlichioses are mainly determined by the

distribution of their vectors (-fable 79.2, Figwe 79.4).

Louse-transmitted diseases are found worldwide. The

human louse is common to all humans. Lice parasitize

poor people, preferentially in cold places, and specifi-

cally during times of war. Common fleas such as cat and

dog fleas (Ctenocephalides felis and C. canis), as well as

rat fleas (Xenopsylla cheopis and Pulex iruitans), are

distributed worldwide, as are the diseases (murine

typhus and flea-borne spotted fever) caused by the Rick-

ettsiae that they transmit. Tick species are highly depen-

dent on the environment and very few are distributed

worldwide, with the exception of Rhipicephalus sangui-

neus, the brown dog tick and vector of Rickettsiae

conorii (in the old world). Therefore, tick-transmitted

diseases are usually restricted to a part of the world

where transmission by the local fauna is possible. For

example, no SFG rickettsioses are currently found in

either Europe or the USA.

Tick behavior may determine the target human popu-

lation and seasonality of disease, as well as influencing

the clinical presentation. For example, some Derma-
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Figure 84.4 Geographical distribution of tick-borne rickettsioses

centor species may wait for hosts with an ambush
strategy, falling from as much as 1 m on to a hair-
bearing host (Parola and Raoult 2001). Therefore,
Dermacentor species frequently bite above the hairline
and children are a primary target. As a consequence,
Dermacentor-transmitted rickettsioses, such as Rocky
Mountain spotted fever and infection by R. slovaca,
more frequently involve children than do other rick-
ettsial diseases (Raoult et al. 2002a). Amblyomma ticks
are aggressive hunters that frequently attack in groups.
This behavior may lead to grouped cases and detection
of more than one inoculation eschar per patient. Wide
variations in the annual incidence of tick-transmitted
diseases such as Rocky Mountain spotted fever and
Mediterranean spotted fever have been observed. A
worldwide increase in the 1970s was noted, followed by
a decrease in the 1980s that is not understood. Several
hypotheses suggested such factors as increased exposure,
better use of diagnostic tests, or a shift from effective to
ineffective, empirically prescribed antibiotics (Walker
and Raoult 1995) (see Table 79.5).

CLINICAL MANIFESTATIONS

Rocky Mountain spotted fever

Rocky Mountain spotted fever (Table 79.5) is the most
severe of all rickettsioses. It is caused by R. rickettsii and
is currently the only tick-transmitted rickettsiosis recog-
nized in America, where it is prevalent in 44 US states
and in Central and South America (Argentina, Brazl|

R conorii

R aeschlimanii

R australis

R honei

Colombia, Costa Rica, Mexico, and Panama). The

vectors are mainly Dermacentor andersonii (wood tick)
in the western USA, D. variabilis (the American dog

tick) in the eastern, southern, and Midwest USA, and
Amblyomma cajennense in Central and South America

(De Lemos et al. 2007; Sexton and Kaye 2002). There

are 500-1 000 cases annually in the USA, with a
majority diagnosed during late spring and summer
(Paddock et al. 2002). The disease is relatively more
prevalent in children under 10 years of age.

Rocky Mountain spotted fever starts with fever and

headache after an incubation of 2-I4 days. The fever is
high and associated with nonspecific symptoms and signs
including malaise, nausea, myalgias, anorexia, vomiting,

and diarrhea. The classical triad of fever, headache, and

rash is present in only 44 percent of confirmed cases.

The rash is initially macular and appears first on the

ankles and wrists and then becomes generalized. The

rash can evolve from pink to petechial and purpuric. A
rash can be absent, and 'spotless' fever represents 34
percent of cases.

The disease results to various degrees from increased

vascular permeability in multiple organs that can lead to

multiple organ dysfunction syndrome. In severe forms,
patients suffer edema, hypovolemia, hypoalbuminemia,

and hypotension, leading to shock. In these cases,
necrosis and gangrene of the extremities can occur. In

some instances, noncardiogenic pulmonary edema
develops and causes death. Renal failure could result

from hypovolemia and shock, or from acute tubular
necrosis, and may require hemodialysis. Frequent neuro-

Iogical manifestations include confusion, lethargy, and
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Tabfe 84.5 Main characteristic rickettsioses

Bacteria

R. rickettsii

R. conorii

R. conorii Israel

R. conorii Astrakhan
R. conorii ITT
R. africae

R. slovaca
R. aeschlimannii
R. sibirica
R. australis

R. honei

R. japonica

R. helvetica

R. heilongjanhensis
R. mongolotimonae

R. akari

R. prowazekii

R. typhi

Disease

Rocky  Mounta in
spotted fever
Med iterranean
spotted fever

lsrael i  spotted
fever

Astrakhan fever

Ind ian  t i ck  typhus
African t ick-bite
fever

Spotted fever

5potted fever
S iber ian  t i ck

Queens land t i ck
fever

F l inders  l s land t i ck
typhus
Japanese or
oriental spotted
Fever

Spotted fever

Spotted fever

Rickettsial pox

lnoculation
eschar

Very rare

Yes

No

Rare
Rare

Yes

Yes

Yes
Yes

50% cases

Yes

Yes

No

Yes
Yes

Yes

No

No

Yes

Yes

Mortality
(without
treatment)
(%)

2040

1

< l

No

LOW

Very low

No

LOW

LOW

LOW

LOW

No

No
No

LOW

20
LOW

t -  t f ,

Rash Specificity

Yes  Purpur ic
(50% cases)

Yes Purpuric (rarely)

Yes Rarely purpuric

Yes No

Yes May be purpuric

Rare  Ves icu la r
(<50%)

Rare

Yes
Yes No
Yes Vesicular

Yes

Yes No

N o

Yes Macu lopapu lar
Yes Few spots

lymphang i t i s

Yes Vesicular

Draining
Multiple lymph-
eschars adenopathy

No No

No Rare

No

No

No
Yes

No
No
No

No

No

No

No
Yes

Yes

No

No

N o

N o
N o

Yes

Yes

Yes
Yes

Yes

Yes

N o

Yes

Yes

Yes

No

No

Epidemic  typhus  Yes
Mur ine  typhus  Yes

Petechinal

Macu lar

Macu lar
R.

tsutsugamushi Scrub typhus Yes
felis Flea-borne sootted Yes

fever

Yes Yes

Possible Maybe

stupor. Cerebrospinal fluid (CSF) exhibits pleocytosis,
usually a few monocytic cells (10-100), indicative of
meningitis in one-third of cases. Heart involvement can
cause dysrhythmia. Liver involvement manifests as an
increase in serum transaminases in one-third of patients
and as jaundice in eight percent. The intestinal tract
involvement manifests as abdominal pain, diarrhea,
vomiting, and, in severe cases, bleeding (which can lead
to death). Ocular involvement includes conjunctivitis
and retinal abnormalities.

Laboratory examination reveals a normal number of
white blood cells, but bands and immature myeloid cells
are often observed. Thrombocytopenia is seen in 30-50
percent of cases and may be marked in severe disease.
Anemia may develop. Coagulopathy with decreases in
clotting factors (infrequently including fibrinogen), and
prolonged coagulation times may contribute to bleeding;
hypoalbuminemia may be present; and proteins of acute
phase response increased (C-reactive protein, ferritin,
fibrinogen). Hyponatremia and hypocalcemia may also
be noted. Increased concentrations of serum enzvmes

such as aspartate aminotransferase (ASAT) and alanine

aminotransferase (ALAT), lactate dehydrogenase, and

creatine phosphokinase are common.

The evolution of Rocky Mountain spotted fever

depends strongly on timing of diagnosis and antibiotic

treatment. The spontaneous evolution is frequently fatal;

the current fatality rate is 2.4 percent based on a 4-year

national survey in USA (27 deaths were attributable to

the disease during this period), but local figures may be

considerably higher. Chloramphenicol is associated with

a poorer outcome than doxycycline (Holman et al.

2001).

Other tick-borne rickettsioses

Rickettsia conorii (Table 79.5) causes Mediterranean

spotted fever. The species comprises a group of different

but closely related serotypes; the type strain is Malish.

Other regional serotypes include Israel (in Israel and

southern Europe), Astrakhan (in Russia), and Indian
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tick typhus Rickettsia (in India) (Raoult and Roux 1997).
Mediterranean spotted fever resembles Rocky Mountain

spotted fever but is milder. A malignant form of the
disease with a purpuric rash and shock has been
described in alcoholic, diabetic, and elderly patients
(Raoult et al. 1986). The typical clinical presentation is
that of a patient with fever, rash, and tAche noire, a
black eschar at the site of the tick bite. The tAche noire
is found in 50-80 percent of cases. The rash is frequently
papular, which led to one of the names of the disease,
Boutonneuse fever. Israel spotted fever (Yagupsky and
Wolach 1993) and Astrakhan fever (Tarasevich et al.
1991) appear milder than typical MSF, and tAche noire
is frequently lacking.

R. africae, which causes African tick bite fever, may
be responsible for the most frequent tick-borne rick-
ettsiosis worldwide. The Rickettsiae are transmitted by
the African ticks, Amblyomma hebraeum and A. afri-
canum, which attack in groups and lead to a high preva-
lence of autochthonous infection in rural Africa and in
travelers (Raoult et al. 2001b). The tick attacks typically
generate grouped cases. In half of cases, more then one
tdche noire is detected (see Figure 79.5). The disease is
milder than Mediterranean spotted fever. Fever is
frequently absent; a rash is observed in only one-half of
the patients and may be vesicular. TAches noire are
frequently observed on lower limbs and are often asso-
ciated with lymphadenopathy in the groin.

Japanese spotted fever (Mahara 1997), caused by R.
japonica, and Siberian tick typhus, caused by R. sibirica
(Rehacek and Tarasevich 1988), both resemble medi-
terranear spotted fever. R. australis (Queensland tick
typhus) and R. honei (Flinders Island spotted fever)
cause diseases resembling Mediterranean spotted fever,
but the rash can be vesicular (Graves and Stenos 2003).

Figure 79.5 Patient with Rickettsia alricae infection /Vote the
presence of the two tdches noire

Infections caused by 'R. mongolotimonae' resemble

Mediterranean spotted fever, but in some cases exhibit

specific clinical features characterized by tdche noire,

groin lymphadenopathy, and draining lymphangitis
(Fournier et al. 2000a). R. slovaca causes a disease

apparently common in Europe (Hungary, France, Spain)

(Raoult et al. 2002a), but is more prevalent in children

and women, contrary to other tick-borne rickettsioses. It

rarely produces exanthema, and the typical clinical
picture includes an erythematous skin lesion at the site

of the tick bite (usually in the scalp) and tender cervical

lymphadenopathy. Residual alopecia can be observed at

the site of the tick bite (see Figure 79.6). R. aeschili-

manii rnfectron resembles that caused by R. conorii. R.

heilongjiangerzsls causes fever, rash, tdche noire, and

draining, tender lymph nodes. It is prevalent in Siberia

and China (unpublished data).

The diagnosis of Rocky Mountain spotted fever and

other tick-borne rickettsioses is similar, using mainly

serology indirect fluorescent antibody (IFA) and PCR or

immunohistochemistry of skin lesions (see Tools for the

diagnosis of rickettsioses), with the exception of R.

slovaca infection, in which the serological response is

weak (perhaps because of it lacks generalized infection)

but may be diagnosed by PCR of skin lesions or lymph

node aspirates (Raoult et aL.2002a).

Murine typhus

Humans often come into contact with rat fleas, which

are distributed worldwide in domestic environments.

Murine typhus is prevalent in hot and humid areas. In

the USA, 50-100 cases are reported yearly, mainly in

southern California and southern Texas. A transmission

cycle also involving opossums and cat fleas (C. /e/ls) has

been demonstrated (Dumler et al. 1991).

The incubation period ranges from 8 to 16 days. The

disease begins with abrupt fever, nausea, vomiting,

Figure 79.6 Residual alopecia of a patient uvith Rickettsia slovaca
infection
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myalgias, arthralgias, and headache. A rash is observed
in 40-50 percent of patients, on average 6 days after the
onset. The rash consists of pink macules, which can
evolve into a maculopapular rash (Tselentis et al. 1986)
that does not involve the face, palms, or soles. In severe
cases, it can become purpuric. Pneumonia can be
observed in severe cases, and, when severe, respiratory
distress can lead to intubation and artificial ventilation.
Neurological symptoms range from confusion and
stupor, to coma and seizures in severe forms. Cerebral
hemorrhage may occur. Digestive tract involvement can
manifest as vomiting, abdominal pains, jaundice, and, in
severe cases, gastric hemorrhage (Table 79.5).

A moderate increase in serum liver enzymes is
common. In patients with severe disease, hyponatremia
and hypoalbuminemia are observed. The prognosis is
usually favorable, but ten percent of patients require
intensive care and one percent die.

Flea-borne spotted fever caused by R. felis is a new,
incompletely defined disease. The bacterium is found
in fleas in the USA, Peru, Europe, and Africa. Seven
cases have been reported from Texas, Mexico, Brazil,
France, and German (Raoult et al. 2001,a; Richter et al.
2002; Zavala-Velasquez et al. 2000). All reported cases
exhibited fever, a rash was detected in six out of
seven, and an inoculation eschar was observed 1n some
cases.

Epidemic louse-borne typhus

The human body louse lives in clothes and multiplies
rapidly with cold weather and lack of hygiene. Their
detection and prevalence reflects the low socioeconomic
status of certain members of a society. Louse-borne
typhus is prevalent during war, in poor countries, and
even among the homeless populations of affluent socie-
ties, including those in the USA and Europe. An
outbreak of typhus involving 100 000 people was
reported in 1997 during the civil war in Burundi (Raoult
et al. 1998), and cases were reported in Russia (Tarase-
vich et al. 1998), Peru (Raoult et al. 1999), USA, Algeria
(Niang et al. 1999), and France (unpublished) in the
1990s (Raoult and Roux 1999). The epidemiology of R.
prowazekii is mainly related to humans as reservoirs and
Iice as vectors. However, flying squirrels in the USA
constitute a sylvatic reservoir and generate a few cases
of typhus (Bozeman et al. 1975). The patient is usually
contaminated by infected louse feces (in which R.
prowazekii can survive for weeks) (Houhamdi et al.
2002), through aerosols, or by skin autoinoculation.
Patients who recover from typhus may harbor the
bacterium in a dormant form, leading to relapse years
later. The relapsing form is named Brill-Zinsser disease
(Stein et al. 1999). During the relapse, a bacteremia
occurs, which may allow the start of a new outbreak if
lice bite the oatient.

Typhus (Table 79.5) begins abruptly with fever, head-

aches, and myalgias. Pneumonia is common. Neurolo-

gical involvement manifests as stupor, confusion, or

coma. A rash is observed in 20-80 percent of the

patients and is more rarely observed on dark skin. It

usually starts in the axilla and then spreads. It is macular

and evolves to purpuric in severe cases. In some cases,

diarrhea and jaundice are reported. Splenomegaly is

infrequently found. In severe cases, shock is observed;

the spontaneous fatality rate in the absence of specific

antibiotic therapy is 2G-30 percent.

Brill-Zinsser disease is milder and frequently undiag-

nosed, as the rash can be absent. The patient interview

may reveal prior exposure to lice and a diagnosis of

typhus years earlier.

Sylvatic typhus in the USA is caused by a variant R.

prowazekii and is also milder. The most prominent clin-

ical features are neurological. Only a few cases have

been described and nearly all occurred in areas east of

the Mississippi, where the eastern flying squirrel is

found.

Rickettsialpox

Rickettsialpox (Table 79.5) is caused by R. akari, which

is transmitted by mites of the house mouse (Mas

musculus). After 7-10 days' incubation, fever, rash, and

an inoculation lesion are observed. The local lesion may

be vesicular or an eschar and is associated with tender,

draining lymph nodes. The rash can also become vesi-

cular (smallpox rickettsia was another name of R. akari).

The disease is mild.

Scrub typhus

Scrub typhus is a common disease caused by O. tsutsuga-
mushi. lt is prevalent in eastern Asia and Oceania when
chiggers (larval mites) are common (Kawamura et al.
1995). Local residents and tourists may be exposed to
chigger bites. The real prevalence of scrub typhus is not
known, but in Thailand, for example, it is with leptos-
poris one of the two most important causes of infection
in hospitalized patients. During the Vietnam War, scrub
typhus was a major cause of fever in American soldiers
(Deller and Russell 1967; Berman et al. 1973). It is also
common in India, but apparently grossly underreported
(Mathai et al. in press).

The major symptoms of scrub typhus (Table 79.5) are
fever, mental status changes, headache, inoculation
eschar, and lymphodenopathy (Tattersall 1945; Berman
and Kundin 1,973). Ten or more days after exposure to a
focus of scrub typhus, the disease onset is abrupt, with
fever, headache, and myalgias. One or more inoculation
eschars are found at the site of the mite bite in half of
all cases (Kawamura et al. 1995). The rash is macular,
pale, transient, and easily missed. Lymphadenopathy can
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be tender and is sometimes limited to the site of the
mite bite. Hepatomegaly, general lymphadenopathy, and
splenomegaly can be observed. Mental changes are
frequent and range from slight intellectual blunting to
coma or mania (Tattersall 1945).

In severe cases, evolution to multiple organ dysfunc-
tion syndrome with hemorrhage can be observed. After
apparent recovery and following short treatment
courses, relapses frequently occur. Relapse disease is
usually less severe than the first attack. Scrub typhus is
associated with a reduction of viral load with human
immunodeficiency virus (HIV-1)-infected patients and
has been observed to restore the immune potential of
infected patients (Watt et al. 2000b). There is a wide
variation in prevalence of cutaneous symptoms as well in
severity and fatality rate (Kawamura et al. 1995). Preva-
lence varies from 3 percent in Taiwan to 60 percent on
the northern coast of Japan. Scrub typhus is still a life-
threatening disease despite the availability of efficient
treatment. During pregnancy, scrub typhus frequently
causes abortion (Mathai et al. in press).

ANTIBIOTIC SUSCEPTIBI LITY TESTING

Because of their obligate intracellular lifestyle, suscept-
ibility of Rickettsiae to antibiotics cannot be assessed by
conventional microbiologial tests (Parola et al. 2002;
Raoult and Maurin 2002a, b; Maurin and Raoult 1998,
20O2a,b; Walker and Sexton 2002).

Arthropod model

Infected body lice have been used in an in vivo model to
test the antibiotic sucsceptibility of R. prowazekii to
antibiotics. Lice usually die from infection with R.
prowazekii. Infected lice received either doxycycline or
ripamcin. For both antibiotics, inhibitions of rickettsial
growth and a delay in death of infected body lice were
obtained.

Embryonated egg model

In the embryonated egg model, Rickettsiae are injected
into the yolk sacs of eggs. This results in death of the
embryo after an interval of several days. Antibiotics are
administered by the same route within the first hour
following inoculation. Antibiotic activity is deduced
based upon the differences in mean survival time of
infected embryos that received antibiotics as compared
with infected controls. By this method, and confirming
with Gim6nez staining of yolk sacs, penicillin G and the
aminoglycosides streptomycin and gentamicin are not
effective. Oxytetracycline and, to a lesser extent,
chlortetracycline and chloramphenicol, were considered
rickettsiostatic. Erythromycin was found to be effective
against R. prowazekll. However, Weiss and Dressler

(1960) demonstrated that in vitro, R. prowazekii colld

become resistant to this antibiotic after only three

passages.

Cell culture models

Plaque formation in infected cell cultures was first used

for enumeration of viable Rickettsiae and was later

adapted for the determination of in vitro antibiotic

susceptibility. The plaque assay system is recommended.

Cell monolayers (usually Vero cells) are grown in Petri

dishes and are infected by incubation with a rickettsial

inoculum while rocking to enhance Rickettsia-cell inter-

actions. Infected cells are then overlaid with minimal

Eagle medium (MEM) containing 2 percent fetal calf

serum and 0.5 percent agar. Antibiotics are added at

different concentrations at the same time, whereas no

antibiotics are added in drug-free controls. The Petri

dishes are incubated for 4 days at 37'C in a 5 percent

CO2 atmosphere, and the cell monolayers are then

stained with neutral red dye allowing visualization of

plaques. Minimum inhibitory concentrations (MIC) are

defined as the lowest antibiotic concentration allowing

complete inhibition of plaque formation, as compared

with the drug-free control. Ives et al. recently described

a new cell culture system in which inhibition of rickettsia

proliferation by antibiotics was determined by

comparing rickettsial growth in infected Vero cell

cultures incubated in the presence of antibiotics to that

in drug-free control (Ives et al. 1997). Infected cells were

enumerated by indirect fluorescent antibody tests. Kelly

et al. (1995) reported the use of flow cytometry to quan-

tify the antibiotic susceptibility of O. tsutsugamushi. We

have reported the more rapid and efficient measurement

of rickettsial DNA concentrations by real-time quantita-

tive PCR using a Light Cycler to evaluate rickettsial

growth inhibition by antibiotics (Rolain et al.2002).

Chloramphenicol, doxycycline, tetracycline, minocy-

cline, and rifampin are effective against R. rickettsii, with

MICs ranging from 0.005 to 1 pglml (see Table 79.6).

Penicillins and cephems were considered poorly effec-

tive, although in earlier experiments, Wisseman et al.

demonstrated partial inhibition of rickettsial growth and

spheroplastJike rickettsiae when using high doses of

penicillin (Wisseman et al. 1974). The newer macrolide

compounds, roxithromycin, azithromycin, and clari-

thromycin, have been tested in the immunofluorescent

antibody assay (Ives et al.1997). Clarythromycin was the

most effective compound, with MICs ten times lower

than that of erythromycin (0.25 and 2 pglml respec-

tively). The new ketolide compound, telithromycin,

displayed an MIC of 0.5 pglml. Nalidixic acid produces

only partial inhibition of plaque formation by R. prowa-

zekii, whereas the fluoroquinolone compounds were

more effective. In vitro, quinolones are poorly effective

on R. tsutsugamush (Kawamura et al. 1995). A preli-
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Table 79.6 Antibiotic susceptibility of rickettsiae to antibiotics minimum inhibitory concentrations (MIC) in pglml) (based on Rolain et al
1998, 2000, 2002; Kelly et al 1995, Watt et al 1999)

Doxycycl ine

Th iamphen ico l

R i fampin

Erythromycin

Clari thromycin
Teli thromycin

Ciprof loxacin

Of loxacin

Spotted fever group
rickettsiae

0.06-0.2s
0.5-4
0.03-1
2-8
0.5-4
0.5-1
0.25-1
0.5-2

R. aeschlimanii

0.06-0.2s

0.5-2
2-4

1 . 8

0.5-2

0 .25-1

0.5-1

Typhus group
rickettsiae

0.06-0.1 2s
1-2
0.06-0.25
0.125-1
0.5-1
0.5
0.5-1
1

O. tsutsugamushi

0.02-0.9
0.2-0.4

0.06
>8

6-24
3-24

minary report claimed that fluoroquinolones were effec-
tive in a mouse model, but this has not been confirmed.
Moreover, ciprofloxacin is not effective in treating
patients with scrub typhus (Mathai et al. in press).

Azithromycin was effective for scrub typhus in a mouse
model (Watt et al. 1999). Many new macrolide

compounds exhibit very good in vitro efficacy and

should be tested to find alternatives for doxycycline.

TREATMENT

Doxycycline is the drug of choice for the treatment of
the rickettsioses. It was demonstrated that a single dose
cured patients suffering from epidemic typhus and Medi-

terranean spotted fever. For other rickettsial diseases, a
7-14-day regimen is recommended. For children, doxy-
cycline should also be used. It has been demonstrated
that staining of teeth is unlikely to appear when fewer

than five therapeutic courses of doxycycline are
prescribed in childhood (Fort and Benincovi 1969).
Chloramphenicol is an alternative treatment to doxycy-

cline in pregnancy (Watt et aI. 1996) and in people with

tetracycline hypersensitivity. It is less efficient than
doxycycline in treating Rocky Mountain spotted fever
(Walker and Sexton 2002).

Macrolide antibiotics have been tested for treatment

of rickettsial diseases. Erythromycin should be avoided
as it is ineffective for treatment of typhus and spotted
fever (Maurin and Raoult 2002a). Clarithromycin
(Cascio et al. 2001), azithromycin (Meloni and Meloni
1996; Cascio et al. 2002), and josamycin (Bella et al.
1990) were reported effective in the treatment of Medi-
terranean spotted fever. Azithromycin was also used

with success for scrub typhus (Choi and Pai 1998).

Macrol ides can be used in pregnant women.

Rifampicin theoretically offers an alternative to doxy-
cycline as MICs are low, except for R. aeschlimanii.

However, a randomized trial performed in children
suffering Mediterranean spotted fever showed that it

was less efficient than doxycycline (Bella et al. 1991).
Rifampin was shown to be effective in treating scrub

typhus and should be recommended in pregnant women

or in patients potentially infected with doxycycline-resis-

tant strains (Watt et aI.2000a).

Quinolones exhibit some activity on Rickettsiae. Their

use was proposed for the treatment of Mediterranean

spotted fever (Gudiol et al. 1989) but should be avoided

for treatment of typhus as a patient receiving cipro-

floxacin died (Zanetti et al. 1998). In vitro results for O.

tsutsugamushl are discrepant, but treatment failures for

scrub typhus in pregnant women have been reported

(Mathai et al. in press).

In conclusion, doxycycline currently remains the drug

of choice for the rickettsioses. New macrolide

compounds, such as telithromycin, that show great in

vitro activity should be evalutated as alternative drugs.
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INTRODUCTION

In the past, the taxonomy of the rickettsiae and what
were broadly known as ehrlichiae was based principally
on comparisons of phenotypic characteristics. More so
than in other bacteria, historical, geographical, and
environmental considerations also played important
roles in classification. More recently, classification of
rickettsiae and ehrlichiae has been based increasingly on
DNA sequences, particularly on rrs (165 rRNA) and
groEL gene sequence comparisons. As a result of
genetic analyses, a realignment of the families Rlcft-
ettsiaeceae and Anaplasmataceae was recently proposed
(Dumler et al. 2001). The new classification schema
eliminates the tribe structure of the Rickettsiaceae family
by moving the remaining members of the prior tribe
Ehrlichieae and placing them into the family Anaplas-
mataceae. The genetic analyses also revealed misalign-
ment among the existing genera in the previous tribe
Ehrlichieae, such that some members of the genera
Ehrlichia and Cowdria were reassigned to other genera
in Anaplasmataceae, with the creation of several new
genus and species combinations. The final result of the
realignment was the inclusion of four senera in the
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family Anaplasmataceae'. Anaplasma, Ehrlichia, Wolba-
chia, and Neorickettsia; the genus Cowdria was elimi-
nated and its sole species, C. ruminantiutn, was reas-
signed into the genus Ehrlichia as E. ruminantium nov.
comb. Prior members of the gents Wolbachia, W.
persica and W. melophagi, were reassigned on the basis
of DNA sequence comparisons into the genera Franci-
sella and Bartonella, respectively. The genera Haemo-
bartonella and Eperythrozoon formerly assigned within
the Anaplasmataceae were reassigned to the Mollicutes
(mycoplasmas). Aegyptianella spp. that infect avian,
reptile, and amphibian erythrocytes are likely to be
species in the genus Anaplasma, but more study is
needed. The common underlying nongenetic character-
istic of the Anaplasmataceae is that the bacteria reside
within a vacuole in the cytoplasm of the infected host
cell, and that host cells generally involve both arthropod
cells and mammalian cells of hematopoitic origin, except
for some Wolbachia that reside exclusively in insect
cells, and some Wolbachia and Neorickettsia that may
also involve cells in helminths, including nematodes and
trematodes, respectively. Pathogens of mammalian cells
are found in the genera Anaplasma, Ehrlichia, and Neo-
rickettsia, although a role for Wolbachia spp. in human



Historical perspectives 2049

pathogenicity is becoming increasingly appreciated. The working on the 'virus' of Rocky Mountain spotted fever

general properties of Anaplasmataceae that infect in Montana of the USA, Sir Arnold Theiler was

mammalian cells are presented in Table 80.1.

H ISTORICAL PERSPECTIVES

describing small darkly stained structures, marginal

points, near the edges of erythrocytes from cattle with

redwater, a febrile hemolytic disease first identified in

tick-exposed South African cattle. He reasoned that

Some of the Anaplasmataceae are very important patho- these marginal points were nondescript parasites that

gens of man and animals. At the time when Howard infected erythrocytes as did Plasmodium spp., as was the

Taylor Ricketts was conducting his ground-breaking prevailing view in his day, and coined the name

Table 80.1 Diseases and habitats of species of the ehrlichias

Geographical
Genetic group species Animals affected Disease Invertebrate host distribution

Anaplasma
Anaplasma Humans, horses, Tick-borne fever Ticks (/xodes North and South
phagocytophitum dogs, ruminants, (ruminants), persulcatus group, America, Europe, Asia,

l lamas anap lasmos is  inc lud ing  Af r i ca
(humans); formerly l. scaPularis,
granulocytic I' pacificus, I. ricinus,
ehrl ichiosis (HGE, L Persulcatus,
equlne granulocytic I. spinipalpus, and
enrlichiosis) I' triangulicePsl

Anaplasma platys Dogs Canine cycl ic Ticks? North and South
thrombocytopenia America, Asia, Europe,

Austral ia

Anaplasma bovis Catt le Bovine ehrl ichiosis Ticks (Hyalomma) Afr ica, Middle East,
Europe, North America?

Anaplasma marginale Cattle Anaplasmosis Ticks (Dermacentor, Worldwide
Boophilus), tabanid
f  l ies

Ehrlichia
Ehrl ichia canis Dogs, humans Canine monocytic Ticks (Rhipicephalus Worldwide

ehrl ichiosis, tropical sanguineus)
canine pantocytoPenia

Ehrlichia chaffeensis Humans, dogs Human monocytic ficks (Amblyomma USA, Asia?
enrl ichiosis americanum)

Ehrl ichia ewingi i  Dogs, humans Canine granulocytic f icks (Amblyomma USA
ehrl ichiosis. ehrl ichiosis americanum)
'ewing i i '

Ehrl ichia muris Mice Unnamed ? Japan

Ehrl ichia ruminantium Ruminants Heartwater f icks (Amblyomma Sub-Saharan Afr ica,
hebraeum\ Carribean lslands

Neorickettsia
Neorickettsia sennetsu Humans Sennetsu ehrl ichiosis Fluke? Japan, Malaysia

Neorickettsia risticii Horses Potomac horse fever, Trematode USA, Europe
equtne monocytic (Juga spp') cercaria,
enr l i ch ios is  aquat ic  insec ts

Neorickettsia Dogs Salmon poisoning, Fluke (Nanophyetus Pacific northwest of

helminthoeca Elokomin f luke fever salmincola) North America

SF agent Humans, dogs Hyuganetsu disease Fluke Japan
6tallantchasmus
falcatus\

Wolbachia
Wotbachia piplentrs-l ike Arthropods, Cytoplasmic Seven orders Europe, USA

symbionts isopods incompatibi l i ty, of insects,
sex-ratio distortion Armadillium

Wolbachia pipientisl ike Humans? Contr ibutes to Fi lar ial nematodes Tropical areas
symbion ts  in f lammat ion  w i th

lymphat ic  f i la r ias is?

HGE,  hLrmdn g 'anr , locy t  c  eh . l ' ch iosrs
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Anaplasma marginale. Similar inclusions in febrile HABITAT
animals that were located within central regions of
erythrocytes were denoted as Anaplasma centrale,
although he was unable to discern other differences. By
L925, Cowdry had described the bont tick (Amblyomma
hebraeum)-transmitted rickettsial agent of heartwater, a
severe bovine illness in sub-Saharan Africa character-
ized by encephalitis and cardiac tamponade, and called
it Rickettsia ruminantium. Tick-borne fever, a febrile
condition of ruminants in Europe that was associated
with multiple secondary infections, was described in
1932 and Gordon et al. implied a rickettsial agent as its
cause before the name Rickettsia phagocytophila was
eventually settled on in 1940. While this was occurring,
Donatien and Lestoquard described several unique rick-
ettsial infections of dogs and cattle in Algeria in 1936,
and named them Rickettsia canis and Rickettsia bovis,
respectively. The same year, Hertig named small
bacteria in insect tissues as Wolbachia, in honor of S.
Burt Wolbach, the pathologist who first demonstrated
rickettsiae in tissues from infected patients. In 1938,
Tyzzer described a parasite of blood neutrophils in
North American Microtus and Peromyscus spp. that
probably represented the same agent identified by
Gordon in 1932; named this Cytoecetes miuoti, a genus
name still preferred by some in the field. In the cumber-
some task of taxonomic classification, Moshkovski
recalled the early work of Kurlov, a Russian scientist
working under the direction of Paul Ehrlich at the begin-
ning of modern microbiology. Kurlov was assigned to
study the causbs of anemia in guinea pigs by examination
of stained blood lilms. Although well recognized as
noninfectious now, the Kurlov body was sufficiently
similar in morphology to the intracytoplasmic inclusions
seen with many of these infections that Moshkovski
created a new genus in honor of Ehrlich, and assigned
into it many of the species once classified as Rickettsia, to
create the new combinations Ehrlichia canis, Ehrlichia
phagocytophila, and Ehrlichia bovis; he also created the
new genus Cowdria to accommodate the former Rlck-
ettsia ruminantium. Phllip in 1953, and Misao and
Kobayshi in 1954, described unique rickettsial species of
dogs and humans that did not have strong tick or
arthropod associations but in fact had closer epidemiolo-
gical ties with the consumption of raw fish and, in the
case of Neorickettsia helminthoeca, with trematodes that
infest the fish and are consumed by the dog. Subsequent
discoveries were classifie d as Ehrlichia spp. if the bacteria
clustered in a vacuole in a peripheral blood leukocyte
(Ehrlichia equi (Stannard et al. 7969), Ehrlichia platys
(French and Harvey 1983), Ehrlichia risticii (Holland
et al. 1985), Ehrlichia chaffeensis (Anderson et al. 1991),
Ehrlichia ewingii (Anderson et al. 1992b), and Ehrlichia
muris (Wen et al. 1995a), among others). A reclassifica-
tion proposal in 2001 (Dumler et al. 2001) established the
existing taxonomic structure and new combinations.

A common feature of the habitat of the pathogenic
Ehrlichia and, Anaplasma spp. is the association with
ticks and vertebrate animals. Humans and some animals
are accidental hosts that then develop clinical signs; such
findings suggest that coevolution has permitted persis-

tent infections in some reservoir hosts that do not result
in clinical manifestations or signs of disease, such as with
some cervids or small mammals. There are, however,
considerable differences in the details of such associa-
tions, and each species (or groups of closely related
species) needs to be discussed separately (Table 80.1).

Various microorganisms living in intracellular
symbioses with arthropods cause sex-ratio distortion and
alteration of sex determination of their hosts, such as
parthenogenesis, female-biased sex ratios, and sterility of
offspring of crosses between infected males and unin-
fected females. Most such microorganisms are relatives
of the species W. pipientis (Werren et al. 1995). Hertig
first described this species in 1936 as occurring in the
gonads and gut epithelium of the mosquito Culex
pipiens. Sorne Wolbachia spp. identified in filarial nema-
todes may influence successful development between
larval instar stages and maturation into adults. The
presence of Wolbachia bacterial components in the
filariae is also suspected to contribute to a pro-
inflammatory response that could exacerbate lymphatic
or venous obstruction, or contribute to the post-
inflammatory fibrosis that complicates filariasis (Taylor
2OO2).

A common feature of the tick-associated Ehrlichia
and Anaplasma species is the inefficient transmission
from one generation of ticks to the next. This ineffective
transovarial transmission implies a reliance on hori-
zontal transmission (tick-vertebrate host-tick) that
further suggests the need for persistent infection, prob-
ably persistent bacteremia, of reservoir host vertebrates.

E. canis, a worldwide pathogen of dogs, is transmitted
by the brown dog tick, R. sanguineus. Similarly, A. varie-
gatum and A. hebraeum ticks transmit Ehrlichia rumi-
nantium to ruminants. E. chaffeensis, which occurs most
frequently in southeastern and south-central USA, and
Ehrlichia ewingii, a human and canine pathogen also in
the midwest USA, have been shown to occur in the tick
vector, Amblyomma americanum (Lockhart et al. 1996).
These two species may be difficult to differentiate by
serological analysis, which has shown evidence of human
infection in Europe, Asia, and Africa (Dumler and
Bakken 1995). The former species Ehrlichia phagocyto-
phila, Ehrlichia equi, and the unnamed agent of human
granulocytic ehrlichiosis (HGE) have been combined
into a single species, Anaplasma phagocytophilum that is
responsible for human anaplasmosis (formerly HGE) in
the northern USA and Europe; Ixodes persulcatus gtoup
ticks including 1. scapularis in the eastern USA,
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I. pacificus in the western US, L ricinus in Europe and
Asia, and I. persulcatus in Asia transmit the bacterium.
Other tick hosts that do not bite man, such as I. spini-
palpis, may also transmit A. phagocytophilum among
small mammals and other animals (Richter et aL 1996).
The habitats of other Anaplasmataceae ate not well
understood or studied. For Neorickettsia, ticks are not
part of the transmission cycle, and fluke transmission has
been proven for N. helminthoeca, N. risticii, and the
Neorickettsia sp. in Stellantchasmus falcatus (SF agent)
(Wen et al. 1996) and is suspected in the case of N.
sennetsu. An important role exists for trematode meta-
cercariae, which carry N. risticii to aquatic insects that
are accidentally ingested; the importance of this cycle
for other Neorickettsia spp. has not been evaluated.

MICROENVIRONMENT AND
MORPHOLOGY

Species of the genera Ehrlichia, Anaplasma, and Neor-
ickettsia prevent phagosome fusion with lysosomes and
thus remain in a favorable environment for growth. A
few species, such as A. phagocytophilum, E. ewingii, and
E. ruminantium, invade and propagate in granulocytes, a
biological niche unique among all bacteria, while
Anaplasma marginale and Anaplasma platys grow within
erythrocyte and platelet vacuoles, respectively. Ehrlichia
ruminantium parasitizes predominantly endothelial cells
in vivo, whereas in vitro it grows well in macrophage
cultures. Similarly, E. chaffeensis may be propagated in
a variety of cell lines, including macrophages, endothe-
lial cells, and even fibroblasts.

The mechanisms by which vacuoles that contain
Anaplasmataceae avoid, fusion with lysosomes have been
studied only for N. risticii (Rikihisa l99Ia), N. sennetsu
(Barnewall et al. 1999), A. phagocytophilum (Barnewall

et al. 1.999; Webster et al. 1998), and E. chaffeensis
(Barnewall et al. 1997). All three of these species enter
early endosomes; the vacuoles that contain A. phagocy-

tophilum do not mature or accumulate additional
markers of endosomes, whereas both E. chaffeensis and
N. sennetsu accumulate other markers of early endo-
somes but never mature into later stages such as sorting
or late endosomes or phagolysosomes (Barnewall et al.
1997; Webster et al. 1998). E. chaffeensis specifically
abrogates vacuolar maturation by directing the accumu-
lation of all cellular transferrin receptors to the para-

sitophorous vacuole. The net result is the shuttling of
the infected vacuole into a receptor-salvage/recycling
pathway that does not fuse with lysosomes.

Infection of canine monocytes with Ehrlichia,
Anaplasma, and, Neorickettsia spp. is effected by small
round bacteria 0.5 pm in diameter. Upon entry into the
vacuole, they increase in size and divide by binary fission
to form clusters in a membrane-bound vacuole, usually
referred to as morulae. Individual bacteria have typical
gram-negative trilaminar outer and inner membranes.

The various genera and species of Anaplasmataceae vary

in the size of the morulae, some ultrastructural features,

and time of release of the individual bacteria (Chaicha-

nasiriwithaya et al. t994; Popov et al. 1995). The

morphology of ehrlichial morulae and individual

bacteria is illustrated in Figure 80.1. Two distinct ultra-

structural morphologies have been identified, including

small cells with densely packed chromatin (dense core)

and larger forms with loose, reticulated chromatin (reti-

culate). Despite the similarity to the life-stage forms of

chlamydiae, both dense-core and reticulate forms divide

by binary fission, although some evidence suggests that

dense-core cells selectively express adhesins for binding

to cells prior to internalization (Popov et al. 2000).

Anaplasmataceae bacteria vary from 0.2 to 1..5 pm in

diameter and usually are coccoid or ellipsoid in shape,

although a variety of unusual shapes and forms may be

observed. Flagella and pili are not present; in vitro

genetic recombination has not been demonstrated,

although natural recombination of certain antigen

encoding genes is probably a critical factor for

prolonged in vivo survival in vertebrate reservoirs.

Ultrastructural studies conflrm that members of the

genera Ehrlichia, Anaplasma, Wolbachia, and Neoricket-

/sla contain chromosomal structures, ribosomes, and

other subcellular organelles (Popov et al. 1995). As in

the Rickettsiaeceae, bacteria in the famlly Anaplasmata-

ceae are surrounded by an outer envelope (cell wall)

similar to that of gram-negative bacteria. In general,

both the inner and the outer leaflets have similar dimen-

sions, unlike the situation for Rickettsiaceae. Moreover,

lipopolysaccharide (LPS) is not present in Anaplasmata-

ceae, although spheroplasts form in the presence of

some antibiotics that target peptidoglycan, suggesting its

presence in the cell wall (Rikihisa 1991a; Lin and Riki-

hisa, 2003). In some preparations, extensions of the

bacterial membrane may allow the bacteria to become

wrapped in several layers or to develop invaginations

into the bacterial protoplasm (Popov et al.1995). Ehrli-

chia spp. but not Anaplasma spp. possess intravacuolar

fibrillar and tubular structures that may contain bacterial

antigens. Some strains of A. marginale possess appen-

dages extending from the surface of the endocytic

vacuole into the host cell cytoplasm that also integrate

bacterial antigens.

STAINING PROCEDURES

Romanowsky stains, such as Giemsa or Wright, or rapid
methods are used frequently for light-microscopic visua-
lization of Anaplasmataceae. Using this method, the
microorganisms are easily recognized in tissue culture
cells or blood smears, although the abundance of other
intracellular granules and structures renders this less
useful for histological sections. Acridine orange staining
combines visualization with an assessment of physiolo-
gical activity because active, but not dead, micro-
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Figure 80.1 The morphology of ehilichtae (a) E canis rn primary
canine monocyte cultures, starned by Wright-Giemsa
Bar = 76lrm, (b-d) E rist cii rn mouse macrophage (b) Stained
by acildine orange Note clump of organisms within the
cytoplasm Bar = 10 4m (c) rVote variety of morphological forms
Bar = 3 um (d) Note retentton of morula structure and some
host membranes (arrows), even in purified preparation
Bar = 0 5 lm (e) E chaffeensis morula (arrow) in a peripheral
blood monocyte from a pattent with human monocytic erlichiosis
(f) A phagocytophilum morula (arrow) in a peripheral btood
neurophil from a patient with human granulocytic anaplasmosis
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organisms, fluoresce an intense bright orange to red

color against a yellow-green background. An ultraviolet

microscope is required for this procedure, which will

also stain most other bacteria and eukaryotes. Fluor-

escent antibody tests permit simultaneous detection and

identification of the rickettsiae, depending in part upon

the specificity of the antibody reagents wed. Ehrlichia

and Anaplasma cells have also been visualized in tissue

sections by immunohistochemical methods that employ

speciflc antibodies and by methods that use the in situ

hybridization of specific nucleic acid probes (Dumler

et al.  1991 ; Walker and Dumler 1997; Dawson et al.

2001 ).

LABORATORY ISOLATION, CULTURAL
CHARACTERISTICS, AND GROWTH
REQUIREMENTS

Of the classical methods for recovery of rickettsiae from

clinical and environmental samples, the most successful

for recovery ol Ehrlichia, Anaplasma, Wolbachia, and

Neorickettsia spp. is cell culture. Many species have not

yet been propagated in vitro and depend upon propaga-

tion by continuous inoculation of infectious materials,

usually blood, into susceptible animals. Moreover,

Wolbachia spp. are particularly recalcitrant to in vitro

growth as a lytic phase in rarely observed. A further

difliculty in dealing with Anaplasmataceae is the

inherent difliculty in deriving clonal populations, as

monolayer plaques are not produced or are inapparent.

Ehrlichia, Anaplasma, and Neorickettsll spp. have been

grown in a variety of cells, including L929, BGM, mouse

embryo, Vero, P388D1, DH82, bovine endothel ial,  t ick

embryo IDE8, HL-60 human promyelocytic leukemia,

THP-1 human myelomonocytic leukemia, KG-1 human

granulocytic leukemia, and mouse M1 myeloid leukemia

cells, and in co-cultures of erythrocytes and endothelial

cel ls (Rikihisa 1991a; Chen et al.  1995; Goodman et al.

1996; Wen et al. 1996). Wolbachia pipientis-infected

mosquito cell cultures are available for study, and

methods for infection of other cells have been described

(O'Neil l  eI al.  1.997 Fenollar et al.  2003).

REPLICATION

Replication of Ehrlichia, Anaplasma, Wolbachia, and

Neorickettsia spp. occurs by binary fission within the

endosome. Although both dense-core and reticulate

forms may divide, dense-core forms seem to predomi-

nate late in infection, suggesting a role in infectivity,

perhaps owing to an enrichment in adhesins that facil-

itate entry into new host cells after discharge from the

infected cell Host cells infected with Anaplasmataceae

show little cytopathology until cytoplasmic vacuoles are

filled with microorganisms and the cells burst or the

infected vacuole fuses to the cell membrane rn an

exocvtic-like event.
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METABOLISM

Limited information is available on the metabolism of E.
sennetsu and E. risticii (Weiss et al. 1989). Isolated ehrli-
chiae resemble rickettsiae in being nonglycolytic and in
carrying out oxidative phosphorylation and adenosine
triphosphate (ATP) synthesis in the presence of citric-
acid-cycle intermediates, particularly glutamine, when
incubated at neutral pH. The genomic sequences of
strains of Ehrlichia chaffeensis, Ehrlichia ruminantium,
Anaplasma phagocytophilum, Anaplasma marginale,
Neorickettsia sennetsu, and Wolbachia spp. are nearing
completion and should allow a comprehensive overview
of metabolic pathways among these bacteria.

CLASSIFICATION

Classification of rickettsiae has undergone significant
change since publication of the last edition of Bergey's
Manual of Systematic Bacteriology (Krieg and Holt
1984). In the newest edition (Garrity et al. 2005), the
family Rickettsiaceae has been limited by reassignment
of the genera Ehrlichia, Neorickettsia, Cowdria, and
Wolbachia into the famlly Anaplasmataceae, also elim-
inating the tribe schema. In the reclassification, several
new genus and species combinations were created, and
additional members of Anaplasmataceae (the genera
Haemobartonella and Eperythrozoon) were reclassified
into the Mollicutes. The taxonomic standing of some
genera such as Aegyptianella is still unresolved, although
recent data suggest correct placement in the Anaplasma-
taceae famlly and a close relationship to the genus

Anaplasma (Rikihisa et al. 2003). A current phyloden-

drogram based upon neighbor-joining analysis of infor-
mative positions of 165 ribosomal RNA genes of recog-
nized species of Anaplasmataceae and, their relationship
to some Rickettsia species and Escherichia coli as an
outgroup is shown in Figure 80.2. Similar trees result
from the analysis of sequences of both groESL and gltA
(citrate synthase) (Dumler et al. 2001; Sumner et al.
1997; Inokuma et al. 2002). Some authors suggest alter-
native classification; thus, the final schema has not yet

been decided (Uilenberg et al.20O4).

GENOME

Increasing information about the genomes and genomic
structure of lhe Anaplasmataceae is becoming available.
The sizes of the genomes in this family vary from small
for Neoricketlsid (860-900 kbp), to moderate for Ehrli-
chia chaffeensis (1236 kbp), Anaplasma marginale
(1250 kbp), and Anaplasma phagocytophilum (1580 kbp),
and highly variable for Wolbachia spp. (950-1660 kbp).
Similarly, the %G + C varies from very low (32-39
percent) f.or Ehrlichia spp. to high (56 percent) for
Anaplasma marginale (Alleman et al. 1993). The mole-

cular differentiation of Anaplasmataceae depends

primarily on sequences of rrs (165 rRNA) and groEL

genes (Dumler et al. 2001). Whereas new isolates and

molecular fingerprints allow differentiation based upon

sequences of these highly conserved genes, antigenic and

biological properties are generally consistent (Dumler

et al. 1995b, 2001; Wen et al. 1995a, I995b, 1996). E.

risticii isolates differing in pathogenicity have been

distinguished by restriction fragment length poly-

morphism (RFLP) analysis of genomic DNA probed

with specific antigen gene probes or a partial rrs (165

rRNA gene) polymerase chain reaction (PCR) products

(Chaichanasiriwithaya et al. 1994; Vemulapalli et al.

1995). Sequences of the rus (165 rRNA gene) and nl

(23S rRNA gene) and the bacterial cell division gene

ftsZ have provided evidence of multiple clades or

lineages of Wolbachia-like symbionts and bacteria in a

wide diversity of invertebrate species as well as

helminths (Werren et al. 1995; Bandi et al. 1998; Lo et al.

2002). This monophyletic grouping contains up to six

distinct internal clades, several of which are specifically

associated with insects such as fruit flies, beetles, and

mosquitoes, or with nematode helminths such as Brugia,

Onchocerca, and Dirofilaria. Lineages of the Wolbachia

spp. are exceptionally closely associated with their hosts

suggesting long-term coevolution. The rRNA operons of

W. pipientis are unusual in that rrs (165 rRNA) is

unlinked to rrl/rrf (23S-5S rRNA) operon, and neither is

it linked to tRNA-encoding sequences, each is present in

a single genomic copy, and the antitermination boxes

usually present in eubacteria are absent (Bensaadi-

Merchermek et al. 1995). Wolbachia isolates from Culex

and Ephestia differed in sequences flanking the rRNA

operons although their rRNA operon sequences and

organization were conserved. It is anticipated that a

wealth of data regarding the overall genomic structure

and biological capabilities will become available when

genome sequences for several Ehrlichia spp (E. chaf-

feensis, E. ruminantium), Anaplasma spp. (A. marginale,

A. phagocytophilum), Wolbachia spp., and Neorickettsia

sennetsu are released.

An increasing number of genes of Anaplasmataceae

have been cloned and evaluated as part of analyses of

immunological reactions and as antigens for sero-

diagnostic tests. For Neorickettsia, these include the 44-,

51-, 55-, 70-, and 85-kDa antigen genes of N. risticii

(Dutta et al. I99I; Vemulapalli et al. 1995) and the

groEL of N. risticii and N. sennetsu, as well as the gltA

(citrate synthase) or N. risticii. Many more genes have

been cloned and analyzed for the Ehrlichia genus,

including rrs (165 rRNA), the groE operons, gltA, I20-

and 140-kDa antigen genes of E. chaffeensis and E.

canis, and multigene families that are regular compo-

nents of the genomes of Ehrlichia, Anaplasma, ar'd

Wolbachia spp. (Sumner et al. 1993; Yu and Walker

1995; Ijdo et al. 1998; Jiggins et aI.2002). Initially identi-

fied by the immunodominance of these protein antigens
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Escherichia coli

Neori ckesttsi a h el m i nthoeca

Neorickesttsia risticii / Neoricketts/a sennetsu

Neorickesttsia spp (SF agent)

Orientia tsutsugamush i

Rickettsia typhi

Rickettsia rickettsii

Wolbachia pipientis

Ehrlichia walkerii

Ehrlichia muris

Ehrlichia rumiantium

Ehrlichia canis

Ehrlichia ewingii

Ehrlichia chaffeensis

Anaplasma marginale

Anaplasma bovis

Anaplasma spp (white-tailed deer agent)

Anaplasma phagocytophi lu m

Figure80.2 Phylogeneticrelationshipsamongcurrentmembersof thefamily Anaplasmataceae Thetreewasgeneratedbyclustal
alignment of rrs (165 rRNA gene)seguences from the organisms shown using the neighbor-joining method The bar indicates the
number of substitutions per 1000 bp

using polyclonal sera and later using monoclonal anti-
bodies, the antigens encoded by these genes have a
conserved domain referred to in the National Center for
Biotechnology Information's (NCBI) Conserved Domain
Database (www.ncbi.nlm.nih.gov/Structure/cdd/cdd.

shtml) as 'pfam01617.8, Surface_Ag_2;' other proteins

that contain this domain include the phase-variable

integral membrane opacity (Opa) porin proteins of
pathogenic Neisseria spp. that also mediate pathogen-
host-cell interactions. The domain architecture has been
detected in protein families denoted as major surface
protein-2 (MSP-2) in Anaplasma marginale, Anaplasma
ovls, and Anaplasma centrale, as major surface protein-4
(MSP-4) in Anaplasma marginale, as major surface
protein-2 (Msp2), P44, HGF-4{ and'44-kDa antigen' in
Anaplasma phagocytophilum, as P28 or Omp-1 in Ehrli-
chia chaffeensis, Ehrlichia canis, Ehrlichia muris, and
Ehrlichia ewingii, as MAP1 and MAP2 in Ehrlichia

ruminantium, and as outer-membrane protein precursors

or Wolbachia surface proteins (Wsp) in Wolbachia spp.

pfam01617.8, Surface_Ag_2 sequences have not yet been

detected in Neorickettsia. 
-fhe prevailing pattern of the

pfam01617.8, Surface_Ag_2-related gene families is the

presence of multiple paralogs within the genome, and

the gene structure is characterized by conserved regions

that flank hypervariable sequences. In E. chaffeensls and

E. canis, the p28 paralogs are tandemly arranged in a

single genomic cluster and each possesses unique

promoters that could allow the genes to become tran-

scribed independently in vitro and possibly in vivo. In

Anaplasma marginale, and probably in A. phagocyto-

philum, the paralogs are distributed through the genome

in small clusters of three to six paralogs that lack indivi-

dual promoters. It is now believed that a single or small

number of promoter sites are present in the Anaplasma

genome, and that expression of individual paralogs may
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require gene conversion. An in-depth analysis of the

structure of the pfam0l6l7.8, Surface_Ag_2 paralogs of

Ehrlichia and Anaplasma indicates the presence of addi-

tional conserved sites that may allow both gene conver-

sion and intragenic recombination, and that successive

combinatorial changes could yield enormous genetic and

antigenic diversity. The underlying potential genetic

heterogeneity is not limited to intact paralogs, even if

combinatorial processes allow frequent recombination

among these 'pseudogenes.' An analysis of the nearly

complete A. phagocytophilum getome for Msp2Jike

sequences in contiguous open reading frames of at least

100 amino acids identified at least 52 paralogs - an enor-

mous genetic reservoir that may in part explain the

success of these bacteria despite highly restrictive niches

(Scorpio et al.2004).

The major function of the pfam01617.8, Surface_Ag_2

family is not known, but roles in antigenic diversity and

as adhesins are suggested by extrapolation from Nels-

seria. In fact, antigenic diversity is a well-established

principle for survival of A. marginale infection of cattle,

and increasing evidence suggests that similar genetic

changes that promote antigenic diversity may play a role

in immune evasion for Ehrlichia chaffeensis, Ehrlichia

canis, a;nd A. phagocytophilum. The preferential expres-

sion of some paralog-encoded antigens in mammalian

cells in vitro, or with in vivo mammalian or tick infec-

tions, suggests other potential roles. MSP2 of ,4.

marginale forms membrane complexes with at least four

other surface-exposed proteins, and limited evidence

suggests that adhesion to erythrocytes occurs via this

complex. Similarly, Msp2 of A. phagocytophilum in part

mediates adhesion of the bacterium to granulocyte

surfaces, in particular platelet selectin glycoprotein

ligand-1 (PSGL-l), proving a role for this protern as an

adhesin. Given the degree of relationship among the

pfam01617.8, Surface_Ag_2-like sequences, it is not

surprising that variable degrees of antigenic cross-reac-

tivity are detected, more among phylogenetically close

Anaplasmataceae; rn fact, the tremendous potential for

heterogeneity of surface antigens suggests that at least

some of the serological cross-reactivity may be due to

the expression of other antigenically similar proteins.

Other genes of potential importance have been identi-

fied and cloned. Ehrlichia chaffeensis and E. canis

possess genes that encode immunodominant 120- and

140-kDa glycoprotein antigens, respectively, that may

also be adhesins (McBride et al. 2000; Popov et al.

2000), and similar sequences are identified in the genes

that encode 100-kDa (gra) and 130-kDa (rea) antigens

of A. phagocytophilum (Storey et al. 1998). Another

shared genomic characteristic is the presence of eight

genes (four each of virB and virD) that encode the

machinery for type IV secretion and that are clustered

in two separate loci in the genomes of both E. chaf-

feensis and ,4. phagocytophilurn (Ohashi et al. 2002).

The genes encoding these putative virulence factors are

colocalized and polycistronically transcribed with sodB

and an msp2 paralog. As the superoxide dismutase
product of sodB possesses a metal ion cofactor, metal-

rich environments probably regulate the gene, such as in

proximity to or within a eukaryotic vacuole. The

resulting transcription of msp2 may permit enhanced

expression of this adhesin. A similar genomic arrange-
ment has been described for Wolbachia spp., although
transcriptional analysis has yet to be conducted (Masui

et al. 2000). A. phagocytophilum ankA encodes a 160-

kDa protein antigen called AnkA that has at least 11

tandemly repeated ankyrin motifs and that translocates
into the nucleus of the infected neutrophil and

complexes with host-cell chromatin (Storey et al. 1998;

Caturegli et al. 2000). The function of this protein is not

known, but it is reasonably conserved regardless of
geographic origin.

CELL.WALL COMPOSITION AND
ANTIGENIC PROPERTIES

Ultrastructural studies indicate that the cell wall of

Anaplasmataceae is similar to that of other gram-nega-

tive bacteria, but no obvious peptidoglycan layer is

visible. Although biological responses characteristic of

exposure to LPS have been demonstrated fot Wolbachia

spp. (Taylor et al. 2000), genes encoding biomachinery

are absent from the genomes of E. chaffeensis, A.

phagocytophilum, ar.d W. pipientis (Lin and Rikihisa

2003; Wu et al. 2004). Techniques that examine the

components of the cell wall have shown the presence of

a number of integral membrane proteins, the most abun-

dant of which are the pfam01617.8, Surface-Ag-2

proteins, although numerous other proteins can be

visualized. A total of 18 N. risticii proteins were identi-

fied by surface iodination and radioimmunoprecipitation,

nine of which were prominent when examined using

homologous polyclonal sera. Antisera from different

species, as well as from individual animals, exhibited

differences in reactivity to E. risticii antigens. N. risticii

and N. sennetsu share many antigens, including those of

1,10,70,58, and 44kDa (Dasch et al. 1990; Shankarappa

et al. 1992), but in accordance with phylogenetic place-

ments, most react with N. helminthoeca and only a few

react with E. canis (Rikihisa 1991b; Shankarappa et al.,

1992). In fact, N. sennetsu immunization protects ponies

against challenge with N. risticii and elicits strong sero-

logic reactivity to the shared 44-kDa protein. However,

mice that were protected against N. risticii challenge by

a killed homologous vaccine reacted primarily to 33-,

57-, and 100-kDa antigens (Rikihisa 1991c).

In the genus Ehrlichia, a number of antigens can be

detected in whole-cell immunoblot preparations. E.

chaffeensis has 20 protein antigens detectable with

homologous antisera. Cross-reactions occur most

strongly with antisera to other Ehrlichia spp., including

E. canis, E. ewingii, E. ruminantium, and E. murts.
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Based upon immunofluorescence reactions using whole
cells rather than defined proteins, serologic reactions
among Ehrlichia spp. can not be easily distinguished,
even with differential titers. Western blot analyses
reveal a broad range of serologically cross-reactive
proteins, including some shared broadly among bacteria
outside of the Ehrlichia genus (e.g. GToESL heat-shock
proterns), some apparently unique to the genus, and
even some that weakly react with antigens expected to
be unique for the species (Unver et al. 1999; Bowie et al.
1999). Study of the antigenic specificity of the
pfamO1617.8, Surface_Ag_2 proteins for individual
Ehrlichia spp. has revealed contradictory results,
although serologic cross-reactions are not often
detected. However, the phylogenetic relationships
among members of the genus and the high degree of
pair-wise nucleotide and predicted amino-acid similarity
in the pfam01617.8, Surface_Ag_2 gene and protein
conserved regions suggests a low but real likelihood of
shared or common epitopes. For Ehrlichia, the only
known potential adhesin is the gp120 of E. chaffeensis,
which is also the only protein expressed to a higher
degree on dense core cells (Yu et al. 2000; Popov et al.
2000).

Anaplasma marginale is the best antigenically char-
acterized species of the genus. It has six distinct major
surface proteins (MSP1a, MSP1b, MSP-2, MSP-3, MSP-
4, and MSP-5) associated with the three potential adhe-
sins, MSP1a, MSP1b, and MSP2 (Vidotto et al. 7994;
McGarey and Allred 1994a; McGarey et al. 1994b).
These proteins interact in the membrane and can be co-
immunoprecipitated after treatment with crossJinking
reagents. Under nonreducing conditions, MSP2 and
MSP5 form disulfide-linked multimers (Vidotto et al.
1994). MSP2 migrates as multiple spots on two-dimen-
sional gels (Zakimi et al. 1.994). MSP1 complexes consist
of a heterodimer of both disulflde and noncovalently
associated MSPIa and 1b polypeptides. A. marginale
bind to erythrocytes and tick cells in vitro via MSPl, and
MSP1 antibody inhibits tick-cell infectivity consistent
with earlier observations suggesting a direct role as an
adhesin (de la Fuente et al. 2001.; McGarey and Allred
1994a; Blouin et al. 2003). A. phagocytophilum also
possesses a large number of antigens visualized in rmmu-
noblots. The most quantitatively and immunologically
dominant protein is Msp2, which varies in size from 40
to 50 kDa and in structure on strains from different
geographical regions. Msp2 expression also changes over
generations owing to gene conversion and recombina-
tion of Msp2 gene sequences or modiflcations in msp2
mRNA (Caspersen et al.2002; Barbet et al. 2003). Park
et al. (2003) described the role of A. phagocytophilum
Msp2 as an adhesin for binding to neutrophils,
suggesting the importance of a complex of major surface
proteins for binding by Anaplasma spp. AnkA is a 155-
160-kDa protein (Storey et al. L998; Massung et al. 2000)
that is secreted from A. phagocytophilum and eventually

gains access to the host cell nucleus where it binds to the
chromatin (Caturegli et al. 2000). AnkA antigens are not
detected in Ehrlichia spp. As for Ehrlichia atd, Neorick-
ettsia, Anaplasma also possess antigenic GToESL that
cross-reacts widely with other Anaplasmataceae and
many other unrelated bacteria.

Frequent serologic reactions between A. phagocyto-
philum and Ehrlichia spp. are detected, largely owing to
reactions between heat-shock proteins that share similar
epitopes, but potentially to a lesser degree by virtue of
epitopes shared on pfam01617.8, Surface_Ag_2 proteins
(Wong et al. 1997; Unver et al. 2001a).In fact, the prior
taxonomic classification scheme was based in part upon
degrees of serologic cross-reactivity, and despite unique
taxonomic positions and the lack of shared pfam0l6l7.8,

Surface_Ag_2 proteins, serologic cross-reactivity
between Ehrlichia, Anaplasma, and Neorickettsia spp.
has been demonstrated (Chen et al. 1994b; Rikihisa et al.
1994; Wen et al. I995a; Dumler et al. 1995a). Regard-
less, most notable specific reactions appear directed
toward the pfam01617.8, Surface_Ag_2 proteins,
including: (i) P28 in E. canis, E. chaffeensis, E. ewingii,
E. muris, and E. ruminantium (MAP1); (ii) Wsp
(28 kDa) in Wolbachia spp.; and (iii) Msp2 (a0-50 kDa)
in Anaplasma marginale and A. phagocytophil'um.

Although no pfamOl617.8, Surface_Ag_2 protein
homolog has yet been identified in Neorickettsia, lhrs
genus demonstrates the presence of dominant 80-, 70-,
and 64-kDa protein antigens, of which the latter prob-
ably represents GToESL (Rikihisa 1991b). Other surface
antigenic proteins of importance include a low-
molecular-weight protein (approximately 20 kDa) called
MSP5 in A. marginale and A. centrale, andMAP2 in E.
canis, E. chaffeensis, and E. ruminantium. These proteins
possess a conserved domain shared by SCOl/SenC/PrrC
proteins that are involved in involved in biogenesis of
respiratory and photosynthetic systems of o-proteo-
bacteria, Rickettsia conorii, and Rickettsia prowazekii

and also in mitochondria. The function in Anaplasma-
taceae ts not known.

Considerable study has been made regarding the
protective nature of immune reactions toward antigens
of the Anaplasmataceae. Most study has been directed at
veterinary control of heartwater (E. ruminantium) and
anaplasmosis (A. marginale). The consensus of opinion
now favors an important role for the generation of acti-
vated macrophages through the action of interferon-1
(IFNy) that either acts directly on infected cells or facil-
itates destruction of antibody opsonized bacteria during
the extracellular transition (Palmer et al. 7999;
Akkoyunlu and Fikrig 2000; Banerjee et al. 2000; Van
Kleef et al. 2002). Other observations focus upon
specific antigens that induce antibody and immune
responses that protect against virulent challenge. These
studies implicate series of major surface antigens,
usually of low molecular size (13-18 kDa and the 31-
kDa MAPI) for E. ruminantium (Yan Kleef et aI.2002)
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and usually directed against the MSP1 complex (MSP1a
and MSPIB) for A. marginale (Brown et al. 2001). Of
interest is the observation that passive antibody adminis-
tration abrogates E. chaffeensis and A. phagocytophilum
infection in mice (Winslow et al. 2000; Sun et al. 1997).
Moreover, the use of monoclonal antibodies as passive
immunization to ,E chaffeensis pfam01617.8, Surfa-
ce_Ag_2 protein P28 provides protection whereas those
to A. phagocytophilum pfam01617.8, Surface_Ag-2
protein Msp2s are only variably protective (Li et al.
2001; Kim and Rikihisa 1998). Mouse models also illus-
trate the important role of IFNy in clearance of bacteria
in both E. chaffeensis and A phagocytophilum, although
emerging data support a direct role for the immune
response in the development of histopathologic lesions,
clinical signs, and disease (Akkoyunlu and Fikrig 2000;
Martin et al. 2000. 2001).

IDENTIFICATION AND TYPING
METHODS

Morphologic methods are not specific enough alone to

differentiate among Ehrlichia, Anaplasma, or Neorick-

ettsia spp. The infected host and infected cell provide

abundant information but rarely provide sufflciently

speciflc information for a definitive identiflcation. For

example, A. marginale and A. centrale are located as

clusters of bacteria in bovine erythrocytes, Ehrlichia

chaffeensis and N. sennetsu are identified as bacterial

clusters in human peripheral blood monocytes,

Anaplasma phagocytophilum ar'd Ehrlichia ewingii are

identified in human or other mammalian neutrophils,

Ehrlichia ruminantium may be observed as clusters in

bovine endothelial cells, while A. platys and rarely other

Ehrlichia and Anaplasma spp. are found in platelets.

Wolbachia spp. have only been visualized in arthropod

and nematode tissues. However, the abundance of newly

identified species rn Anaplasmataceae, and the over-

lapping hosts and host cell range, have reduced this

simple morphological scheme for differentiation to a

screening tool only.

Originally, identiflcation of the various members of

Anaplasmataceae in clinical or tick samples was based

primarily on indirect fluorescent antibody reactivity with

specific sera. Recently, molecular methods and DNA

sequencing have supplanted these less speciflc identiflca-

tion tools (Dumler et al. 2001; Inokuma et al. 2002).

PCR primers speciflc for nearly every member of the

Ehrlichia, Anaplasma, and Neorickettsia spp. have been

developed and described, including the conserved

targets rrs (165 rRNA gene), groESL operon, gltA

(citrate synthase), and a variety of antigen-encoding

genes, especially those that encode pfamOl617.8,

Surface_Ag_2 proteins (Anderson et aI. l99l; Massung

and Slater 2003; Olano and Walker 2002; Inokuma et al.

2002; Cheng et al. 2003). Each target has advantages and

disadvantages: genes involved in housekeeping function

and RNA transcription are generally present as single

copies or in low copy numbers, whereas several multi-

gene families possess species-speciflc sequences that are

present in multiple copies in the genome, facilitating

sensitive identification. As the level of genetic similarity

among many species is high, it is advantageous to

confirm the identity of a specific molecular identification

by sequence analysis.

Serologic tests generally identify Anaplasmataceae

within the genus; however, cross-reactions out of the

genus, especially between Anaplasma and Ehrlichia spp',

are frequent. Thus, protein immunoblotting has been

particularly useful in demonstrating antigen variation

and differences between genera, between species, and

even among strains within species. For example, N.

risrlcli strains that vary in pathogenicity may be partly

differentiated by a panel of monoclonal antibodies that

identifies unique epitopes on the 51- and 85-kDa

proteins (Chaichanasiriwithaya et al. 1994; Vemulapalli

et al. 1995). Reactivity of sera with pfam01617.8,

Surface-Ag 2 protein antigens of E. chaffeensis, E.

canis, and E. ruminantium (P28 or MAPI) or with ,4'

phagocytophilum (Msp2 or P44) has been suggested as a

specific means to distinguish between infections by these

organisms (Dumler and Bakken 1995). However, the use

of cloned recombinant proteins for detection of serolo-

gical responses has been confusing and disappointing

probably owing to the high degree of genetic and anti-

genic diversity of immunodominant targets such as

pfam01617.8, Surface-Ag-2 protein antigens. Moreover,

no specific means exist for differentiation of strains with

varying degrees of virulence, although recent evidence

suggests that some genetic markers may allow differ-

entiation of A. phagocytophilum strains pathogenic for

humans (Massung et at. 2000; Petrovec et aI. 2002).

(Table 80.2).

TRANSMISSION, PATHOGENESIS, AND
CLI N ICAL MANI FESTATIONS

Ehrlichia genus human infections

Human infection by members of the genus Ehrlichia has

been limited to E. chaffeensis, E. ewingii, and, in a single

patient, E. canis (Olano and Walker 2002; Buller et al.

1999:Perez et al. 1996).

HUMAN MONOCYTIC (MONOCYTOTROPIC)
EH RLTCHTOSIS (EHRLICH tA CHAFFEE NSIS)

The vast majority of cases have resulted from infection

by E. chaffeensrs, a bacterium that infects predominantly

monocytes in the blood and mononuclear phagocytes in

tissues and organs. Thus, this infection has been named

human monocytic (ot monocytotropic) ehrlichiosis

(HME). Unfortunately, most diagnoses of E. chaffeensis

infection are established based upon the detection of
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Table 80.2 Clinical manifestations of human infections bv Ehrlichia and Anaolasma

Disease

Causative agent

Severity
Fever, headache, myalgias
Rash
Type of rash
Respiratory tract i  nvolvement
CNS invo lvement
Th ro m bocytope n ia
Leukopen ia
Case-fatal i ty rat io (%)

Human monocytic ehrlichiosis

Ehrlichia chaffeensis

Moderate to severe
Yes

3640o/o
Macu lopapu lar  o r  pe tech ia l

2 s %
20o/o

7 2 %

60-7 4o/o
2o/o

Ehrl ichiosis'ewingi i '

Ehrlichia ewingii

M i ld  to  modera te
Yes

0 %

None described

0o/o

0o/o

75o/o

75o/o

0%

Human anaplasmosis
(formerly human
granulocytic ehrlichiosis)

Anaplasma
phagocytophilum

Mild to severe
Yes

< 1 0 %
Macu lopapu lar

10-20o/o
rare

78%
53%
< 1 o / o

CNS, central nervous system

E. chaffeensis antibodies in convalescence, and it is now
increasingly recognized that this serological approach is
not highly specific for differentiation of HME from
infections caused by E. ewingii or A. phagocytophilum.
It is estimated that approximately 10 percent of some
serologically diagnosed E. chaffeensis infections may
actually result from E. ewingii (Buller et al. 1999), and it
is equally well recognized that between 10 and 40
percent of sera that react with E chaffeensis cross-react
with ,4. phagocytophilum (Wong et al. 1997). Despite
these caveats, increasing knowledge about the infection
in humans is accumulating. HME is characterized as an
'influenza-like' infection, and most patients present with
fever, headache, and myalgias (Olano and Watker 2002).
Approximately half or less develop manifestations attri-
butable to the gastrointestinal system (nausea, vomiting,
diarrhea, abdominal pain), and cough or radiographic
evidence of respiratory involvement is observed in about
25 percent. Of interest is the frequent (20 percent)
development of central nervous system (CNS) manifes-
tations, often confirmed by cerebrospinal fluid (CSF)
pleocytosis. Skin rash is much less common than with
vasculotropic rickettsioses, and is present as a macular,
maculopapular, or petechial rash on the trunk or extre-
mities in 30-40 percent of patients, but only in 6 percent
at presentation. Children more frequently develop rash
with HME, up to 100 percent in some series (Schutze
and Jacobs 1997). Characteristic laboratory findings
including the presence of leukopenia in 6O-74 percent,
thrombocytopenia in 72 percent, and mild to significant
elevations in serum transaminase activities in up to 90
percent of infections. Both leukopenia and thrombocyto-
penia are most often mild to moderate, but profound

reductions (<1 x 10e white blood cells IWBC)/L or
<10 x 10' platelets/L) are sometimes observed. An
interesting set of hematological abnormalities may
occasionally occur, including very early neutropenia
and lymphopenia, followed by a left shift despite the
leukopenia. After about 1 week, a reactive atypical

lymphocytosis may be present; the atypical lymphocytes
are phenotypically yDT cells (Caldwell et al. 1995).
Although nonspecific, anemia is also often detected.
Despite the frequent (90 percent of patients) mild to
moderate elevations in serum aminotransferase levels.
hepatic function is usually not impaired (Smith-Sehdev

and Dumler 2002). Rarely, marked elevations occur,
suggesting the possibility of viral hepatitis. In addition,
increases in serum alkaline phosphatase occur in 25-60
percent and may suggest cholestasis (Nutt and Raufman
reee).

HME is a relatively severe infection that results in
approximately 60 percent of patients requiring hospitali-
zatior, and an average of 3 weeks before return to
normal activities. The case fatality rate is between2 and
3 percent, and severe complications include meningoen-
cephalitis, acute respiratory distress, hepatitis and
hepatic failure, toxic or septic shock-like condition, renal
failure, cardiomyopathy, coagulopathy and hemorrhage,
fulminant infection in immunocompromised patients
(HIV, organ transplantation, corticosteroid therapy),
and the development of opportunistic infections by fungi
and viruses.

Pathological samples from patients with HME demon-
strate no vasculitis but have evidence of diffuse tissue
mononuclear phagocyte activation with occasional gran-
uloma formation and mononuclear phagocyte infiltrates
in tissues (Walker and Dumler 1997; Dumler et al. 1993;
Marty et al. 1995;' Smith-Sehdev and Dumler 2002).
Scattered perivascular lymphohistiocytic infiltrates in
liver, lung, brain, and other tissues are evidence of disse-
minated low-level inflammation. Normocellular and
hypercellular bone marrows are typical, favoring the
concept of leukopenia and thrombocytopenia caused by
peripheral sequestration or consumption rather than
bone-marrow suppression (Dumler et al. 1993); simi-
larly, the level of bacteremia is insufflcient to explain
leukocyte destruction, especially given the pancytopenia

of multiple hematopoietic lineages that are not suscep-
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tible to E. chaffeensis infection. Focal hepatocyte

necroses with or without adjacent inflammatory foci may

explain elevations in serum hepatic transaminases. E.

chaffeensis are only infrequently observed in tissue

samples, except when obtained from immunocompro-

mised individuals who often develop fulminant infection

(Paddock et al. 1993; Marty et al. 1.995; Smith-Sehdev

and Dumler 2002). In some patients, significant liver

injury with focal hepatocellular necrosis and cholangitis

with cholestasis are observed (Smith-Sehdev and

Dumler 2002). The discrepancy between the quantity of

bacteria in the tissues and the degree of pathologic

injury suggests that the pathogen triggers an immuno-

pathologic response rather than directly causing tissue

injury. Thus, the current working hypothesis about
pathogenesis with E. chaffeensis is that infection
perturbs mononuclear phagocyte function, important

regulators of proinflammatory response, thus allowing

inflammation to proceed out of proportion to the level

of infection. Both humoral and cellular immunity are

likely to participate in recovery and eradication of infec-

tion, but macrophage activation by IFNy is probably

pivotal (Winslow et al. 2000; Barnewall and Rikihisa

t994). In fact, E. chaffeensis infection in the absence of

opsonizing antibody suppresses cytokine production by

macrophages and promotes a moderate anti-inflamma-

tory response by production of interleukin-10 (IL-10)

(Lee and Rikihisa 1996). Dichotomously, macrophage

infection in the absence of immune response also

promotes penetration of infected cells through endo-

thelial cells, fixing subsequent proinflammatory

responses into target tissues and organs (Park et al.

2003). Internalization of E. chaffeensls opsonized by

antibody leads to a marked proinflammatory response

heralded by production of TNFo, IL-1B, and IL-8 (Lee

and Rikihisa 1997).

'EH RL|CHtOStS EWt N G il' (EH RLTCH tA EWt N G il)

During routine application of PCR diagnostics for HME
in an endemic region, it was discovered that approxi-

mately 10 percent of patients with Anaplasmataceae

DNA in blood were not infected with E. chaffeensis, and

sequence analysis revealed human infection by Ehrlichia

ewingii, only previously known as a pathogen of canine

neutrophils. To avoid increasing confusion of disease

names, some have elected to call this condition 'ehrli-

chiosis ewingii.' Three of the first four patients were

immunocompromised and infection of peripheral blood

neutrophils was detected in two of these patients. Since

that time, E. ewingii has been implicated in a limited

number of human infections, in both immune-competent

and immune-suppressed individuals (chiefly HIV-

infected). As E. ewingii and E. chaffeensis are close
phylogenetic relatives, there is considerable serologic

cross-reactivity; thus, serologic testing based upon whole

cell methods is unable to distinguish E. ewingii from -8.

chaffeensis infections. However, in seropositive convales-

cent sera tested in protein immunoblots, the absence of

reactivity with the P28 of E. chaffeensis and E. canis

suggests E. ewingii infection. Overall, clinical manifesta-

tions are similar to those observed with E. chaffeensis,

and are dominated by fever, with fewer patients having

headache, myalgias, and malaise. Leukopenia, thrombo-

cytopenia, and elevated serum hepatic transaminase

levels are also observed. The infection appears to be less

severe than for E. chaffeensis, bttt too few cases have

been identifled and described to make any certain

conclusions. Pathological investigations of humans with

E. ewingii infection have not been reported.

Persistent, asymptomatic Eh rl i chi a
canis infection in a human

An E. canis stratn was isolated from a seropositive,

asymptomatic human in Venezuela (Perez et al. 1996).

The patient was seropositive for at least 1 year, and no

antibiotic therapy was given before blood was obtained

for culture. It is reported that morulae were observed in

leukocytes in the peripheral blood, and the patient's

laboratory examination was unremarkable with the

exception of a relative (50 percent) lymphocytosis. The

identity of the isolate was confirmed by comparison with

an E. canis isolate obtained from seropositive Vene-

zuelan dogs (Unver et al. 2001b).

Anaplasma genus human infections

HUMAN ANAPLASMOSIS (FORMERLY
GRAN ULOCYTIC EHRLICH IOSIS) (ANAPLAS M A
PHAGOCYTOPHILUM)

Human infection by members of the genus Anaplasma

has so far been limited to only Anaplasma phagocyto-

philum. Unlike E. chaffeensis, but similar to E. ewingii.

A. phagocytophilum infects predominantly cells derived

from bone marrow myeloid cells, chiefly neutrophils in

the blood and perhaps immature myelomonocytic

precursors in the bone marrow (Bakken et al. 1994;

Bakken and Dumler 2000). Initially, infection of humans

was recognized as caused by an 'ehrlichia,' and because

of the neutrophil host cells, the disease was called

human granulocytic ehrlichiosis (HGE). More than 10

years have passed since the distinction of A. phagocyto-

philum infections from those caused by E. chaffeensis in

humans; however, many diagnoses are still miscategor-

ized as a result of incomplete diagnostic evaluation

based upon flawed serological principles and studies that

do not differentiate the serologically cross-reactive

species. The situation is even more complex for A.

phagocytophilum infections because of nomenclature

difficulties. For several years, the specific identity of the

bacterial cause of HGE was unclear. In 2001, the

taxonomy of the HGE agent and closely related species
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assigned to the genus Ehrlichia was revised to reflect a
more accurate genetic phylogeny in the genus
Anaplasma, where the HGE agent, Ehrlichia equi, and
Ehrlichia phagocytophila were unified under the single
species name, ,4. phagocytophilum. Altholgh the name
is more accurate, the accomplishments of Stannard,
Gribble, and Madigan, who investigated E equi, should
not be forgotten (Stannard et al. 1969' Madigan and
Gribble 1987). Moreover, the new taxonomic position
creates a discrepancy in the disease name that formerly
reflected the genus Ehrlichia. A more rational and
increasingly accepted designation for HGE is human
anaplasmosis, as it will be called here.

Human anaplasmosis, as for related infections, is char-
acterized as 'influenza-like,' with a clinical presentation
dominated by fever, and, Iess often, rigors; approxi-
mately 65-85 percent have headache, and myalgias are
frequent. Gastrointestinal system involvement with
nausea, vomiting, diarrhea, or abdominal pain is present
in about one-third to one-half of patients, and cough or
radiographic evidence of respiratory involvement is
observed in about 30 percent (Bakken and Dumler 2000;
Aguero-Rosenfeld et al. 1996). About 17 percent also
present with some degree of confusion, but objective
evidence of CNS infection with CSF pleocytosis is very
rare (Bakken and Dumler 2000; Lee et al. 2000). Skin
rash is seen also very infrequently, not more often than
10 percent of patients, and in many of these the skin is
involved as erythema migrans because of cotransmitted
Borrelia burgdorferi (Aguero-Rosenfeld et al. 1996).
Laboratory findings include leukopenia in 53 percent,
thrombocytopenia in 78 percent, and mild to significant
elevations in serum transaminase activities in up to 90
percent of infections (Bakken et al. 2001). A majority of
patients have either a normal leukocyte or platelet count
at presentation, and their nadirs occur after about 5 and
7 days, respectively. During the first week, many
patients will also have a left shift, giving the impression
of a relative neutrophilia if a careful evaluation is not
conducted (Bakken et al. 2001). During the second
week, a reactive lymphocytosis may be present as also
seen in HME. Despite the frequent (90 percent of
patients) mild to moderate elevations in serum amino-
transferase levels, hepatic function is usually not
impaired. The C-reactive protein is often elevated with
anaplasmosis and may assist in differentiation from viral
infections (Bakken et aL.1.9961' Lotric-Furlan et al. 2000).

Human anaplasmosis varies in severity from mild,
possibly subclinical, to severe and fatal (Olano and
Walker 2002; Bakken and Dumler 2000: Blanco and
Oteo 2002). For reasons that have yet to be defined,
infections in the upper midwest USA are more severe
than in the eastern USA. and these are more severe
than observed in Europe. In the USA, more than half of
patients require hospitalization, and up to 17 percent are
admitted for care into an intensive care unit. The
average interval of hospitalization is 6 days. The case

fatality rate is <1 percent, but severe complications
include opportunistic fungal and viral infections, severe
nosocomial infections, acute respiratory distress, toxic or
septic shock-like condition, renal failure, rhabdomyo-
lysis, myocarditis, neuropathies, coagulopathy, and
hemorrhage. Because A. phagocytophilum is transmitted

by the bites of lxodes spp. ticks that also harbor a
variety of human pathogens, coinfections with such
agents as B burgdorferi or Babesia microti have been
reported (Krause et al. 2002; Moss and Dumler 2003;
Nadelman et al. 1997). The concept of enhanced clinical

severity of these infections during human anaplasmosis
is unproven, although animal models have provided

compelling data suggesting this possibility. In theory,
European patients in tick-borne encephalitis (TBE)

endemic regions could be at risk for concurrent TBE
and anaplasmosis (Lotric-Furlan et al. 2000).

Little histopathologic examination has been conducted

in tissues from patients with anaplasmosis. Most exam-
inations are performed in post-mortem examinations
and are confounded by pathology resulting from oppor-
tunistic or nosocomial infections. However, sufficient

examination has been conducted to determine that the
overall histopathologic changes are similar to those
observed with natural and experimental equine and
canine infections and are also similar to changes

observed with infection by E. chaffeensls (Walker and
Dumler 1997;Lepidi et al. 2000). The major findings are
in mononuclear phagocyte organs, where histopathologic
evidence of macrophage activation is present. Such flnd-
ings include mixed inflltrates with mononuclear phago-

cytes and lymphocytes, especially in the liver, where
small nodular lymphohistiocytic lesions in hepatic
lobules may be observed. On occasion, these nodules
may also contain a single or several apoptotic cells,
presumably hepatocytes, and a few neutrophils. The vast
majority of these lesions lack any infected cells (Lepidi

et al. 2000). The spleen often has an increase in foamy-
appearing macrophages containing phagocytosed mate-
rial, including erythrocytes, leukocytes, and platelets.

The spleen is the organ within which most infected cells
can be detected, but these are infrequent and not asso-
ciated with the hemophagocytic cells (Walker and
Dumler 1997). On occasion, lymph nodes may demon-
strate paracortical hyperplasia - evidence of a T-
Iymphocyte mediated immune response. Bone marrow
has been examined in only a small number of cases and
is usually normocellular (Lepidi et al. 2000). The most
dramatic findings in post-mortem examinations is the
identification of opportunistic infections, which include
fungal (disseminated infection and necrotizing esopha-
gitis caused by C. albicans, C. neoformans pneumonia,

invasive pulmonary aspergillosis) and viral infections
(herpes simplex virus necrotizing esophagitis) (Bakken

et al. 1996). Two patients with infectious esophagitis
exsanguinated from their esophageal ulcers. One patient

developed myocarditis of undetermined etiology but
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suggestive of a viral infection (Jahangir et al. 1999).
Although a higher level of bacteremia is detected with

human anaplasmosis than with HME, the quantity of

bacteria is still insufficient to explain the leukopenia,
thrombocytopenia, and anemia (Walker and Dumler
1997; Lepidi et al. 2000). These features are best
explained by the presence of activated and hemophago-

cytic macrophages, in spite of the paucity of infected

cells that are usually detected in tissues. As in HME,
this discrepancy suggests an immunopathologic

mechanism, and experimental infections in mice confirm
this possibility (Martin et al. 2001). Similar to the .E

chaffeensis pathogenesis working hypothesis, infection
with A. phagocytophilum leads to dichotomous neutro-
phil responses. Infected neutrophils are in part activated
so that chemokines, but not proinflammatory cytokines,

are produced (Klein et al. 2000), and cells show
evidence of degranulation and secretion of metallopro-
teases and other biologically active products (Choi et al.
2003). In contrast, infected neutrophils are unable to (i)

bind to endothelial cells owing to a loss of surface selec-
tins (Choi et al. 2003), (ii) transmigrate endothelial
barriers to the same degree as infected cells (Park et al.

2003), and (iii) engage in phagocytosis and to generate

antimicrobial killing to the same degree as uninfected
cells (Woldehiwet 1987; Banerjee et al. 2000). Humans

with A. phagocytophilum infection develop high blood
levels of IFN1, and peripheral blood mononuclear cells
from infected people release proinflammatory cytokines
on exposure to A. phagocytophilum antigens (Dumler

et al. 2000; Kim and Rikihisa 2000). In experimental

mouse infections, IFNy is critical for reduction of A.
phagocytophilum bacterial load (Akkoyunlu and Fikrig
2000) but is also the major contributor to tissue histo-
pathology and presumably disease manifestations
(Martin et al. 2001). Thus, infected cells recruit mono-
nuclear phagocytes and lymphocytes to promote inflam-

matory responses, but are unable to participate in either

control of infectious agents or in regulation of the
inflammatory response. As neutrophils are key modula-

tors of inflammatory mediators, this situation allows a
poorly regulated proinflammatory response that could
account for many of the clinical manifestations and

sequelae of human anaplasmosis.

Neoricketfsra genus human infections

The only recognized species of Neorickettsla to produce

clinical disease in humans is N. sennetsu. The infection

results in a mononucleosis-like illness called sennetsu
fever in Japan (Misao and Kobayashi 1955). There is

also evidence for N. sennetsz infection of humans rn
Malaysia, but only a very small number of cases have

been adequately proven and described altogether. The

worldwide distribution of N. risticil, a very closely

related species, suggests that human infection may occur

more broadly as well. Sennetsu fever is relatively mild

and no fatalities have been recorded. The pathogenesis

in humans is essentially unstudied, but murine models

have provided some insight. Clinical manifestations in

humans include fever, malaise, and anorexia with

lymphadenopathy. The presence of these findings and

increased concentrations of peripheral blood atypical

lymphocytes lead to clinical confusion with infectious

mononucleosrs. N. sennelsa has been isolated from

blood, bone marrow, and lymph nodes of patients

(Misao and Kobayashi 1955). Hyuganetsu, which is

reported to be caused by the SF (Stellantschasmus

falcatus) agent Neorickel/sid species, appears to be clini-

cally indistinguishable from sennetsu fever (Fukuda

1958; Fukuda and Yamamoto 1981); the genetic simi-

larity of the SF agent to N. sennetsu argues that this is

likely to be correct. In animals infected with either N.

risticii or N. helminthoeca, the clinical manifestations

often include severe diarrhea, but this has not been

reported with human infections.

Wol bach i a-associated h uman d isease

The notion that Wolbachia spp. may contribute to

human disease derives from the frequent detection of

these endosymbionts in the tissues of nematodes that are

the cause of filariasis, including river blindness and

elephantiasis. These processes are associated with severe

inflammation that leads to obstructive and flbrotic mani-

festations. In fact, such inflammatory reactions are also

associated with nematodal death, either spontaneously

or with therapy. The recent recognition that much of the

inflammatory response is driven by 'endotoxic' activities,

including activities related to CDI4 and toll-like

receptor-4, which derive from the endosymbiont Wolba-

chia spp., suggests that antimicrobial therapy directed at

reduction in nematode bacterial burdens would be bene-

ficial (Taylor 2002; Hoerauf et al. 1999). Considerable

effort will be required in the future to conduct deflnitive

studies, but the reward, if the hypotheses are validated,

is the prevention of millions of deaths each year.

EPIDEMIOLOGY AND NATURAL
HISTORY

Ehrlichia chaffeensrs and Ehrlichia
ewingii

As of the end of 2002, the Centers for Disease Control

(CDC) had reported t4I7 cases of HME in the USA in

Morbidity and Mortality Weekly Reports since reporting

began in 1987. In spite of the relatively low incidence

that is calculated based upon these passively collected

flgures, a retrospective analysis by the CDC has revealed

average annual rates of 5.53 cases per million in

Arkansas, with the highest incidence of disease in the
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adjacent south midwestern states of Missouri and Okla-
homa, but also including high rates in Illinois, Kentucky,
Indiana, and Tennessee. As for Rocky Mountain spotted
fever, the incidence of HME is also high in the south-
eastern and mid-Atlantic USA, including North Caro-
lina, Virginia, Maryland, and New Jersey. It is likely that
the low reported incidence of infection in adjacent states
is the result of under-recognition and nonmandatory
reporting by the USA. The average age of infected
patients is approximately 45 years, and the gender ratio
is 2M:1F. However, severe and even fatal infections
have been described in children. Between 60 and 80
percent of patients recognize a tick bite prior to onset of
symptoms.

The specific distribution of HME results from the
association of several factors, including the widening
distribution of the tick vector, Amblyomma amencanum,
and its major host, Odocoileus virginianus, the white-
tailed deer (Childs and Paddock 2003). A. amencanum
is an aggressive host-seeking tick that will feed on many
different hosts, including man. All three life stages of ,4.
americanum, larvae, nymphs, and adults, can feed on
white-tailed deer. The rapid expansion of white-tailed
deer populations and geographic range, and the high
seroprevalence of infection and evidence of persistent E.
chaffeensis bacteremia in the absence of any clinical
signs make these the most significant reservoir hosts
(Ewing et al. 1995). However, the promiscuous feeding
behavior of A. americanum etsrues that many other
species may become infected, including canids (domestic
dogs, coyotes, wolves, foxes), raccoons, opossums, goats,
and potentially Peromyscus leucopus (white-footed

mice), widening the potential spectrum of reservoir hosts
(Childs and Paddock 2003; Paddock and Childs 2003). A
potential role for avian species that may serve as hosts
for immature A. americanum stages needs more investi-
gation. Several factors may account for the recent emer-
gence of HME including the increasing abundance of
ticks and white-tailed deer, and the increasing overlap of
human and deer habitats in the USA. An important role
for dogs must be considered as these animals may
become persistently and subclinically infected and are
known vehicles for the transport of infected ticks into
the domestic environment. Currently, only limited data
suggest that E. chaffeensis occurs outside of North
America, where the only known competent vector (A.
americanum) exists. However, increasing interest and
investigation have yielded compelling data about the
presence of E. chaffeensis or similar species in ticks or as
human infections in Asia. Africa. South America. and
Europe (Paddock and Childs 2003). The epidemiological
and ecological conditions for E. ewingjl infection are
nearly identical to those of E. chaffeensls owing to the
shared tick vector, A. americanure (Childs and Paddock
2003; Yabsley et al. 2002). A few studies have docu-
mented the presence of E. ewingii DNA in from 5 to 20
percent of white-tailed deer in the midwest and south-

eastern USA (Yabsley et al. 2002; Steiert and Gilfoy
2002).

An a p I as m a p h ag ocytop h i I u m

As of the end of 2002, the CDC had reported | 423

cases of human anaplasmosis in the USA since the infec-

tion was first recognized in 1990. As for the low inci-

dence of HME based upon similar passive reporting,

average annual rates as high as 15.9 and 8.8 cases per

million population have been reported for Connecticut

and Wisconsin, respectively (McQuiston et al. 1999). An

evaluation of incidence based upon active case surveil-

lance has revealed much higher incidence rates; for

example, the average annual incidence of infection in

Spooner County, Wisconsin, from 1991 through 1996

and around Lyme, Connecticut, in 1998 was 58 cases and

51 cases per L00 000 population, respectively (Bakken

et al. 1996; Ijdo et al. 2000). The highest rates of inci-

dence for human anaplasmosis are found in the northern

USA, including the northeastern states of Connecticut,

New York, Rhode Island, Massachusetts, New Jersey,

and Pennsylvania, and in the upper midwest states of
Wisconsin and Minnesota, although a small focus of

infection has also been described in northern California
(Foley et al.1999;Fritz et al. 1997). Although tick-borne

fever of ruminants and related A. phagocytophilum

infections of horses and dogs have been known in

Europe for many years, human infection appears to be
mild and often subclinical (Blanco and Oteo 2002).

Although ample evidence of human infection based

upon serological analyses is present in Europe, and
despite the frequent presence of A. phagocytophilum rn

Ixodes ricinus ticks that are known to bite and transmit

disease agents to humans, only L5 cases of human

anaplasmosis have been reported from Europe, and
most were identified in Slovenia or Sweden (Blanco and

Oteo 2002; Lotric-Furlan et al. 1998; Bjoersdorff et al.

2002). 
'the 

reasons for the discrepant occurrence of
human disease between North America and Europe are
unclear, but genetic analyses indicate that differences in

the bacteria between these locations may be a fruitful

area for investigation (Petrovec et al. 2002; Caturegli

et al. 2000; Massung et al. 2000). As for HME, the
average age of human anaplasmosis patients is more

than 40 years, with twice as many infections in men.

Pediatric infections occur and may also be severe
(Lepidi et al. 2000; Moss and Dumler 2003; Arnez et al.
2001). Tick bites are documented in about three-fourths

of all diagnosed patients.

The distribution of A. phagocytophilum infections in

humans parallels that of other major lxodes-associated,

zoonoses such as Lyme disease, babesiosis, and TBE.
'fhe Ixodes persulcatus group of ticks is distributed
widely around the world, and important vectors of

human infection include I. scapularis in the eastern
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USA, L pacificus in the western USA, I. ricinus in
Europe and western Asia, and I. persulcatus in Asia.
These ticks characteristically feed on several hosts, with
each life stage having a range of preferred hosts. Thus, a
variety of potential reservoirs for A. phagocytophilum
exist, including small mammals such as P. leucopus
(white-footed mouse) in the eastern IJSA, Neotoma

fuscipes (the dusky footed woodrat) in the western USA,
Apodemus spp. voles in Europe, and a variety of cervids
(white-tailed deer, Columbian black-tailed deer, roe
deer, red deer) or ruminants (goats, sheep, cattle), and
as diverse as bear, canids, and even birds. Currently the
best evidence for an animal reservoir exists for small
mammals such as mice and voles (Telford, et al. t996;
Des Vignes and Fish 1997) and cervids (Belongia et al.
1997; Alberdi et al. 2000; Foley et al. 1998), both of
which are frequently infected, sustain prolonged bacter-
emia, and develop no clinical signs (Stuen et al.200L;
Magnarelli et al. 1999). Owing to a worldwide rapid
expansion in deer populations as well as expansions in
tick populations that infest deer and small mammals, the
emergence of anaplasmosis can be in part understood.

Neorickettsia sen netsu

Tick transmission of N. sennetsu was suspected for many
years, owing to an erroneous assumption regarding a
close relationship to tick-borne rickettsioses and ehrli-
chioses. However, soon after the identification of N.
sennetsu in humans, some epidemiological data
suggested an association with consumption of red mullet
fish. Although unproven for N. sennetsu, the related N.
helminthoeca and the very similar N. risticii are both
transmitted to mammalian hosts through the consump-
tion of trematode-contaminated materials, such as raw
flsh, fresh-water snails, or insects with an aquatic stage
that harbor N eorickettsia-infected trematode cercariae.

SPECIMEN COLLECTION AND
DIAGNOSIS

Because of the nonspecific clinical manifestations of
human Ehrlichia and Anaplasma infections, laboratory
testing is needed to confirm an etiologic diagnosis. Many
techniques have been developed and evaluated, but
serological testing remains the most simple and effective
approach to diagnosis. Cultivation techniques have
improved but are largely limited to major reference and
public health laboratories. Unfortunately, serologic
methods generally require a comparison of acute and
convalescent sera, and culture often requires a week to
more than a month before results are obtained. Mole-
cular techniques are becoming increasingly used and are
important to establish an early diagnosis at a time when
therapeutic decisions are being made. However, neither

serology nor isolation allows a diagnosis to be made

early enough to affect patient management.

Rapid methods that may suggest a diagnosis should be

attempted, such as simple microscopic examination of a

Romanowsky-stained blood film. Morulae can be

detected in peripheral blood leukocytes of patients with

HME or anaplasmosis, but this technique is extremely

laborious and is only about 2 percent sensitive for HME

and between 25 and 75 percent sensitive for human

anaplasmosis (Dumler and Bakken 1995). Many labora-

tories now offer direct PCR ampliflcation of E. chaf-

feensis or A. phagocytophilum nucleic acids from the

acute-phase blood of suspected patients. This approach

does not identify the closely related E. ewingii. Thtts,

some laboratories have devised 'universal' amplification

methods that target regions specific for Anaplasmataceae

on highly conserved genes, and follow a positive test

with a second specific PCR or with sequence analysis of

the amplicon from the universal method. Each has

advantages and disadvantages: the universal approaches

are generally less sensitive than speciflc amplifications,

but can detect a broader range of microbes; a direct

amplification approach allows a more rapid identifica-

tion rather than the universal approach, which requires a

second stage of analysis. A signiflcant potential advan-

tage of the universal approach is the ability to recognize

new infectious agents that may be related to the species

of interest. Sensitivity and specificity of the diagnostic

molecular reactions may differ considerably depending

upon the target gene selected, the method of DNA

preparation, and the quality and integrity of the sample

to be tested.

Serological assays

The indirect fluorescent antibody (IFA) procedure

remains the most widely used technique for the sero-

diagnosis of HME and human anaplasmosis, but other

techniques are now being assessed, with variable success

(Walker 2000; Walls et al. 7999; Aguero-Rosenfeld et al.

2000; Brouqui et al. 2001; Childs et al. 1999; Dawson

et al. 1990). Because of the high degree of cross-reac-

tivity between E. chaffeensis and E. ewingii, and E. chaf-

feensis and A. phagocytophilum, methods to improve

specificity have been attempted, including protein immu-

noblots and recombinant protein serology. Enzyme-

linked immunosorbent assays (ELISA) are extremely

sensitive but have not been well developed for these

organisms. Important criteria for selecting appropriate

serological tests include the sensitivity, specificity, repro-

ducibility, and predictive value. No careful assessment of

the IFA method for testing E. chaffeensis antibodies has

been conducted, but some analyses suggest a minimum

sensitivity of 88 percent for IgG IFA and 86 percent for

IgM IFA; specificity is not known, and cross-reactions

with A. phagocytophilum, Rickettsla spp., C. burnetii,
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Brucella spp., Borrelia burgdorferi, Epstein-Barr virus
(EBV) infection, and rheumatoid factors are known to

occur (Dawson et al. 1990). Much more study has been

conducted on these features of IFA serology for A.
phagocytophilum antibodies (Bakken et al. 2002).

Overall, the sensitivity of IFA for human anaplasmosis

is reported to be between 82 and 100 percent for IgG

IFA and 17 and 37 percent for IgM IFA. The overall

specificity also varies from 82 to 100 percent for both
IgG and IgM IFA; however, significant cross-reactivity

with E. chaffeensis confounds specificity and requires

that IFA for both A. phagocytophilum and E. chaffeensis

be performed; a four-fold higher titer is suggestive of the

serodiagnosis. Unfortunately, a small proportion of
patients have antibodies of similar titers for both agents

that do not allow a definitive serodiagnosis. Another

consideration for serological testing of human anaplas-

mosis is the frequent coinfection with Boruelia burgdor-

feri. It has still not been resolved whether A. phagocyto-
philum can also elicit a positive serum test for Lyme

disease in the absence of B. burgdorferi infection. As for

all serological tests, there are a number of conditions

that have also resulted in false-positive serological

results, including Rocky Mountain spotted fever, murine

typhus, Q fever, EBV infection, rheumatoid factors,
antinuclear antibodies, and antineutrophil cytoplasmic

antibodies (ANCA).

Most samples should be tested for both IgG and IgM

antibodies, the latter after removal of IgG from an
aliquot of serum. While it is advocated that specific diag-
nostic titers be established by individual laboratories or

according to the manufacturer's instructions for kits, the

most useful criterion for a definitive serodiagnosis is the

demonstration of a four-fold increase in titer between
acute and convalescent sera, with a minimum titer of at

least 64 or 128. When a single serum is all that is avail-

able, a single high titer, usually 128 or greater, provides

some level of serologic confidence. While E. chaffeensis

and A. phagocytophilum have only recently been

described as human infections and prior serologic assays

used surrogate antigens, the use of specific diagnostic
antigens is encouraged to minimize false-negative

results. Unfortunately, E. ewingii has not yet been culti-
vated in vitro; thus, all serologic tests for this agent are
based upon cross-reactions with the related E. chaf-

feensis or E. canis. Up to 40 percent of patients with

HME and human anaplasmosis have detectable anti-

bodies at presentation, and nearly 100 percent are sero-
positive within 1 month of onset (Dawson et al. 1990;
Bakken et aL.2002).

A number of investigators have assessed recombinant
proteins as potential specific serological tools for HME

and human anaplasmosis (Lodes et al. 2001;, Unver et al.
2001a; Magnarelli et al. 2001; Alleman et al. 2000;
Tajima et al. 2000; Ijdo et al. 1999; Yu et al. 1999; Zhi
et al. 1998). While these investigations hold some
promise, none has proven significantly superior to IFA,

and the antigenic variability of the major immunodomi-

nant antigens (pfam01617.8, Surface-Ag-2 proteins)

confounds selection of a single protein that would be

effective broadly.

Factors for consideration in serologic testing include

the predictive value of positive and negative tests that

are based upon the sensitivity, specificity, and preva-

lence of the infection in the population to be tested.

Unfortunately, the precise prevalence for these

infections is not known and is probably signiflcantly

underestimated by current national reporting practices.

Based upon prevalence data even in highly endemic

areas, the positive predictive value conducted in

the absence of any additional selection of the popula-

tion would be unacceptably low, under 1 percent. Thus,

all sera obtained for this testing must be carefully

selected only from patients with a reasonably high

probability of infection. This selection criterion has the

effect of increasing the prevalence of infection in the

tested population and will significantly improve the

positive predictive value. Likewise, a negative test

under these circumstances also provides verv valuable

information.

Molecular diagnostic assays

The real revolution in diagnosis of infections by E. chaf-

feensis, E. ewingii, and A. phagocytophilum has resulted

from the application of PCR amplification of organism-

specific nucleotide sequences (Anderson et al. 1992a;

Chen et al. 1994a; Buller et al. 1999). The same genes

that have been extensively used for phylogenetic and

taxonomic purposes are also often used as diagnostic

targets. The process of nucleic acid ampliflcation is also

highly sensitive, theoretically increasing the starting

number of target sequences more that one million times

to a level that can be easily detected by routine electro-

phoresis in agarose gels. The molecular size of the

amplified DNA can be compared to a known control for

speciflcity, or a highly speciflc nucleotide probe can be

used in a Southern blot method to further enhance

speciflcity. Methods to improve diagnostic sensitivity

also include the selection of targets that are present in

multiple copies in the Ehrlichia or Anaplasma genome.

A variety of gene targets have been applied for diag-

nosis of HME, including the E. chaffeensis rrs (165

rRNA gene) (Anderson et al.1992b), groESL operon

(Sumner et al. 1997), gltA (citrate synthase) (Inokuma

et al. 2002), p28 mlltigene family conserved regions

(Ohashi et al. 1998), gp120, and nadA (Caryenter et al.

1999), among others. The advantage of the p28 famlly

(pfam01617.8, Surface_Ag-2 protein gene) is that 2l

distinct copies in the genome possess highly conserved

sequences that can be targeted for enhanced analytical

sensitivity. However, an important feature of these diag-

nostic tests is the ability to identify infected individuals
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regardless of the analytical sensitivity of the assay
applied. For ,E chaffeensis rrs PCR, the overall sensi-
tivity has been estimated at between 60 and 90 percent
(Anderson et al. I992b; Everett et al. 1994). For .E
ewingii, little information is available about the sensi-
tivity and specificity of molecular diagnostics (Buller
et al. 1999). The limited numbers of human infections
have been identified based upon amplification of rrs with
universal primers followed by sequence analysis.
However, specific regions in the rrs, as well as sequences
of the groESL and p28 genes, have been published and
should provide good alternatives for development of
highly specific and sensitive assays (Paddock et al.200I;
Sumner et al. 2000; Gusa et al. 2001).

Similarly, the diagnosis of human anaplasmosis is
often procured using molecular tests, including targets
or rrs, groESL, gltA, ankA, and msp2 @44, HGE-44),
among others (Chen et al. 1994a; Edelman and Dumler
1996; Sumner et al. 1997; Inokuma et al. 2002; Walls
et al. 2000; Ijdo et al. 1998). As for E. chaffeensis, the
Msp2 (pfam0l6l7.8, Surface_Ag_2 protein) gene family
includes at least 22 and perhaps more than 52 paralogs
in the A. phagocytophilum genome (Scorpio et aI.2004),
a desirable diagnostic target. The rrs PCR has been esti-
mated to be at least 60 percent sensitive (Edelman and
Dumler 1996; Horowitz et al. 1998); however, PCR
based upon the multicopy ankA doubled the number of
detections among a seropositive cohort, conflrming the
significant improvement in diagnostic sensitivity with a
multicopy gene target (Walls et al. 2000).

Culture-based assays

Both E. chaffeensis and A. phagocytophilum have been
recovered by in vitro cultivation methods from whole
blood or isolated leukocytes from infected humans
(Dawson et al. 1991; Goodman et al. 1996). E. ewingii
has still not been cultivated in vitro. As in vitro methods
for primary recovery of these agents from patients'
blood requires at least several days to several weeks of
active incubation in cell culture, these methods are not
usually applicable to routine diagnostic laboratories
(Horowitz et al. 1998). Regardless, culture methods are
a mainstay of bacterial diagnosis, and the recovery of
isolates provides a useful reference for investigation of
variants and their disease-causing properties. E. chaf-

feensis is ordinarily isolated in cultures of peripheral
blood mononuclear cell fractions incubated with the
canine histiocyte cell line, DH82. Other cell lines have
been used, including THP1, HL-60, U937, and others,
but most isolates have been recovered in DH82 cells.
Initially, recovery times were expected to require 30
days or longer, but improving experience has reduced
that interval to approximately 1G-14 days. Cell cultures
are examined two or three times weekly by Roma-
nowsky stains, by immunofluorescence using specific

antibodies, or by PCR. When visualized by Roma-
nowsky stains or immunofluorescence, the culture can
be expanded and stocks prepared for frozen storage or
definitive confirmation of species by PCR and sequence
analysis of several genes.

A. phagocytophilum can be cultivated from human
peripheral blood as well (Goodman et al. 1996; Asano-
vich et al. 1997). The most frequent cell line used for
primary inoculation is HL-60, a human promyelocytic
leukemia cell line. Other cells infrequently used include
THP1 and KG-1. Recovery times vary but tend to be
shorter than for E. chaffeensis, with the average culture
recovery requiring approximately 7-10 days. One advan-
tage of the HL-60 cell line is that it is maintained as
suspensions and is not highly susceptible to the toxic
effect of lysed erythrocytes as is the DH82 cell line.
Thus, a simple protocol for recovery of A. phagocyto-
philum involves direct inoculation of a small volume of
ethylenediaminetetraacetic acid (EDTA)-anticoagulated
whole blood into a culture of HL-60 cells.

SUSCEPTIBILITY TO ANTIMICROBIAL
AGENTS

Physical stabil ity and chemical
inactivation

Ehrlichiae are highly sensitive to environmental condi-

tions, as they are unable to survive outside of the host

cell for long periods of time. Long-term maintenance is

usually achieved by maintaining highly infected cultured

cells in )30 percent serum with 1-0 percent DMSO at
-70'C, or preferably in liquid nitrogen. Purification of

individual bacteria from host cells poses even greater

challenges because of the tenacity with which the

bacteria bind to host vacuolar membranes and their

associated proteins and nucleic acids. Physical inactiva-

tion with ordinary laboratory disinfectants (10 percent

bleach, 70 percent ethanol, etc.) or heat inactivation
(autoclaving) are highly effective.

Sensitivity to antibiotics

The in vitro antibiotic susceptibility oI Ehrlichia chaf-

feensis, Anaplasma phagocytophilum, and Neorickettsia
sennetsu have been determined (Rikihisa l99la;
Brouqui and Raoult 7992;Klein et al. t997; Maurin et al.
2003). Doxycycline and rifampin exert bactericidal
effects whereas chloramphenicol, erythromycin, co-
trimoxazole, penicillin, and gentamicin are not inhibi-
tory. Ciprofloxacin was bacteriostatic for E. chaffeensis
only at high concentrations but very effective against E
sennetsu. Other fluoroquinolones, such as trovofloxacin,
may be effective in vitro against A. phagocytophilum
(Klein et al. 1997), but a mutation in the quinolone-
resistance-determining region of gyrl (DNA gyrase
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gene) in Ehrlichia spp. makes these resistant to most or

all drugs in this class (Maurin et al. 2001). Similarly,

both Anaplasma and Ehrlichia spp. seem to be highly

resistant to even new-generation macrolides. Practical in

vivo experience with antibiotics gained during the treat-
ment of a wider range of human and veterinary diseases

caused by the ehrlichiae is in agreement with the in vitro

data (Dumler and Bakken 1995). Doxycycline is gener-

ally effective when given in an early stage of infection.

Tetracyclines have also been used to eliminate lV.
pipientis from arthropods to demonstrate their role in
various manifestations of cytoplasmic incompatibility
(Holden et al. 1993), and trials for reduction of inflam-

matory sequelae that results from nematodes containing

Wolbachia in lymphatic filariasis also show promise
(Hoerauf et al. 1999). In vivo resistance of Ehrlichia and
Anaplasma spp. to chloramphenicol, coupled with in

vitro inefficacy and anecdotal evidence of chlor-

amphenicol failure in patients. suggests it is prudent to
use doxycycline rather than chloramphenicol, especially
given the potential for fatal outcome.

Treatment

AII members of Anaplasmataceae, including the three

important human pathogens E. chaffeensis, A. phagocy-

tophilum, and E. ewingii, are susceptible to antibiotics.

Prompt administration of appropriate therapy is critical
to minimize the degree to which host inflammatory and

immune mechanisms are driven toward pathologic

consequences and severe disease. Thus, doxycycline is

the drug of choice for treating HME, ehrlichiosis
ewingii, and human anaplasmosis, although the empirical

success of rifampin in the treatment of human anaplas-
mosis during pregnancy (Buitrago et al. 1998) also

agrees with in vitro susceptibility data. Doxycycline is
preferred because of the twice per day dosage and the
very high therapeutic window. Although many pediatri-

cians have been reluctant to use doxycycline in children

under 8 years of age, the American Academy of Pedia-

trics now advocates the use of doxycycline to treat ehrli-

chiosis (and anaplasmosis) (American Academy of
Pediatrics 2000). No clinical studies have examined the

efficacy of either doxycycline or rifampin, but the poten-

tial adverse effects of doxycycline in pregnancy have led

to the successful use of rifampin in that situation. Adults
should receive 200 mg of doxycycline twice per day,

orally, every 6 h. Children should receive 3-4 mg/kg of
doxycycline every 24 h in two doses, not to exceed

300 mg per dose. Patients who are unable to take doxy-
cycline orally should receive intravenous treatment. The
duration of therapy should extend for at least 3-5 days
after defervescence, for a total of not less than 5-7 days,

but many prefer to treat for a total of 21, days to provide

adequate therapy for the potential of cotransmitted B.
burgdorferi with A. phagocytophilum. Some standard

therapies for Lyme disease (amoxicillin or ceftriaxone)

are not effective for anaplasmosis or HME. Clinical

improvement is rapid in properly treated patients. Most

patients with HME or human anaplasmosis report reso-

lution of fever and other clinical manifestations within

48-72 h. Relapse or reinfection has only rarely been

reported.

Prevention

Because tick-borne Anaplasmataceae infections occur

when humans intrude on areas infested with reservoir

animals and ticks, the best prevention is avoidance of

such areas. Control of ticks, small mammal and rodent

populations, and deer populations is probably important

for prevention, but studies to extend these findings from

Lyme disease have not been conducted. Personal protec-

tive measures include clothing treated with permethrin

and diethyltoluamide may reduce the frequency of tick

bites. Prompt detection and removal of ticks is a useful

and cost-effective preventive measure. People who must

enter tick-infested areas should wear light-colored

clothing to facilitate detection of ticks. Embedded ticks

should be removed as soon as possible as a short interval

is required prior to transmission from the tick into the

host. Ticks may be removed with tweezers by grasping

at the skin surface and pulling with slow, steady traction.

Careful disinfection of the attachment site with soap and

water is also a useful precaution.

TICK TESTING AS A PREDICTOR OF
DISEASE

An emerging concept in tick-transmitted infections is the

determination of whether an attached tick is infected.

and the use of this information to guide in prophylactic

therapy. A rational approach requires information about

whether prophylactic therapy is useful and the like-

lihood of transmission occurring from an infected tick.

The latter concept also requires knowledge regarding

the interval of tick attachment needed prior to transmis-

sion of Ehrlichia or Anaplasma spp. Experimental trans-

mission of E. chaffeensls by infected A. americanum

ticks has been conducted, but data regarding the 'grace

period' have not been generated. Although A. amer-

icanum is also the suspected vector of E. ewingii, experi-

mental and timed transmission studies have not been

conducted. Transmission of A. phagocytophilum from

infected ticks to mice begins within 24 h, when as little

as 30 percent to as many as 67 percent of mice acquire

infection (Hodzic et al. 1998; des Vignes et al. 2001).

Thus, unlike the situation for B. burgdorferi, dally tick

checks and removal may not be adequate to prevent

transmission. As the majority of these studies were

conducted by cofeeding multiple ticks on a single

susceptible host, the proportion of ticks capable of trans-
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mitting A. phagocytophilum is not known. In fact, the
US military maintains a facility for testing ticks removed
after attachment to soldiers. The prevalence of E. chaf-

feensis in attached A. americanum is 15 percent, and of
A. phagocytophilum in I. scapularis is 2 percent (Strom-
dahl et al. 2001); regardless, both rates far exceed the
reported numbers of cases of either HME or human
anaplasmosis in the US military services, suggesting that
this approach poorly correlates with subsequent disease.
Moreover, few data are available regarding the prophy-
lactic efficacy of treatment during the incubation period
of HME and human anaplasmosis, although a single
patient who received prophylactic doxycycline after an
A. americanuru bite seroconverted to E. chaffeensls and
never became ill. Currently, too little information is
available to make specific recommendations regarding
the feasibility of tick testing to guide decisions about
antibiotic prophylaxis.
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INTRODUCTION

Coxiellia burnetii is an intracellular, gram-negative
acidophile bacterium that replicates in high numbers
within the phagolysosome of its eukaryotic host and is
the etiological agent of Q fever. An Australian physi-
cian, E,dward Derrick, described a febrile illness
amongst abattoir workers in 1935 as 'query (Q) fever'
(Derrick 1937). Derrick's initial attempts to isolate the
causative agent proved unsuccessful. However, clinical
material obtained from ill workers in a meat-packing
plant in Brisbane, Australia reproduced the disease in
laboratory guinea pigs. Infected guinea pig liver sent to
MacFarlane Burnet, confirmed the disease in laboratory
animals. Impression smears of infected mouse spleen
revealed large intracellular vacuoles containing small
rod-shaped organisms that Burnet and Freeman char-
acterized as rickettsia. At the same time, in Hamilton,
Montana, an unexpected febrile illness was also
produced in guinea pigs during a Rickettsia spotted
fever study The causative agent was referred to as 'Nine

Mile agent' and later named Rickettsia diaporica
because, unlike other rickettsial agents, it was filterable
(Davis and Cox 1938). All attempts to grow the agent on
axenic media failed, but during these studies a febrile
illness displayed, through a laboratory-derived infection,
a confirmed link between Q fever and Nine Mile agent.
Blood from one of the patients produced a similar
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febrile illness in guinea pigs. Davies and Cox demon-

strated that convalescent guinea pigs previously infected
with Burnet's spleen sample were immune to challenge
by the Nine Mile agent, thus demonstrating antigenic

crossreactivity between the two agents. In 1938, the
causative agent was assigned a new genus and species
name, Coxiella burnetii, in recognition of the work by
Cox and Burnet (Weiss 1992).

CLASSIFICATION

In the past, the taxonomy of coxiella was closely linked
to the rickettsiae and was principally based on compar-
isons of phenotypic characteristics. More so than in
other bacteria. historical and environmental considera-
tions also played important roles in classification. In the
eighth edition of Topley & Wilson, the principal genera

discussed werc Rickettsia, Rochalimaea, and Coxiella.
More recently, classiflcation of rickettsiae and other
bacteria have been increasingly based on DNA
sequences, particularly on 165 and 23S rDNA sequence
comparisons. The genera Rickettsia and Ehrlichia belong
in distinct branches of the s subdivision of Proteo-
bacteria (Roux and Raoult 1995; Stothard and Fuerst
1995), whereas Rochalimaea belong in the o2 subdivision
and are most closely related to the agrobacteria and
rhizobacteria. Recent phylogenetic analysis of the L6S
rRNA sequences has resulted in the reclassification of
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C. burnetii to the y subgroup of Proteobacteria, thus
establishing it being closely related to Legionella pneu-

mophila and Wolbachia persica (Weisburg et al. 1989).

Whlle Ricketlsla species replicate in the host cytoplasm,

C. burnetii displays both phenotypic and genetic simila-
rities to L. pneumophlla, including intracellular growth

in a membrane-bound vacuole and sequence similarities

for a variety of genes (Mo et al. 1995).

HABITAT

Coxiella burnetii is a category B bioterrorism agent that
is highly infective to both humans and livestock (Martin

and Raoult 1999). The agent is widespread in the natural

environment due, in part, to its high degree of stability
under conditions unfavorable for growth and to its trans-
mission from animal to animal and to humans, primarily

by aerosol (Raoult and Marrie 1995). It has been
reported from virtually every part of the world. A tick
host (Dermacentor andersonii) has been implicated to
play an important role in natural infection, but many
vertebrate animals are also heavily infected and play a
role in transmission. C. burnetii is often an occupational
disease in individuals working in slaughterhouses. The

bacterium is particularly abundant in the placenta of a
parturient animal. Parturient cats in a household can
also cause infection.

MICROENVIRONMENT AND
MORPHOLOGY

C. burnetii is a unique bacterium that combines adapta-

tion to the acid environment of the phagolysosome with

a developmental cycle that includes transverse binary
fission and sporogenesis. The developmental cycle is

described in detail by McCaul and Williams (1981). In

addition to the schematic representation of the cycle, the
great variety of forms in a purified preparation and a
cell undergoing cell division and containing a spore is

shown. The usual smears of C. burnetil infected cells

display a great variety of forms; the cells which have not
yet divided are usually small rods (approximately 0.3 by
1.0 pm) which double in size or develop a spore at one

end or both. The smears also contain spores in various
stages of development. In contrast to other rickettsiae,

coxiellae have some gram-positive surface components

but also, on repeated cultivation in the laboratory, may
display lipopolysaccharide (LPS) phase variation. Phase

I cells are infectious for animals, while phase II cells
usually appear upon repeated cultivation in the yolk sac

of chicken embryos. Phase II cells do not have the full

complement of properties required for survival in

macrophages. The adaptation to an acid environment is
demonstrated through detecting many metabolic activ-

ities only when the pH is 5 or lower (Redd and
Thompson 1995).

LABORATORY ISOLATION, CULTURAL
CHARACTERISTICS, AND GROWTH
REQUIREMENTS

The yolk sacs of embryonated chicken embryos have

proved a good medium for the isolation of Q fever. Eggs

are inoculated when the embryos are 5-:7 days old. The

top of the egg above the air sac is surface-sterilized and

a hole is punched aseptically. A 0.2-0.4 ml inoculum is

delivered with a 22-gauge needle long enough (2-3 cm)

to penetrate into the yolk sac. The Coxiella inoculum is

adjusted to kill 30 percent of the embryos in 5-8 days.

Suspending fluids for such harvests are brain-heart infu-

sion (BHI) broth or sucrose phosphate glutamate (SPG)

solution, consisting of 0.22 M sucrose, 0.1 trl potassium

phosphate, 5 mvI potassium glutamate, pH 7.0. The

pools of yolk sacs and their suspending medium are

homogenized in bottles containing 5 mvt glass beads,

dispensed in vials and used as inocula or purified for use

in physiological or antigenic studies. For further details

of these procedures. see Dasch and Weiss (1992).

Cell cultures offer many opportunities for rapid isola-

tion and identification of coxiella from infected animals

or patients. The shell vial culture technique has the

advantage that it concentrates a moderate volume of

inoculum over a small monolayer of highly susceptible

cells on a coverslip. It enhances the infection by centri-

fugation (usually at 700 g for t h) prior to incubation.

After centrifugation, the supernatant is removed and

replaced by an appropriate medium, such as Eagle's

minimal essential medium (MEM) containing 10 percent

fetal bovine serum. If several vials are treated with the

same inoculum, a duplicate coverslip can be examined a

few days after inoculation and the rickettsiae identifled

by the indirect fluorescent antibody method. After a

satisfactory level of infection is reached, the remaining

vials can be used for passage of the coxiella into tissue

culture flasks for the production of larger volumes. This

method has been used to identify C. burnetii from

human blood in cases of acute disease and suspected

chronic endocardit is (Musso and Raoult 1995).

Isolation of Coxiella by plaque formation is usually

undertaken on monolayers of chicken embryo flbroblasts

but can also be done on L929 or Vero cells (Figure 81.1).

The tissues are obtained from decapitated 10-day-old

chicken embryos, thoroughly minced in Earle's balanced

salt solution (EBSS), and the cells are further separated

from each other by digestion with 0.25 percent trypsin

for 20 min at 37"C. Trypsinization is terminated by the

addition of fetal bovine serum. Clumps are removed by

filtration over sterile cheesecloth and the isolated cells

are sedimented by centrifugation and resuspended in

MEM containing 10 percent fetal bovine serum. The

suspension is dispensed into 25-cm2 tissue culture flasks,

5 ml per flask, and confluent monolayers are allowed to

form by incubation overnight at 37"C. The samples to be
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Figure 81.1 Scanning electron micrograph of C burnetii ce//s
with dewaxed sections of guinea pig heart 9 days after aerosol
infection Courtesy of B Dowestt, S Lever and G Lloyd, HPA
Porton, UK

plaqued are diluted serially in BHI and, after the super-
natant fluid has been removed. 0.1 ml volumes are
added to the monolayers. Plaquing efficiency is
increased by gentle rocking of the flasks for 60 mrn or
by moderate centrifugation of the inoculum over the
cells. Finally, the cultures are overlaid with an appro-
priate medium (such as RPMI 1640 or Medium 199
containing glutamine and 0.8 percent agarose). Spotted
Fever Group rickettsial plaques are recognized 4-7 days
post-inoculation and are 2-3 mm in diameter. Plaque
isolation is particularly valuable for the isolation of
phase I and phase II variant forms of C. burnetii.

For the mass cultivation of coxiellae, irradiated mouse
L929 or Vero cells are often used in large flasks. When
growth is sufficiently abundant, the cells are harvested
with glass beads. The suspension is then centrifuged and
the pellet resuspended in SPG for freezing or in BHI for
further propagation. For additional information, see
Dasch and Weiss (1992) and Williams et al. (7992a)

MORPHOLOGY - GENOME AND
PLASMIDS

For many years, C. burnetii was thought to be relatively
homogeneous, except for antigenic phase variation, and
the same organism was believed to cause both acute and
chronic disease. Recent genetic studies have shown that
Coxiella is not homogeneous, but it appears that the
same genotype can cause both types of disease. Coxiella
isolates exhibited 14 distinct restriction fragment length
polymorphism (RLPF) patterns of genomic DNA by
pulsed field gel electrophoresis (PFGE), giving a
genomic size of I.4-1.9 Mb, in good agreement with the
1.7 Mb estimated by reassociation kinetics (Thiele et al.
1993; Thiele and Willems 1994). The DNA base compo-
sition of Coxiella is 42 percent G + C. Plasmids have
been discovered in C. burnetii. Initially, six different
genomic groups were distinguished among Amerrcan

isolates by the type of plasmid and RFLP pattern

obtained using .EcoRI or BamHl digested total DNA

separated on sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and silver stained. A 36 kb
plasmid, QpH1, was present in three genomic groups

with isolates from ticks or animals or causing acute

illness in humans, the 39 kb plasmid, QpRS, was present

in an isolate causing chronic disease, and the 51 kb
plasmid, QpDG, was present in feral rodent isolates of
unknown pathogenicity. Another chronic disease isolate
group contained both QpRS and QpHl related plasmid

sequences integrated into the chromosome. No unique

sequences common to the plasmidless isolates and QpRS
have been found that might cause 'chronic' disease.

About 30 kb of core plasmid sequence is conserved in all
genomic groups, whereas the remainder is plasmid

specific. Isolates varying only in phase state or passage

history exhibit minimal differences. These plasmid

sequences are not known to encode virulence factors but
their conservation in all genetic groups suggests that they

are essential to the survival of C. burnetii. European

isolates were also found to contain QpHl sequences

whereas a Namibian isolate contained QpRS sequences.

More recently, the association of specific plasmid type

with pathogenicity has been questioned as only nine of

30 European isolates, including both acute and chronic

isolates, had sequences specific to QpHl (Stein and

Raoult 1993; Thiele and Willems 1994). Similarly, a new

33.5 kb plasmid, QpDV, found in isolates from both
acute and chronic disease, has been described (Valkova

and Kazar 1995). Both the 90-95 percent DNA-DNA

homologies exhibited between different genomic groups

and the greater than 99 percent 165 rDNA sequence
similarity in different isolates of C. burnetll argue for

their retention as a single species (Hendrix et al. 1991,;

Stein et al.  1993).

Thirty-seven open reading frames (ORF) have been
identilied in QpUt (Thiele and Willems 1994). ORF
cbhE' encoded a 39.4 kDa hydrophilic protein unique to

QpH1. ORFs related to Pseudomoncs proteins, ferri-
pyochelin-binding protein (FBP), 32.4 kDa protein, and
replication proteins, to Escherichia DNA helicase I and

SopA protein, to Agrobacterium replication protein

RepB and to bacteriophage i. tail assembly protein K
were recognized. FBP plays a role in iron acquisition

and may be a virulence determinant in Pseudomonas.

QpHl proteins with homology to the F plasmid partition

proteins SopA and SopB were found to be also

conserved in the plasmids QpRS, QpDV, and QpDG,
but absent in plasmidless isolates (Lin et al. 1995). The

QpRS-specilic gene cbbE was not found in plasmidless

isolates and encoded a 55 kDa protein which was a
surface-exposed outer-membrane protein of unknown
function.

The rRNA operon of C. burnetil is organized in the
order 165-235-55 rDNA (Afseth et al. 1995). The 165-
23S rDNA spacer is Coxiella specific and encodes IRNA



Structure-cel l  wal l  composit ion and antigenic propert ies 2075

genes for isoleucine and alanine. The 23S rDNA

contains an unusual 444 bp intervening sequence which

has a stem-loop structure due to flanking23bp inverted

repeats. The absence of intact mature 23S rRNA

suggests the loop is excised. Approximately 19 copies of

a 1450 bp repetitive element were found in C. burnetii,

including one associated with the groESL heat shock
protein operon (Hoover et al. 1992). The element had

terminal seven and internal 12 bp inverted repeats at

each end and encoded an ORF for a 367 amino acid

basic polypeptide with a DNA binding helix-turn-helix

and a leucine zipper motif, suggesting it may be a trans-
posase. Ten French isolates with eight different PFGE
patterns each contained this repetitive element (Thiele

and Willems 1994). Three independent copies of this

element each had additional nonhomologous internal

85-93 bp inserts with strong dyad symmetry demarked

by identical 7 bp inverted repeats (Hoover et aL.1,992).
The gltA-sdh intergenic region was found to contain

three similar, nearly perfect, inverted repeats (Heinzen

et al. 1995). A probe to the terminal 7 bp inverted

repeat sequence hybridized to multiple sequences in

four different genomic groups. Whether the inverted
repeat sequences have important regulatory functions is

unknown.

Although C. burnetii is rather unique in its life-style, it

retains many genetic functions that are organized simi-
larly to those of other y Proteobacteria such as Escher-

ichia coli; this permits their cloning and identification by

functional complementation of mutants and by sequence
homology. Characterized genomic regions include a

TCA cycle gene cluster similar in arrangement to that of

E. coli (Heinzen et al. 1995) and the aspartate carbamy-
Iase catalytic subunit. The sdhCDAB gene cluster

encodes succinate dehydrogenase enzyme complex and
is adjoined by the 2-oxoglutarate dehydrogenase and

citrate synthase genes. Other characterized genes

express iron containing superoxide dismutase, homologs

of E. coli heat shock GroES and GroEL proteins, the
heat shock protein DnaJ, and the mucZ gene product

which has some homology to dnal and activates capsule

synthesis in E. coli. An autonomous replication

sequence was characterized that contains ORFs with
homology to genes often found near bacterial chromo-

somal origins, including rpmH, rnpA, 9 kDa, and
60 kDa membrane proteins. Some information has been

obtained for genes encoding a protein similar to the

Legionella macrophage infectivity potentiator (Mip)

protein (Mo et al. 1995), a protein with homology to

bacterial sensor proteins found in two-component regu-

latory systems (Mo and Mallavia 1994), and a 27 kDa

surface-exposed loosely associated outer-membrane
protein Coml (Hendrix et al. 1993). The rnc locus of C.

burnetii contained genes with protein homology to

RNAase III, RecO, and Era of E. coli; zrc suppressed

capsule synthesis irr E. coli even though C. burnetii does

not contain a capsule. Era is a 35 kDa GTP binding

protein that is essential for cell viability. RNAase III is a
double-stranded RNA-dependent endoribonuclease.
RecO function is involved in DNA recombination and
repalr.

STRUCTU RE-CELL WALL COM POSITION
AND ANTIGENIC PROPERTIES

Consistent with the phylogenetic distance of Coxiella
from the other rickettsiae, it is antigenically distinct
from them. Although the gram-negative cell wall struc-
ture and composition of C. burnetil have been studied
intensively (Williams and Waag 199I), an acarrate
inventory of the cell wall components and their function
is difflcult because of the distinct morphological forms
present in its complex developmental cycle, the unique
virulence-associated LPS phase variation, the difficult
physical solubility properties of individual components
in the cell envelope, and the range of analytical methods
used in cell fractionation. The structure of the LPS is
not completely known, but phase I and II differences in
chemical composition and size are compatible with a
smooth to rough transition where the O side poly-

saccharide undergoes significant truncation while the
core region which contains KDO and lipid A is retained.
The neutral sugars virenose and dihydrohydrox-
ystreptose are the major antigenic sugars in the O side
chain but they are not unique to Coxiella. The branched
chain fatty acid composition of the LPS is unique to
Coxiella although other pathogenic bacteria share some
components. Phase I LPS is relatively nontoxic
compared with Salmonella LPS.

Formalin-treated phase I whole cell vaccines have
been widely used in animals and are effective in man,
while phase II whole cells are considerably less effective
(Ackland et al. 1994). Unfortunately, the phase I whole
cell vaccines occasionally induce erythema, induration,
granulomas, and sterile abscesses in some individuals,
and such severe local and systemic reactions in immune
individuals that they must be prescreened by skin test.
Consequently, a chloroform-methanol residue (CMR)

vaccine was developed which retained good efficacy for
animals and man and fewer adverse reactions (Williams

et aI. t992b; Fries et al. 1993). This vaccine retains the
LPS and the majority of cellular proteins, but is greatly

reduced in phospholipids. Trichloroacetic acid extracts
containing phase I LPS and purified phase I LPS were
protective in mice but not phase II LPS or poly-

saccharide or lipid A fractions of phase I or II LPS
(Gajdosova et al. 1994). Phase I cells contain both
immunosuppressive and immunostimulatory molecules
that are in part disassociated by chloroform-methanol
extraction (Williams and Waag 1991; Tokarevich et al.
1993). Both tumor regression and antiviral activity of
phase I and CMR fraction have been observed (Zvilich

et al. 1995).
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Various protein antigens have been identified by
radioimmunoprecipitation of surface radioiodinated
proteins and immunoblotting (Williams and Waag 1991).
The best characterized is a 29 kDa protein P1 present in
phase I and II cells, but not in the small dense cell type
or endogenous spore (McCaul et al. 1991). It is both
immunogenic and protective for animals (Gajdosova
et al. 1994; Lukacova et al. 1994). -the 

29 kDa protein
P1 may be identical to the cloned 27 kDa Coml protein,
or several antigenic proteins of similar size are present
since another 29 kDa lipoprotein, P2, has also been
described. Zhang et al. (1994) also found a 67 kDa
outer-membrane protein which was protective in guinea
pigs and mice. The conserved 62kDa protein of Coxiella
is homologous to the widely conserved chaperonin 60
heat shock protein GroEL. Its expression is regulated by
heat in E. coli and by heat or 10 percent ethanol in acid-
activated Coxiella. It is present on the surface of phase
II but not phase I cells. The 62 kDa protein is immuno-
genic since it is recognized by sera from acute and
chronic Q fever patients, but it is probably not protective.
Whether combinations of purified LPS and antigenic
protein or peptide components will offer advantages
over CMR or whole cell vaccines is unresolved.

TRANSMISSION, PATHOGENESIS, AND
CLINICAL SYMPTOMS

Transmission

Q fever is usually transmitted by the inhalation of small
particle aerosols that originate from infected animals. Q
fever is enzootic among domestic animals, especially
sheep, cattle, and goats. Infected cats have also been
reported as sources of infection (Marrie 1988). C.
burnetii is found in high concentrations within the
placenta of infected females and is shed at parturition.
C. burnetii is extremely stable under environmental
conditions, is highly infectious, can be broadly dissemi-
nated by dust, dried manure, or other materials, and
presents an infectious hazard in areas where animal
husbandry is practised. Diseases occur sporadically, but
outbreaks are common, particularly among abattoir
workers. Outbreaks of Q fever have also occurred in
research facilities where sheep are used as experimental
animals (Meikeljohn et al. 1981). Consumption of raw
milk from infected animals has also been responsible for
a number of human infections (Fishbein and Raoult
1992).

The incubation period varies from 9 to 28 days, aver-
aging 18 to 21 days and is dependent on the number of
organisms that initially infect the patient. Onset is
abrupt with fever, severe headache, chills, severe
malaise, myalgia, confusion, sore throat, chills, and,
often, chest pains. Fever may rise to 40'C (104"F) and
may persist for 1 to >3 weeks. A nonproductive cough

and X-ray evidence of pneumonitis often develop during
the second week of illness in 30 to 50 percent of sympto-
matic infection. In severe cases, lobar consolidation

usually occurs, and the gross appearance of the lung may
resemble that of bacterial pneumonia. Histological

changes in Q fever pneumonia resemble those of psitta-

cosis and some viral pneumonia as demonstrated by an
intense interstitial infiltrate around the bronchioles and
blood vessels which extends into the adjacent alveolar.

The bronchial luminar may also show extensive invasive
polymorphonuclear leukocytes. Approximately a third of
patients with protracted Q fever develop hepatitis, char-

acterized by fever, malaise, hepatomegaly with right

upper abdominal pain, and possibly jaundice. Liver

biopsy specimens show diffuse granulomatous changes,
and C. burnetii may be identified by immuno-

fluorescence. Headache or respiratory signs are
frequently absent. Lobar pneumonia may be particularly

severe in aged or debilitated patients. In general, most
patients will recover to good health within a few months
without treatment. Approximately 1.-2 percent patients

who contract Q fever may die.

There are also several forms of chronic Q fever with

chronic hepatitis and endocarditis. Chronic Q fever is
characterized by an infection that lasts longer than 6
months. Patients who have had acute Q fever may

develop the chronic form as soon as 1 year, or as long
as 20 years, after initial infection. A serious complica-

tion of Q fever is endocarditis, generally involving the
aortic heart valve and less commonly the mitral valve
(Figure 81.2). Most people who develop chronic Q
fever have a pre-existing valvular heart disease or
have a history of vascular graft. Transplant patients,

cancer suffers, and those with kidney disease are also

at risk of developing chronic Q fever. As many as 65
percent of persons with chronic Q fever may die of the

disease.

Those patients who fully recover from infection may
possess lifelong immunity against reinfection.

Figure 81.2 Scanning electron micrograph of C burnetii ce//s
grown in Vero Cells Courtesy of B Dowestt, S. Lever and G.
Lloyd, HPA Porton, UK
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Pathogenesis

C. burnetii parasitizes the acidified phagolysosomal

compartment of its host cells (Baca et al. 1994). Both
catabolic and anabolic activity, including the synthesis of
DNA and protein, can be measured in defined medium
at acidic pH (Thompson L991; Redd and Thompson
1995). Following acid activation 34, 24, and 12 kDa
proteins are exported by Coxiella but their function is

unknown. 
-fhe 

Coxiella 24 kDa Mip protein possesses
peptidyl-prolyl-cisirans-isomerase activity and is an
exported protein, suggesting that it has a role in protein

folding and trafficking (Mo et al. 1995). Whether Mip is

one of the exported acid activation proteins is unknown.
In Legionella and Chlamydia, Mip proteins have been
found to have roles in establishing infection of host cells.
Phase II cells more readily attach to L cells than phase I
organisms and while purified phase I LPS did not inhibit
attachment of Coxiella to host cells, protease treatment
of host cells abolished attachment (Baca et al. 1993).
Heat- or formaldehyde-inactivated Coxiella could attach
and enter cells whereas inhibitors of host cell phagocy-

tosis (such as NaF and cytochalasins B and D) abolished
rickettsial uptake. This suggests Coxiella is passively
phagocytosed. C. burnetii also binds C-reactive protein,

complement components, and normal immunoglobulin

which may facilitate cell infection in vivo (Williams et al.
1989). Coxiella adhesins or proteins essential for survival
in the phagolysosome have not been identified conclu-
sively, although roles for superoxide dismutase, catalase,
and acid phosphatase have been suggested (Baca et al.
1994). The acid phosphatase activity blocks superoxide

anion production by stimulated human neutrophils. In

Salmonella, acid phosphatase encoding genes are regu-

lated by phoQ and phoP genes which enhance survival
in macrophages. A similar sensorlike protein has been
described in Coxiella (Mo and Mallavia 1994). Phase II

cells are sensitive to complement-mediated killing while
phase I cells are not, suggesting that phase I LPS
mediates resistance. Phase I LPS may mask underlying
antigens from exposure to the immune system since 12sI-

labelled antiphase II antibodies bound 10- and 44-fold
more to trichloroacetic acid-extracted phase I cells and
to phase II cells, respectively, than to native phase I cells
(Hackstadt 1988), thus explaining, in part, the slow
phase I serological response in Coxiella infection. LPS is

an important virulence factor since intrastrain LPS
phase I, intermediate, and phase II variants differ signifi-
cantly in virulence in guinea pig and mouse models
(Kazar et al. 1993).

LABORATORY DIAGNOSIS

There are significant risks associated with direct isola-

tion of C. burnetii and any attempts should be under-

taken under biosafety level three laboratory contain-

ment. Direct isolation of C. burnerll is successfully

achieved through the inoculation of cell monolayers of

Vero cells or J774.I6 mouse macrophages cells in shell

vials (Raoult et al. 1991,; Spyridaki et al. 2002). 
-fhe

direct identification of C. burnetii is most easily accom-

plished by direct immunofluorescent antibody staining of

organisms in biopsies or after isolation (Musso and

Raoult 1995). A monoclonal antibody suitable for this

purpose has been described. Alternatively, polymerase

chain reaction (PCR), using primers specific for super-

oxide dismutase, a conserved plasmid sequence, or a

large conserved repetitive element (Thiele and Willems

1994; Spyridaki et al. 2002) may be done. Chromosomal

DNA and plasmid-based typing has been used exten-

sively to differentiate isolates. Protein profiles and

Western blotting of proteins have not been very useful

for typing strains, although distinct LPS profiles may be

obtained, particularly among phase variants (Kovacova

et al.1994). Monoclonal and polyclonal sera can be used

for distinguishing LPS variants (Yu and Raoult 1994).

Most diagnoses of Q fever infection are based on a

variety of retrospective serological procedures based on

indirect immunofluorescence employing phase I and

phase II antigens (Uhaa et al. 1994; Waag et aI. 1995;

Hamzie et al. 2003). The responses to the different

phase I and II antigens is important in establishing a

diagnosis and reflects the different clinical presentations

of the disease. In acute cases of Q fever, the presence of

IgM and IgG phase II antibodies is generally detected

during the second week of illness. Evidence of chronic Q

fever is demonstrated by the presence of high levels of

IgG anti-coxiella phase I antibodies. These antibodies

require longer to appear and indicate continued expo-

sure to the bacteria. Increased levels of phase 1 IgG and

IgA antibodies indicate the possibility of Q endocarditis

(Camacho et al. 1998). More recently, the value of mole-

cular techniques has been evaluated and data indicate

that the use of PCR techniques could be of value during

the flrst 2 weeks of the disease and not used 4 weeks

post onset, when the serology is highly sensitive. (Four-

nier and Raoult 2003). This has been extended to the

early detection of clinically and histologically silent Q

fever endocarditis accidentally diagnosed by PCR

targeting eubacterial 165 rDNA on the mitral valve

removed after surgery (Issartel et al.20O2).

TREATMENT - SENSITIVITY TO
ANTIBIOTICS

Since C. burnetii does not multiply in axenic media,

animals, embryonated chicken eggs, and cell culture

methods have been used for testing antibiotic suscept-

ibility. All of these methods suggest that C. burnetii is

more resistant to antibiotics like chloramphenicol,

erythromycin, and streptomycin. Egg survival and

suppression of illness in animals are less useful than

growth in tissue culture for gauging whether antibiotics
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are bactericidal rather than bacteriostatic. In eggs, clin-
damycin, erythromycin, viomycin, cycloserine, and
cephalothin were ineffective, while rifampicin, trimetho-
prim, doxycycline, and oxytetracycline were bacterio-
static. Chlorotetracycline-resistant isolates of C. burnetii
have been isolated by serial passage in eggs in the
presence of low concentrations of antibiotic; one Cyprus
isolate with enhanced natural resistance to tetracvclines
was found.

Suppression of primary shell vial growth in HEL cells
of 13 C. burnetii isolates was used to evaluate bacterio-
static properties of antibiotics (Raoult 1993). Amikacin
and amoxycillin were never effective. Co-trimoxazole,
rifampicin, doxycycline, tetracycline, minocycline, spar-
floxacin, and quinolones PD127,391 andPDl3l,628 were
always effective. Variable resistance was noted with
ofloxacin, pefloxacin, chloramphenicol, ceftriaxone,
fusidic acid, and erythromycin. The fluoroquinolones
ciprofloxacin, pefloxacin, and fleroxacin were bacterio-
static in eggs and Vero cells (Keren et al. 1994). Assays
employing persistently infected dividing L929 cells initi-
ally suggested that rifampicin and the quinolones peflox-
acin, ofloxacin, and ciprofloxacin were bactericidal but
that doxycycline was not. However, this could not be
confirmed for any of these antibiotics when cell growth
was inhibited by cycloheximide. Using this assay or
direct enumeration of viable Coxiella exposed to anti-
biotic for 24 h after infection in P388D1 macrophage
cells, the lysosomotropic agents amantadine, chlor-
oquine, or ammonium chloride were used to alkalinize
the pH 4.8 C. burnetll-containing phagolysosome to pH
5.3,5.7, or 6.8 (Maurin et al.  1992). Pefloxacin and doxy-
cycline were bactericidal at the more alkaline pH
whereas rifampicin was not. Clarithromycin, a macrolide
erythromycin derivative that can be tolerated during
childhood and pregnancy, exhibited good bacteriostatic
activity against four genomic types but it was not tested
in the presence of lysosomotropic agents for bactericidal
activity (Maurin and Raoult 1993).

Since acute Q fever is often self-limiting, bacterio-
static antibiotics are often effective. A dose of 100 mg of
doxycycline taken twice daily for 15-21 days is a
frequently prescribed therapy. Chronic Q fever can be
managed with bacteriostatic antibiotics but the patient
may not be cured unless a bactericidal regimen is
employed. Although differential resistance of isolates
from chronic disease patients has been noted, this may
be due to changes in host cell (tetracyclines) or isolate-
specific permeabilities (fluoroquinolones) (Yeaman and
Baca 1991). Two different treatment protocols have
been successfully evaluated: (1) doxycyline in combina-
tion with quinolines for at least 4 years; and (2) doxycy-
cline combination with hydroxychloroquine for 1.5-3
years. The second therapy leads to fewer relapses, but
requires routine eye examinations to detect accumula-
tion of chloroquine. Surgery to remove damaged valves
may be required for some cases of C. burnetii endo-

carditis. Cotrimoxazole treatment was found to be effec-

tive during pregnancy preventing abortion although it

did not significantly reduce colonization of the placenta

(Raoult et aL.2002).

EPIDEMIOLOGY AND CONTROL

For Q fever, the only known important natural infection

mechanism in man is by the inhalation route and human

to human transmission has only occurred rarely. Experi-

ments carried out in the 1950s examined the infectious

doses by the inhalation route in guinea pigs and man
(Tigertt and Benenson 1956; Tigertt L959) and deter-

mined that one organism could initiate infection in the
guinea pig and that the infectious dose in man was ten

organisms. The incubation period at this level was 17

days and decreased to 10 days with an infecting dose of

10s organisms. The agent used was C. burnetii AD strain

which had been isolated from milk in California. It was

found possible to suppress completely any clinical

disease in man exposed by the inhalation route with

oxytetracyline administered during the incubation

period.

C. burnetii is maintained as a zoonotic infection

through an extensive reservoir in mammal, bird, and

arthropod species. Wild rodents appear to be a signifi-

cant reservoir and household pets, such as cats, can

transmit infections during parturition. Cattle, sheep, and
goats are often infected without clinical disease and C.

burnetii are shed in their feces, milk, and birth products.

Workers involved in animal rearing, dairy farming, or

animal slaughter therefore have a significant risk

(Woldehiwet 2004). Outbreaks have normally resulted

from occupational exposure involving veterinarians,

abattoir workers, sheep and dairy workers, livestock

farmers, and researchers (Marmion and Stoker 1958;

Thomas et al. 1995).

Some outbreaks have been extensive and less easily

explained and thought to be due to the survival of the

organism in the environment, airborne spread, and very

low infective dose. Five cases of clinical Q fever were

identified in schoolchildren exposed to goats and raw
goats milk, and further investigations in 46L pupils

revealed 80 who had past evidence of infection (Jorm

et al. 1990). The largest outbreak of Q fever in the UK

occurred in Birmingham in 1989, 147 cases were identi-

fled but none had direct animal contact. Investigations

revealed the probable source of the outbreak to be

airborne spread of organisms from farmland during gale

force winds (Hawker et al. 1998). Other outbreaks have

been associated with deployed troops in Bosnia and wind-
borne spread probably from a sheep farm by helicopter

down draught air disturbance (Splino er aL.2003). Intrigu-

ingly, office renovation and the repeated drilling of
contaminated straw-containing boards has been proposed

as the source of 95 cases of acute Q fever in an office

setting in South Wales (Von Woerden et al. 2004).
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A number of measures has been

outbreak or are routinely put in place in
which range from educating the public

research or abattoir workers.

Control

initiated post

endemic areas

to vaccinating

C. burnetii is highly resistant to elevated temperatures,

desiccation, osmotic shock, ultraviolet light, and

chemical disinfectants (Scott and Williams 1990).
Coupled with its infectivity for humans of 1-10 organ-
isms, contamination of food, buildings, and pastures, it

has frequently led to human and animal infections.
Highly effective disinfectants of suspended organisms
were 70 percent ethanol, 5 percent chloroform, and 5
percent EnviroChem, whereas Alcide, sodium hypo-

chlorite, benzalkonium chloride, Lysol, and 5 percent

formalin were not. Paraformaldehyde gas and ethylene
oxide sterilization of surface-applied organisms was inef-

ficient under low humidity conditions. It is probable that

metabolic dormancy at pH 6 and the developmental
cycle which generates spores and small dense forms both
contribute to the physical and chemical resistance of C.
burnetii to inactivation.

Control by reducing the risks has been approached by
issuing advice to animal workers that, if they have preg-

nant partners, care should be taken with hygiene after
occupational exposure by hand washing and removing

contaminated clothing for separate washing.
A vaccine has been developed in Australia and is used

for prevention of infection in populations at risk
(Marmion et al. 1984).
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Notes
(Fig.) and (Tab.) refer to figures and tables respectively vs. indicates a comparison or differential diagnosis

To save space in the index, the following abbreviations have been used:
ELISA - enzyme-linked immunosorbent assay

LPS - l ipopolysaccharide

PCR - polymerase chain reaction

A antigen, Brucella melitensis LPS, R2.I725,
82 7726 (Fig )

Abattoir workers, erysipeloid, 82.971

Abiotrophia, 82 833-5, 82 862-3

infection, endocarditis, 81 528 9, B1 537

metabolism, 82 838

normal microbiota, 81.296 (Tab )

see also individual species

Abiotrophia adjacens, B2 862

A biotrop hia balaenopterae, 82.862

A b iotro p hia defectiv a, 82 862

infection, endocarditis, 81 529, B1 533

Abiotrophia para-adiacens, 82 862

Abortion

in animals, 82 1549

Arcobacter, 82 1557

bacterial vaginosis association, 81 668

Campylobacter infection, 82 1549

Chlamydia psittacl infection, 82 2015

Clostrirlium p erfringens infectiot, B.2.1111

Abscesses

gram-positive anaerobic cocci, 82 910-11

oral cavity, B1 618-19

peritonsillar, B1 629

upper respiratory tract, 81 608-9

Acanthamoeba, antibacterial susceptibility/
resistance, 81 434

Acanthamo eb a castellanii, antibacterial

suscepribiliry/resistance, B1 445

Accelerated and stabilized hydrogen peroxide,

hard surface cleaning agent, 81.429

AccuProbe Enterococcus probe, 82 887

Acetate

production, Bifitlob acterium, 82 1024

util ization, B1 52

as carbon and energy source, 81 53-4

Enterobacteriaceae identification,

82 1319 (Tab )

Acetoacetyl-CoA, BI.42, BI.56

Acetobacter, carbohydrate catabolism, B1 60

Acetyl-CoA acetyltransferase, B1.56

N-Acetylglucosamine, Bl 42-3

Boruelia ctltve,B.27827

N-Acetyl-p-glucosaminidase, 82 7924 (Tab )

N-Acetylmuramic acid, 81 42-3

Acholeplasma

characteristics, 82 1958 (Tab )

classification, 82 7967 , 82 1969

genetics, 82 7967-8

genome structure ,82 L9734

metabolism and biochemical properties.

B2.L969,82.1994

Acholeplasma laidlawii, 81 296 (Tab.)

cell culture contamination, 82.1964 5

cellular morphology, 82 1959 (Fig.)

colonial morphology, 82 1958 (Fig )

genetic analysis, transposition, 82.1981

membrane lipids, 82 1971

Achromobacter, 82 L787

Achromobacter xylosoxidans, nosocomial

infection, Bl 401 (Tab.)

A cidamino co ccus, 82 7372

biochemical detection, 82 7372, 82.137+L5

differential characteristics, 82 1313 (Tab.)

historical perspective, 82 1312

possible infections, 82 1314

Acidaminococcus fermentsns, 81296 (Tab )

culture, 82 1314

habitars, 82 1313

Acid environments, Brucella, 82 1728-9

Acid-fast bacteria, 82 1190

historical aspects, Bl 6

Acid-fast stains/staining, 81 713 (Tab ),
Br714,82.1.790

modified, B211.3940

reagents, 82 1140

Acid-heat treatment, 81 454

Acid phosphatase, Q fever pathogenesis,

B2.2077

Acids

antibacterial, RI 422, Rl 423 (Tab )

sugar metabolism, BI 23, Bl 23 (Fig )

Acidulants, B1 422

Acinetobacter, 82 "1302 5

airborne, Bl 189

antibacterial susceptibility/resistance,

B1442

p-lactam antibiotic resistance, 81.472-3

genetic resistance , 82 730+5

antibacterial susceptibility testing,
B27304

cell wall/outer membrane structure,
B.21.3034

LPS, 82 1303-4

characteristics, 82.7302, 82 1303 (Tab )
classifi cation, B.2.127 1., 82 130I

taxonomic delineation, 82 1301

conjugation, 81 103

epidemiology, 82 1303

in foods

Iish, 81.279

meat and meat products, 81.273

mi lk,  81233

poultry, B1 277-8

identifi cation, B2.13021

infection

bacteremia, B152L 2

clinical significance, 82 1304

endocarditis, B1.532

keratitis, 81 601

management/therapeutic options,
B.27304

nosocomial, B1 401 (Tab.), B2.B0Z ('tab.),
B.2.1303

pneumonia, B1.640-1

sinusitis, 81 615

normal microbiota, B1.296 (Tab.), 81.301

siderophores, B2 1304

soil pathogens, 81 203

typing, 82.1303

virulence factors, 82.1303-4

waterborne, B1.271., Bl.Z27

see also individual species

Acine to b act er b aumannii

bacteremia, B1-52I-2

nosocomial infection, 81.371, 81.401 (Tab ),
B2 1,302 (T ab ), 82.1303, B.2.1304

A cinetobacter calcoeceticw, B.2.1,302 (T ab.)

classification, 82 1301

natural competence, B1.99

nosocomial infection, 81 401 (Tab )
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Acinet o b acte r hae mo ly tic us, nosocomial
infection. 82 1302 (Tab.), 82 1303

Acinetobacter johnsoni, nosocomial infection,
82 1302 (Tab ), 82 1303

Acinetobacter /woff, nosocomial infection,
82 1302 (Tab ), 82.1303, 82 1304

Acinetobacter radioresistens, 82 1302 (Tab.)

Acne vulgaris, Propionibacterium acnes,
82 t032

Aconitase, B1 52

Acquired immune response, B1.177

Acquired immunodeficiency disease see AIDS

Acridine dyes. Bl 427-8, Bl 438

action, 81.438

frame-shift mutations, B1.85

Acridine orange, cerebrospinal fluid
examination, 81.559

Actinobacillrc, B2 1.658 66

animal associations, 82 1659, R276654

characteristics, R2 1653, 82 7659,
82 1659 (Tab.), 82 1661

habitats, 82.1649-50

as normal microbiota, Bl 296 (Tab )
taxonomy, 82 1658-61

virulence factors, 82.1 661-2

see also individual species

Ac tinob ac illus actinomy ce te mc omitans,
82 rs49 50, 82 1667-2, B2 1662-3,
B276934

antibacterial susceptibility/resistance,
B.2.1664

characteristics, 82 1660 (Tab ), 82 1661,
82 1664

culture and identification, R2 16634

habitats, 82 1649-50

infection

endocarditis, BI 532, R2 1663

gingivit is, B1 614

localized juvenile periodontit is, B2 1662,
B.2.7663

periodonral, B2 1662-3

1featmenl, B.21664

virulence factors, B.2.1661-2

cytolethal distending roxin, 82 1661

fimbriae, 82.1661

immunosuppressive fraction, 82.1662

leukotoxin, 82 166I, BZ 7662

A ctino b ac i I lus art h r i t id i s

characteristics, 82 1659 (Tab )
classification, 82 1658 9

habitats, 82 1665-6

A c tino b acillus c ap sulatus

characteristics, 82 1660 (Tab )
classification, 82 1658-9

habitats, 82.1659

A cl ino bacillus de lp hinico la

characteristics, 82 1660 (Tab )
classification, 82 1658-9

habirats, 82 1659

infections in sea mammals, B.21665-6

Actinobacillus equuli

characteristics, 82 1659 (Tab )
classification, 82 1658-9

habitats, 82 1659

infections

in animals, B.21665-6

in humans, 82 1666

subspecies haemo ly ticus, 82.1658-9

A ctino bacillus hominis, 82 1 665

characteristics, 82 1659 (Tab )
classification, 82 1658-9

A ct ino b ac i I I us irul o licus

characteristics, 82 1660 (Tab.), 82.1661

classification, 82 1658-9

habirats, 82.1659, B.2.1 665-6

A ctino b ac i I I us I i gnie re s ii

characteristics, 82 1659 (Tab )

classification, 82 1658-9

habitats, 82 1659, 82 16654

infections

in animals, B.21665-6

in humans, 82 1666

Actinobscillus minor

characteristics, 82 1660 (Tab ),B.27661
classification, 82 1658-9

habitars, 82 1659, 82 1665-6

Actinobacillus muris

characteristics, 82.1660 (Tab )

classification, 82 1658 9

habitats, 82 1659

Actino b acillus p leurop ne umoniae, Bl 151,,
B21662,B.21694

animal infections, 82 7662

characteristics, 82 1659 (Tab )

classification, B2 1658-9

habitats, 82 1659

Actinobacillus porcinus

characteristics, 82.1660 (Tab ), 82 1661

classification, 82 1658-9

habirars, 82 1659, 82 t665-6

Actinobacillus rossii

characteristics, 82 1660 (Tab )

classification, B2 1658-9

habitats, 82 1659

A ctino bacillus s alpingitidis, reclassification,
82 1658-9

Actinobscillw scotiae

characteristics, 82 1660 (Tab )
classification, B2.1658-9

habitats, 82 1659

infections in sea mammals, B.21,6654

A ctinobacillus s eminis

characteristics, 82.1660 (Tab.)

classification, 82 1658-9

habitats, 82 1659

A ct ino b ac i llus s uc cino ge ne s

characteristics, 82 1660 (Tab )
classification, 82.1658-9

habirars, 82.1659 , 82 1665-6

Actinobacillus suis

characteristics, 82.1 659 (Tab.)

classification, 82 7658-9

habirats, 82 1659

infections

animals, 82 1665 6

humans, 82 1666

A ctinobac illus ureae, B.2.1665

characteristics, 82 1659 (Tab ),
821665

classiflcation, 82 1650, 82 1658-9,
B21.665

infections in humans, 82 1665

Actinobacteria, 82 1024

classification, 82 998

Actinobaculum schaalii, 82 1007 (Tab.),

82 1016 (Tab )

Actinobaculum suis

antibacterial susceptibility/resistance,

B.2.L0L1.

biochemical properties, 82 1009

cell wall composition, 82.1005,

82 1010 (rab.)

characteristics, 82 1016 (Tab )

classification, 82.1005

culture, 82.1008

habirars, 82.1007 (Tab.)

merabolism, 82.1009

pathogenicity, 82.1007 (Tab.),

82 1018

Actinobaculum urinale, 82 1007 (T ab.)

Actinomad ura, 82.1137-8, B2 1150

antibacterial susceptibility/resistance,

BZ 7145, 82 7150

characteristics, 82 1150

classification, B2.1737 -8

diaminopimelic acid and sugars, 82.1145

infection, 82.1150, 82.1159-60

microscopic morphology, 82 1143

A ctino madur a lat ina, B2 1.750

Actinomadur a madurae, 82. 1 1 50,

B.21.L59-60

A ctinomad ur a p e I let ieri, 82 1.750

Actinomyces, 82.1005

antibacterial susceptibility/resistance,

82 1011

metronidazole, B1.495

antigens, 82 1005, 82 1009-11,

82 1011 (Fig.)

biochemical properties, B2.1008-9

cell wall composition, 82 1005, 82.1009-11,
82.1010 (Tab.)

characteristics, 82 1014 (Tab )

classilication, B2 1005-6,

82 1011-12

definition, 82 1005

habitats, 82 1006

identifi cation, B2.1.012-71

biochemical tests, 82 1013

commercial tests, 82 1013-17

culture, 82 1007-8

phenotypic tests, 82.1013

protein electrophoresis, 82 1013

serodiagnosis, 82 1017

infection

genital tract, B1 669

intracranial abscess, 81 585

mastit is, 81.230

oral cavity abscess, 81 618

isolation, B2.I0l2 1.7

selective media, 82 1013

metabolism, 82 1008-9

morphology, 82 7006J

cellular morphology, 82 1006,
Bz 1008 (Fig )

colonial morphology, 82 1006-7,
82 1008 (Fig.)
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Actinomy ces (Continue d)

in normal microbiota, 81296 (Tab.), 81 303,
82 1017-18

oropharynx, 81 301, 81.609, 81 614

vagina, 81 303

pathogenicity, 82 1018

typing, 82 1017

genetic typing, 82 1017

serological cross-reactions in,

82 1010 (rab )

see also individual species

Actinomyces bernardiae, cell wall composition,
82 1009

Actinomyces bovis

cellular morphology, 82 1006

cell wall composition, 82 1005, B.21009,

82 1010 (Tab )

characteristics, 82 1014 (Tab )
classincation, 82 1005-6

culture, 82 1008

habitats, 82.1007 (Tab )
pathogenicity, 82 1007 (Tab ), 82.1018

serological cross-reactions, 82.1010 (Tab.)

Actinomyces bowdenii, 82 1007 (Tab ),
82 1016 (Tab )

Aclinomy ces canis, 82 1 007 (Tab.),

82  1016 (Tab )

Actinomyces cardiffensis, 82 1007 (Tab ),
82 1016 (Tab )

Actinomyces catuli, B.21007 (Tab ),
82 1016 (Tab )

Actinomyces coleocanis, 82 1007 (Tab.),

82 1016 (Tab )

A ctino my c e s dentico lens

antigens, 82 1009 11

cell wall composition, 82 1010 (Tab )

characteristics, 82 1014 (Tab.)

classiflcation, 82 1012

habirars, B2 1007 (Tab )
pathogenicity, 82 1007 (Tab )

serotyping, 82 1017

Actinomyces europaeus, 82 1007 (Tab )

Actinomyces funkei, B21.007 (Tab ),
82 1016 (Tab.)

Actinomyces georgiae

cell wall composition, 82 1010 (Tab )

characteristics, 82 1014 (Tab )

classification, B2 1012

habitats, 82 1007 (Tab )
pathogenicity, 82 1007 (Tab )

Actinomy ces gerenueriae

antigens, 82 1009-11

cell wall composition, 82 1009,
82 1010 (Tab )

characteristics, 82 1014 (Tab )

classil ication, 82 1012

culture, 82 1007-8

colonial morphology, 82 1006-7

genetic typing, 82 1017

habitats, 82 1007 (Tab )
pathogenicity, 82 1007 (Tab ), 82 10i8

serological cross-reactions, 82 1010 (Tab )

Actinomyces graevenitzii, 82 1016 (Tab )

colonial morphology, 82 1006-7

habitats, 82 1007 (Tab )
pathogenicity, 82 1007 (Tab.)

Actinomyces hongkongensis, 82 1007 (Tab ),
82 1016 (Tab.)

Actinomyces hordeov ulneris

an t ibac ter ia l  suscep l ib i l i t y / res is tance.

82  1011

cell wall composition, 82 1010 (Tab )

characteristics, 82 101a (Tab )

classification, 82 1012

culture, 82 1007-8

habitats, 82 1007 (Tab )

pathogenicity, 82 1007 (Tab ), 82 1018

serotyping, 82 1017

cross-reactions, 82 1010 (Tab )

Actinomyces howellii

antigens, 82 1009-11

cell wall composition, 82 1010 (Tab )

characteristics, 82 1014 (Tab.)

classification, 82 1012

habirars, 82 1007 (Tab )

pathogenicity, 82 1007 (Tab.)

serotyping, 82.1017

Actinomyces humiferus, 82 7012

A ctino my ce s hy ov a ginalis

cell wall composition, 82 1009,

82 1010 (Tab )

characteristics, 82 1014 (Tab )

colonial morphology. 82 1006 7

habitats, 82 1007 (Tab.)

pathogenicity, 82 1007 (Tab ), 82 1018

Actinomyces kraeli i,821014 (Tab )

antigens, 82 1009-11, 82 1011 (Fig )

biochemical properties, 82 1008-9

cellular morphology, 82 1006.

82 1008 (Fig )

cell wall composition, 82.1009,

82 1010 (Tab )

classification, BZ 7006, 82 1.01.2

culture, 82 1007-8

colonial morphology, 82 1006-7,

82.1008 (Fig )
genetic typing, 82 1017

habitats, 82 1006, 82 1007 (Tab )

identif ication, B2.101 7

serological cross-reactions,

82.1010 (Tab )

infection, endophthalmitis, B1 603

isolation, 82 1013

metabolism, 82 1008-9

pathogenicity, 82 1007 (Tab.), 82 1018

Actinomyces marimammalium, 82 1007 (Tab ),
82 1016 (Tab )

Actinomyces meyeri

antibacterial susceptibil i tyhesistance,

B21.01.1

biochemical properties, 82 1009

cell wall composition, 82.1010 (Tab )

characteristics, 82 1014 (Tab )

classilication, 82 1012

culture, 82 1007 8

genetic typing, 82 1017

habitats, 82 1007 (Tab )

metabolism, 82 1009

pathogenicity, 82.1007 (Tab )

Actinomyces naeslundit, 82 1014 (Tab )

antigens, 82 1009-11, 82 1011 (Fig )

biochemical properties, 82. 1 008-9

cellular morphology, 82 1006,
82 1008 (Fig.)

cell wall composition, 82.1009,
82 1010 (Tab )

classification, 82.1012

culture, 82.1007 8

colonial morphology, B2 70O6J,
B2 1008 (Fig )

habitats, 82 1007 (Tab )
identification, 82 1017

genetic typing, 82 1017

isolation, 82 1013

metabolism, 82 1008 9

as normal microbiota, B.210\7-78

pathogenicity, 82.1007 (Tab.),
B2.1018

serotyping, 82 1017

cross-reactions, 82.1010 (Tab )
Actinomyces nasicola, 82 1.007 (T ab ),

82.1016 (Tab )
Actinomyces neuii

antibacterial susceptibility/resistance,
82.1011

cell wall composition, 82.1010 (Tab )
characteristics, 82 1014 (Tab )
colonial morphology, 82 1006 7

habirats, 82 1007 (Tab.)

pathogenicity, 82 1007 (Tab )
Act inomy ces o do nto ly t ic us

antigens, 82.1009-11

cellular morphology, 82 1006

cell wall composition, B2 1009,
82 1010 (Tab.)

characteristics, 82 1014 (Tab.)

classilication, 82 1012

colonial morphology, 82 1006-7

culture, 82 1007-8

genetic typing, 82.1017

habitats, 82 1007 (Tab.)

isolation, 82.1013

pathogenicity, 82.1007 (Tab ), 82.1018

serological cross-reactions, 82.1010 (Tab )
Actinomyces oricola, 82 1007 (Tab ),

82 1016 (Tab )
Actinomyces pyogenes

cell wall composition, 82 1009

reclassification, 82 1005

Actinomy ces radicidentis

characteristics, 82 1016 (Tab )
habitats, 82.1007 (Tab )
pathogenicity, 82 1007 (Tab )

Actinomyces radingae

cell wall composition, 82.1009,
82 1010 (Tab.)

characteristics, 82.1014 (Tab )
habitats, 82 1007 (Tab )
pathogenicity, 82.1007 (Tab ),

82 1018

Actinomyces slackii

antigens, 82 1009-11

cell wall composition, 82 1010 (Tab )
characteristics, 82 1014 (Tab.)

classification, 82 1012

habitats, 82 1007 (Tab.)

pathogenicity, 82 1007 (Tab )
serotyping, 82 1017
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Actinomyces suimastititlis, 82 1007 (Tab ),
82  1016 (Tab )

Actinomyce s turicensis

cell wall composition, 82 1010 (Tab )
characteristics, 82 1014 (Tab.)

habitats, 82 1006, 82.1007 (Tab )
pathogenicity, 82 1007 (Tab ), 82 1018

Actinomyces urinale,B.21016 (Tab )
Actinomyces urogenitalis, 82 1007 (Tab ),

82 1016 (Tab )
Actinomyces vaccimaxillae, 82 1007 (Tab ),

82 1016 (Tab )
Actinomyces viscosus

antigens, 82.1009-11, 82.1011 (Fig )
biochemical properties, 82 1008-9

cell wall composition, 82 1009.
82 .1010 (Tab. )

characteristics, 82 1014 (Tab )
classifi cation, B2.1 012

culture, 82 1007-8

habitats, 82 1007 (Tab )
identif ication, 82.1017

genetic typing, 82 1017

serological cross-reactions,
82 1010 (Tab )

isolation, 82 1013

metabolism, 82 1008-9

morphology, 82 1006

colonies, B2.1006-7

normal oral f lora, 81 609

pathogenicity. 82 1018

Actinomycetales, 82.l 181

see also individual species

Actinomycetes

aerial hyphae, 82 1143

airborne dispersal, B1 189

antibacterial susceptibility/resistance,
82 .1138,  82 .1145

b iochemica l  tes t ing .  82 . l  l4 l -5

acetamide hydrolysis, 82.1143

arylsulfatase, 82.1143

carbohydrates, BZ 11434

gelatin hydrolysis, 82 II44

lysozyme, 82.1144

Middlebrook opacification, 82 1144

substrate decomposition, 82 1 144

cell wall and cell membrane composition,
82 t745-6

classification, BZ 7137 -9, B2.Il39

strain typing, 82.1148-9

taxonomic relationships, 82 1139

see aIso individual genus/species

conidia, 82 1 143

diaminopimelic acid, 82 1145

identification

microscopic morphology, B.27741, 3

molecular, 82.1,146-8

other systems and methods, 82I1M,
B2 1745

phenotypic, B2.Il4l-3

serologic testing, 82 1149-50

isolation and cultivation, 82 1138-41

lipids, 82 1145 6

menaquinones, 82 1145

parhogenicity, 82.1149

staining properties, 82.1 139-40

temperature studies, 82 1144

thermophil ic, 82.1170

waterborne, B1 220

Actinomycetoma

etiologic agents, 82 1159-60

treatment, 82.1159-60

Actinomycoses, human, 82 1018

Acute gastritis, Helicobacter pylori infection,
B.2.1578,B.2.1579

Acute mastoidit is, pathogenesis, B1 617

Acute motor axonal neuropathy (AMAN),

B.2.r55"j

Acute-phase proteins, 81 739

see also specilic types

Acute-phase response! Bl 7 3940

acute-phase proteins, B1 739

C-reactive protein, 81.739

disadvantage, B1.739

Escherichia coli infection, 81.740

interpretation, 81..7 3940

organ failure effects, 81.739-40

species-specific effects, B1 740

local hyperemia, 81 739

measurement, 81740

neutrophil responses, 81 740

nitroblue tetrazolium reduction, B1 740

procalcitonin levels, B1 740

neutrophils, 81 739

Stap hy lococcus aureus infection, Bl.7 40

see a/so Immune response

Acute respiratory distress syndrome (ARDS),

81.633-4

Acute sinusitis, 81615

Acute suppurative otit is media, B1 617

Acute suppurative parotitis, melioidosis,
B2 7628, 82 1628 (Fig )

N-Acylated-D-perosamine, Brucella LPS,
B2L725

Acyl carrier protein (ACP), 81 61

N-Acylhomoserine lactones, B1 170-1,
81 171 (Fig.)

Acylureidopenicillins, P roteus, 82 14434

Adanson, M, B1.11

Additions, 8187

Adenoviruses, as gene vector, cystic fibrosis
gene therapy, 81 651

Adenovirus type 8, keratoconjunctivitis due to
81 386

Adenylate cyclase toxin (ACt), Bordetella,

82 17 89, 82.1789 (Tab \, 82 77 96J

adhE gene, E. coliK-72,8155

Adherence

eukaryotic receptors, 81.147

host-and species-specific tropisms,
81 147-8

Mycoplasma, B.21986

nonspecific, 81.147

pathogenicity mechanism, Bl 147

specific, B1 147

Adhesins, B1.1.47-9

Aeromonas, 82 7536

B o rdete lla, Bl 627, B.2,1799

Enterococcus, B2 897

Helicobacter, 82 7577 -8

Pseudomonas aeruginosa, BI 627

Streptococcus pneumoniae, Bl 627

tissue specificity, 811.47 8

see also specific types

Adonitol fermentation, Enterobacteriaceae
identilication, 82 1319 (Tab )

Adrenaline injection, gas gangrene after,
B.21.L1.1, 82 7L73

Aequorea victoria, green fluorescent protein,
BI2O7

Aerat ion tanks,  a i rborne bacter ia,
81.186 (Tab.)

Aerial disinfection, B1430, Bl a35 (Tab.)

Aerobacter, nitrification, 81 200

Aerobactin, B1 151

Aerobic blood cultures, B1.513, 81 514

Aerobic endospore formers

Bacillus see Bacillus

habirats, 82.924

non- B acillw deriv ed, 82.922-3

Aerobic respiration, B1 63-5

Aerococcus, as nomal microbiota,
81 296 (Tab )

Aerococcus viridans, as normal microbiota,
81 296 (Tab )

skin colonization, B1.304

Aeromonadaceae, 82 7537

Aeromonas, B2152440

antibacterial susceptibility/resistance,
B.21.5324

acquired, 82 1534

ampicillin, 82.75324
p-lactam antibiotics, 81.472-3, 82 7534

cephalosporin, 82 15324

plasmids, 82.1530

bacteriophages, 82 1535

characteristics, 82.1330 (Tab ), R2 7572-73,
82 1513 (Tab )

classification, 82 7507, 82 1524,
82 1525 (Tab.), 82.1530-1

controversies, 82 1531

molecular  methods,  82 l53l

phylogenetics, 82 1530

culture, 82 1529

mesophilic strains, 82 1529

pigment formation, 82 1529

psychrophillic strains, 82 1529

genetics, 82 1.529-j0

ahsA gene,B27525

plasmids, 82 7529-30

vapA gene,B21525

habitats, 82 1524-5

foods, 82 152.t-5

freshwater, B.2.152+5

identification, BZ 1532, B2 1533 (Tab )
commercial assays, B2 1532

conventional assays, 82 1532

dihydrolase reactions, 82 1532

M6arboxylase test, 82 1532

molecular methods, 82 1532

PCR, 82 1532

screening reactions, B2 i532

selective medra, 82 1532

Voges-Proskauer tesI, 82.L532

infection

endophthalmitis, B1 603

nosocomial, 81 401 (Tab )
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Aero monas (Continuetl)

isolation, 82 7531.-2

blood samples, B2 1531

cerebrosp ina l  f lu id .  82 . l53 l

gastrointestinal samples, 82 1531-2

merabolism, 82 1529

morphology, B.21.525-9

bundle-forming pil i  (Bfp), 82 1528

capsules, 82 1527

flagella,B21527 8

flagell in,B.21527 I

LPS,82.1527,B.21535

pil i, 82 1528

porins, 82 1528-9

SJayers, 82 \525,B.21526 (FLg)

in normal microbiota, 81296 (Tab )
pathogenicity, 82.1535-6

adhesins, 82 1536

P-hemolysin, 82 1535-6

cytotonic enterotoxins, 82 1536

enterotoxin, 82 1535-6

gasteroenterit is, 82 1535-6

secreted enzymes , 82 1536

typing, 82 1534-5

biotyping, 82 1534

conventional methods, 82 1534

molecular methods, 82.1535

serotyping, 82 1535

vegetables, B1 282

waterborne, Bl 220, Bl 227, Bl 223

see also individual species

A e r o monas al I os accharo p ht lia,

82 1s2s (Tab )
Aeromonas bestarium, 82 1525 (Tab )

culture, 82 1529

identifi cation. 82.1533 (Tab.)

Aeromonas cav iae, 82.7525 (T ab )
antibacterial susceptibility/resistance,

B.2.15324

BJactams, 82 1534

classification, 82 1530, 82 1531
habitats, 82.1524-5

identification, 82 1533 (Tab )
PCR assays, 82 1532

metabolism, 82.1529

morphology

flagella, 82.1527-8

LPS, 82 1527

pathogenicity, BZ 1524, 82 7536

adhesins, 82 1536
p-hemolysin, 82 1535-6

secreted enzymes, 82 \536

Aeromonas culiciola, 82 1525 (Tab )
classilication, 82.1531

Aeromonas encheleia, 82 1525 (Tab )
Aeromonas eucrenophila, 82 1525 (Tab )

culture, 82 1529

identification, 82 1533 (Tab )
Aeromonss hydrophila, 82 1525 (Tab )

antibacterial susceptibilityhesistance,
B.215324

p-lactams, B2 1534

classification, 82 1530, 82 1531
genetics, 82.1529

plasmids, 82 L529 30

habirats, 82.1524-5

identification, 82 1533 (Tab )
PCR assays, B2.1532

metabolism, 82 1529

morphology

capsules, 82 1527

flagella, 82 7527-8

LPS,B.21.521

pili, 82 1528

porins, 82 1528-9

SJayers, 82 1525, 82.1526 (Fig )
nosocomial infection, 81 376

pathogenicity, 82.L524, BZ L536

adhesins, 82.1536
p-hemolysin, B.2.1. 53 5 -6

cytotonic enterotoxins, 82 1536

secreted enzymes, B2.L536

pili, 82 1511

viable but nonculturable state, 82 L529

Aeromonas jander, 82 1525 (Tab )
antibacterial susceptibility/resistance,

B215324

B-lactams, 82 1534

identification, 82 1533 (Tab )
PCR assays, 82 1532

pathogenicity, 82 1536

secreted enzymes, 82 1536

Aeromonas media, 82.1525 (Tab )
culture, 82 1529

identification, 82 1 533 (Tab )
Aeromonas molluscorum, 82 1525 (Tab ),

82 1531

Aeromonas popoffi, 82 1.524-5,
B2.1s2s (rab )

Aeromonas salmonicida, 82 1 525 (Tab.)

antibacterial susceptibility/resistance,
acquired, 82 1534

classification, 82 1531

culture, 82.1529

genetics, 82 1.529-30

identification, B.21532, 82 1533 (Tab.)

morphology

capsules, 82.1527

flagella, 82 1528

LPS, 82 7527

pili, 82 1528

porins, 82 1528-9

SJayers, Bl 155, 82 i525

viable but nonculturable state, 82 1529

virulence plasmids, 82 1529-30

A e r o mo nas s a lmo n is c hub e rticida,
82 1525 (Tab )

Aeromonas schubertii

classification, 82 1531

identification, 82 1532, 82 1533 (Tab )
PCR assays, 82 1532

morphology, S-layers, 82 1525

pathogenicity, 82 1536

adhesins, 82.1536

Aeromonas simiae, B.21525 (Tab )
classification, B2.1531

Aeromonas sobria, 821525 (Tab.)

classification, 82 1530, 82 1531

pathogenicity, 82 1536

Aeromonas trota, 82.1525 (Tab )
antibacterial susceptibility/resistance,

B.275324

identification,B.27532, 82 1533 (Tab )
PCR assays, 82.1532

LPS,B.21.527

pathogenicity, p-hemolysin, 82.L535-6

Aeromonas veronii, 82.1,525 (Tab )
antibacterial susceptibility/resistance,

B2L5324

classification, 82 1531

habitats, 82 152.t-5

identification, 82 1533 (Tab )
metabolism, 82 1529

morphology

flagella, B.2'J.527-8

pili,B21528

porins, 82 1528-9

S-layers, 82 1525, 82.1526 (Fig )
pathogenicity, 82 1524

adhesins, 82 1536
p-hemolysin, 82.L535 6

secreted enzymes, B2 L536

Aerosols, bacterial see Airborne bacteria;
Bioaerosols

Aeruginocins, 81.736 7

pyocins, 81.138

Aeru ginosin AlB, BZ 1.596-7

Afipia,R2 1900-3, 82.1901 (Tab )
antibacterial susceptibility/resistance,

B.27903

biochemistry, 82.1903

cell walls, 82.1903

characteristics, B.2.1,902 ('lab )
culture, 82.1901 3

epidemiology, B2 1900-1

infection, 82.1900

clinical signifi cance, BZ 19Ol-3

morphology, 82.1901 (Fig )
reservoirs, 82 1900-1

staining, 82.1903

see also individual spectes

Afipia birgiae, 82 1901 (Tab.),
82 1902 (Tab.)

Af.pia broomeae, 82.1901 (Tab ),
Bz 7902 (Tab.)

Afipia clevelandensls, 82 1901 (Tab ),
82 1902 (Tab )

Alipia felis,82.1901 (Tab ), 82 1902 (Tab.)

Alipia massiliensa 82.1901 (Tab.),
B.27902 ('tab.)

Aflatoxins

cheeses, 81 252

nuts, 81 287

AFLPi'! Microbial Fingerprinting, 81 736

Africa

food-borne botulism, 82 1069
'meningitis belt' , Bl 562, 81 562 (Fig.)

African tick-bite fever, clinical manifestations,
82.2039 (Tab )

Agammaglobulinaemia, respiratory tract
infection, 81 626

Agar dilution susceptibility testing, B1.717

Age, vaccination program effects, 81.345

Agglutination tests, 81 718, Bl 7 48, Bl.7 49

antibodies derected, B1..7 49
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Agglu tination tests (C o n tinue d)

brucellosis diagnosis, Rl 7 44-5

chromophores, Bl74V9

H antigens, 81 748

O antigens, Bl 748

passive, 81.748

Agricultural settings/activities

airborne bacteria, 81.186 (Tab )
bacteria exposure, 81.185-7,

B1 186 (Tab )
endotoxin exposure, 81 186 (Tab ),

81  189

erysipeloid, 82 971

Agrobacterium

glucose catabolism, Bl 60

phytopathogenicity. Rl 202

A gr o b acte r ium tumefac ie ns

biocontrol, 82.1994

nucleic acid composition, B.21729 (Tab.)

phytopathogenici ty. Bl 202

plant genetic modification, B1 202

virulence factors, 81 115

ahsA gene,R21525

AIDS

behavioural control, Bl 354

bodily spillages, cleaning, BI 424

defining illnesses, bacillary angiomatosis,
B2.L894

epidemiology, modeling approaches,
B1 337-8

intracranial abscess, 81 583, 81 584 (Tab )
Bl 586

surveil lance, B1 318-19

AIDS, concomitant infections

Bartonella

bacil lary angiomatosis, 82.1894

endocarditis, 82 1894

Bordetella, 82 1811

bronchiectasis, 81 645

bronchitis, 81.645

Cry pto s p o r i d i um, 81.403

emergence/resurgence, 81 362

K in g e I la kingae, 82 1.67 0

lung infections, 81.645

see ako individual types

mycoplasma, B27964-5

Nocardia qsteroides, B2 7157

non-tuberculous mycobacteria, B2.7205-6,
B21206 (Tab)

M avium complex see Mycobacterium
avium complex

M. celatum,B.21274

M genavense, B2.I2O9-7O

M haemophilum,8272-10

M kansasii,82.121l

nosocomial infections, B1 382, Bl 383

Pasteurellq multocida, RZ 1654 5

pneumonia, B1.645

Pseudomonas aeruginosa, R2 1593

rapidly growing mycobacteria, 82.1,249,
82  1250.  82  1255,  82  l25b

rhinoscleroma, Bl 61.6-77

Rho d.o co ccus e q ui, B2.1167 -8

Salmonella, B21424-5

sinusitis, 81 645

Stenotro p homonas maltop hilia, 82 1636

stomatit is, B1 614

Streptococcus pneumoniae, B1 630-1

syphilis with, Bl 662-j, 82.1843, 82.L856 :l

tetanus, 82 1065

tuberculosis, 82.7799, B2 1201 2

testing, 82 1185

Air, bacteria in see Airborne bacteria

Airborne bacteria, Bl 310, Bl 185-94

adverse human health effects, Bl 188,

Bl 188-9

types of causative agent, 81 188-9

infection spread, 81.329

laboratory precautions, Mycobacterium

tuberculosis, B.2.1189

LPS see Lipopolysaccharide (LPS)

monitoring, 81 189-91

settling factors, 81 187

survival factors, 81 187

water sources, B1 185-7

see a/so Bioaerosols1, individual species

Air conditioning systems, Bl 186 (Tab ),
81 189

Legionnaires' disease transmission,

8163.r-5

Air-cooling towers, Legionnaires' disease,

81376

Air pollution, respiratory tract infection,
Bl 626

Air sampling, bacteria monitoring, 81 189-91

Air steri l ization

filtration, 81 453

UV radiation, B1452

Air travel, emergence/resurgence of bacterial
infection, B1.360

Airways see Respiratory tract

Alaska, food-borne botulism, 82 70661

Alcaligenaceae, 82 1787

Alcaligenes, BZ 7787

in milk, 81233

waterborne, Bl 271, Bl 227

Alcaligenes denitrifcans, Bl 442

Alcaligenes faecalis, 82 7787

as airborne bacteria, 81 189

Alcaligenes xylosoxidans, keratitis, Bl 601

Alcohol(s), Br aB (Tab.),81.427

handwash preparations, Bl 7 66-7

resistance to, B1-.442

see also Ethanol

Alcohol dehydrogenase, 81 55

CoA-linked, B1.55

Alcohol fermentation, B1 54

acetyl-CoA formation, B1 56

Alcoholism, Erysipelothrix rhusiopathiae
infection, 82 971

Aldehydes, 81 423 (Tab ), Bl 426-7

viruses, effects on, 81.439-40

Aldolase, 81 51, 81 58, 81.59

Aldopentoses, 81 59

Alexidine, B1.426

action, Bl 437 (Tab ), 81 438

Alkalis, 81.422-4, 81423 (Tab )

Alkylating agents, 81 423 (Tab.)

action, 81 437 (Tab ), 81 a38

as mutagen, Bl 84-5

see also specirtc rypes

Allergic reactions, airborne bacteria,

81 188

Alloiococcus otitis, 81.296 (Tab.)

Allolactose, 81.70 1

Allspice, Bl 287

Alpha-methyfD-glucoside fermentation,

Enterobacleriaceae idenlif ication,

82.1319 (Tab )

Alternaria

in cereals, 81.284

in fruit, 81 282, 81 283

A lt e rnaria citri, 81.282

Alterococcus agarolyticus, 82.1330 (Tab )
Alteromonas

fish, 81 279

poultry,B1271-8

Alysiella, classifi cation, 82.1271

A m blyoma a meri can u m, Bl 36-

Amb ly omma afric anum, 82 2040

Am b ly omma ameic anum, 82 2050-7

A mb ly o mma caj ennens e, 82 2038

A mb ly omm a he b raeum, 82 2040

Amdinocillin, Enterobacter, 82 7484-5

Amebae, Le gione lla, 82.17 67

American Thoracic Society (ATS), pneumonia

treatment guidelines, 81 638,

81 639 (Tab )

Amidinopenicillins! spectrum of activity,

B1475

Amikacin, 81.482, BL 499 ('fab )

Brucella, B.2.I7 42

Cedecea,82.7491

Enterobacter, 82 7484-5

Listeia, B2.957-8

Nocardia, B2 1-745, BZ L165-6

Seruatia, B.27488-9

structure, 81 483 (Fig )

Amino acids

Enterobacteriaceae culture, 82 1345

synthesis, B1.60

utilization

Fusobacterium, 82.1945, 82 7948

Neisseria, 82 1274-5

p-Aminobenzoic acid, B1 490 (Fig )

Aminoglycosides, B1.482

mode of action, Bl 482

modifying enzymes, 81.484 (Tab )
pharmacodynamics, B1.469-70

pharmacology, B1 482

resistance, B1 482

Enterococcus, 82 891., 82 892,

82 892 (Tab ), Bz 893

Stap hy lococcus, 82 794 (T ab.), B2 804

spectrum of activity, B1 482

A c tino b aci llus ac tinomy c e temc omitan s,
B27664

Actinomyces, B.2707L

Campylobacter, B2 1548

Capnocytophaga, B2 7677

Cardiobacterium hominis, 82 1.672-3

Citobacter, B.2.1476

Clostridium, 82 7064-5

gonorrhea treatment, 81.662

Lactobacillus, 82.866

Listeria, 82 957-8

P as t eur e I la multo c ida, B2.L655
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Aminoglycosides

spectrum of activity (Continued)

Protew, B214434

Streptococcus, B.2.861

Vibrio,B.27574

see also specific types

structure, 81 482, 81 a83 (Fig.)

toxicity/side effects, 81 482

4-Aminoquinaldinium derivatives, B1 428

Ammonia, 82.1446

Ammonification, 81 65, B166

Ammonium salts

B ifidobacterium bifidum, 82 1027

soil bacteria fixation, 81 200

Amnesic shellfish poisoning (ASP), 81 280

Amoxicillin

history, B1.473

spectrum of activity, 81 499 (Tab.)

Act i nobaci I I us act i nom yce te mcomita ns,
B2 t664

Bacillus anthracis, 82 938

Borrelia, 82 1831 (Tab )
C hlamy dia tac ho mat is, RZ 2021

Eikenella corrodens, 82 7668

H ae m o p hi lus, B2 ll OZ (T ab.)

H e licobacter py lori, B2 157 4-5

Listeria, 82 957-8

otit is media treatment, 81.617-18

P asteur e lla muho cida, 8.2.1655

in syphil is, 82.1858

structure, 81.474 (Fig.)

Amoxicil l in-clavulanate

A ctino b aci I lus act ino my c e t e mc o m it an s,
B.27664

Klebsiella, B.2.1480

Nocardia, 82.l 145, 82 | 165-6

P asteur e lla mul to c itla, B.2.765 5

Amphoteric surfactants, 81 423 (Tab.),

Bt 425

Ampicillin

phamacology, B1.475

blood-brain barrier, 81.475-6

reslstance

A e ro mo nas resistance, B.2.15324

Burkho lderia pseudomalle i, 82 7620

Enterococcus, 82 892, B2 892 (Ta6.)

Salmonella Typhi, 82 1416

spectrum of activity, B1 473

Cardiobacterium hominis, 82 1,672-3

Citrobacter, B.21,476

Etkenella conodens, 82 1668

E nter o b ac t er, B.2.1 484-5

Escheichta, BZ 7369-70

Haemophilus, B.2.17024, 82.1702 (Tab ),
82 1703 (Tab.)

intracranial abscess, 81 588

Klebsiella, B.21480

Leclercia, 82 7495

Leminorella, B.21496

Listeria, 82 957-8

Pasteurella multocida, B2 1655

Proteus, 82.1441-3

Seruatia, B.21488-9

in syphilis, 82.1858

typhoid fever, 82 1416

structure, Bl47a $ig)

Amplicor@, B1722

applications, Bl 723 (Tab.)

Amplicor Monitor@, 81723 (Tab )

Amplif ied@ MTD, 81723 (Tab )
Amplified fragment length polymorphisms

(AFLPs)

Helicobacter, 82 7570

Legionella, 8.2.177 6, 82 177 6 (Fig )

Mycoplasma, 821995

soil bacteria, 81.206

Vibrio,B.27516

Amputations, gas gangrene after, BZ 7L72-73

AmrAB-OprA multidrug effl ux system,

B2 1620

Amycolata, 821150

Amycolata autotrophica, B2 lI50

A my c o lato p s is, 82.Il 50

microscopic morphology, 82 1143

Amycolatopsis orientqlis, 82 7150

Anaerobic bacteria

catalase-negalive gram-positive cocci.
82 883 (Tab )

denitrification, B1.200

Enterococcus, 82 882, 82 883 (Tab )

infection

aspiration pneumonia, 81.643 (Tab.)

bacteremia, 81 516 (Fig )

as normal microbiota, 81.303

colonization of oropharynx/tonsils,
Bt.29+5,B1301

on skin, 81.304

soil aeration, Bl79G7

see also individual species

Anaerobic blood cultures, B1.513, 81 514

Anaerobic respiration, 81 65 7

electron donors, Bl 65, 81.66, 81 67

nitrate reduction, 81 66

sulfate reduction, 81 66

terminal electron acceptors, Bl 65, Bl 67

Anae ro c o ccus, 82 972-73

biochemical characteristics, 82 908 (Tab )
classification, 82.904, 82 905 (Tab )

identification, 82 906-7 , 82 908 (Tab.)

as normal microbiota, 81 296 (Tab )

taxonomy, 82 913

Anaerococcus hydrogenalis, 82.908 (Tab.),

B.2912

Anaerococcus lacto ly ticus, 82.912

biochemical characteristics, 82.908 (Tab )

classifi cation, B.2.90+5

Anaerococcus octavius, B2 912

biochemical characteristics, 82 908 (Tab.)

classiflcation, 82.905

Anaerococcus p rev o tii, BZ 913

biochemical charactedstics, 82.908 (Tab.)

classification, B29O+5

clinical importance, 82.910

as normal microbiota, B.2907-10

Anae ro c o ccus t e tradius, B.2.913

biochemical characteristics, 82 908 (Tab )

A naer o c o c cus v a ginalis, B2.913

biochemical characteristics, 82 908 (Tab.)

classification, 82 904-5

normal microbiota, B.2.910

Anaero g lo bulus g em inatus, B2 l3l2

Anaeroplasma, 82 1958 (Tab )
classification, 82 1967

culture, 82 1963

Anaerorhabdus furcosus, Rl 296 (Tab )
Anaplasma

antibacterial susceptibility/resistance,
B.22065-6

antigens, 82 2055J

diversity, B.22053-5

classification, 82.2026, B.2.2048, B.2.2053

ctlture,B.22052

genome, 82 2053-5

gene cloning, B2.2053-5

habitats, 82 2049 (Tab.), 82.2050-1

identification, staining procedures,
B.2205L-2

identification and typing methods,
B2.2057

infection, 82 2049 (Tab ), RZ 2059-67

tick transmission, 82 2066J

isolation, 82 2052

metabolism, 82 2053

microenvironmen t, BZ 2051-

morphology, 82 2051

replication, B2.2052

Anaplasma bovis,B22049 (Tab )
Anaplasma centrale

antigens

genes,82.2053-5

MSP5, 82 2056

identification and typing methods, 82.2057

nomenclature, 82.2049-50

Anaphsma marginale

antigens, B.2.2056-7

diversity, 82 2055

major surface proteins, 822053-6

MSP5, 82 2056

classification, BZ 2027 (Fig )
genome, 82 2053

habitats, hosts and diseases, B.22049 (Tab)

identification and typing methods,
B.22057

nomenclature, B.2.2049-50

A nap lasma o v is, B22053 -5

Anap lasma phagocytophilum ( Ehrlichia
phagocytophilia)

antibiotic sensitivity, 82 2065-6

antigens, 82.2056J

diversity, 82 2055
genes, 82 2055

major surface protein-2, B.22053-6

morphology, 82 2052 (F ig )
B o r re I i a b u rgd o rferl co-transmission.

82.2060, 82.2063 4, B.2.2066

classifi cation, B2 2027 (Fig.), B2 2050-7

habitats, hosts and diseases, B2.2049 (Tab.),
B.2.2050_]

identification and typing methods, B2 2057

infection see below

Anaplasma phagocytop hilum ( Ehrlichia
phagocytophilia), infection (human
anaplasmosis), 82.2058 (Tab.),
B.22059-61.

cells infected, 82 2059-60

clinical presentation, 82.2060
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Anaplasma phagocytophilum ( Ehrlichia phago-

cy top hil ia ), infection (human anaplasmosis)
(Continued)

diagnosis, BZ 205940, 82.2063 -5

culture-based assays, 82 2065

molecular diagnostic assays. 82 2065

serological assays, 82 2063 4

specimen collection. BZ 2063-5

emergence and resurgence. B1 362

epidemiology and natural history,
B22062 3

retorested areas, B1 362

histopathologic changes, 82 2060-l

prevention, 82 2066

severity, 82 2060

tick testing as predictor of disease,

8.22053 5

transmission, pathogenesis, and clinical
manifestations, B2 2057 41,
82 2058 (Tab )

treatment, 82 2066

Anaplasma platys, 82 2049 (Tab.)

Anaplasmataceae

antigens, B22055-7

immune reactions toward, B.22056-7

Surface_Ag_Z proteins, 82 20534

cell wall composition, 82 2051. 822055 7

classification, 82 2048, 82 2053

phylogenetic relationship, BZ 2053,

82 2054 (Fig )
genome, 82 2053-5

historical perspectives, 82 2049-50

identif ication and typing methods, 82 2057

serological tests, 82 2057

staining procedures, 82 2051-2

microenvironment and morphology, 82 2057

Anaplasmosis (human) see Anaplasma
p hagocytop hilum ( E hrlichia
p hagocytop hilia), infection (human

anaplasmosis)

Anatomical barriers, host resistance, 81 175-6

Anemia

aplastic, chloramphenicol, B1 484-5

hemof ytic. M ycopla sm a pn eu mon iae
infection, B1 634

Anesthesia, leprosy, 82.1204, 82.1205

A ne ur inib acillus, B.2.922-3

Aneurinibacillus aneurinilyticus, BZ 922-3

Anil ides, Bl 428

Animal(s)

Chlamydia psittacl infection, 82 2014

listeriosis in, 82 953

experimental models, 82 962-3

Lyme borreliosis, B2."\822-3

melioidosis, B.2.L628-9

normal gut f lora, 82.1934

pathogens, 8I.2024

Salmonella Typhi infection, 82 1425

as source of bacterial infection, 81 329

wastes, 81 212, 812234

Animal  fac i l i t i es ,  a i rborne  bac ter ia ,

81 186 (Tab ), 81 189

Animal models

B urkho lderia thailarulensis infection,
B2 7625-6

virucidal activity, B1.435-6

Anorectal infection, gonorrhea, 81 658

Anterior nares, Staphylococcus, 82 777-9

Anthrax, Bl 203, 82 930-8

in animals, 82 930

forms and symptoms, 82 930

herbivores, 82 930

specimens for diagnosis, 82 933, B.2.934

bioterrorism, B1 364

diagnosis, 82 934-7

specimens for, 82 932-3, 82 947

etiology, 82.930

in humans, B2930-l

clinical features, 82 932

cutaneous, 82 93L2

gastrointestinal, B.2.93'i, B.2.932

inhalation, B2931 2

meningitis, 82 931

milk-borne transmission, 81.242

non-industrial, B2 930 1

oropharyngeal, 82 93I, 82 932

prophylaxis, 82 937-8

specimens for diagnosis, 82.9324

treatment, 82.937 I

vaccination, B2.938

Anthraxin (trade mark) skin test, 82 937

Antibacterial agents/therapy, BI 42145,

81 466-s0s
activity

evaluation, 81.4354, 81 435 (Tab )

factors affecting, B1 430-3

classification by mode of action, 81 470,

81 470 (Tab )

cell membrane agents, 81 470 (Tab.),

B1496-7

cell wall synthesis, B1 470-81,

B1.a70 (Tab.)

nucleic acid synthesis inhibitors,

81 470 (Tab ), 81 490-6

protein synthesis inhibitors, 81 470 (Tab.),

Bl 481-90

combinations, 81.470

concentration, 81.430 1, 81 a31 (Fig ),
81 431 (Tab )

control of, Bl 468-9

education, 81.468

formulary, 81.468

guidelines, B1 468

laboratory testing, 81 468-9

primary vs secondary care, 81.468-9

use restriction, 81 468

WHO essential drugs, 81467,

81467 (Tab )

ecological issues, 81 466-7

environmental pollution, B1.466

resistance generation, Bl 466-7

food, B1.267

future prospects, 81.466

laboratory control, 81 497-500

antibiotic assays, 81 500

see ako Antibacterial susceptibility testing

mechanisms of action, Bl 436-40,

81 a37 (rab )

natural antibactenal systems, 81 430

pharmacodynamics, 81 469-70

dose variation, BI 469-70

dosing interval, B1.469-:7 0

physical agents, 81.454

principles, B1 469

clinical assessments, 81 469

resistance see below

terminology, B1 421

in treatment, Bl 422 30

upper respiratory tract infection, B1 608

see also specific diseases/disorders; specific

types

see a/so Antibiotics; specific antibacterial

aSents

Antibacterial susceptibil i ty/resistance,

81.440-5, 81 441 (Tab.)

bacterial evolution, B1 33

control of, 81.468

generation in community, Bl 467

generation in hospitals, B1 466-8

resistance gene conjugation, 81.103-4

use vs, 81 467-8

see also individual species

Antibacterial susceptibility testing,

81 497-500, 81.716 18

antibiotic titrations, 81.497 -8

E-test, 81498

indications for, B1 500

MIC titrations, B1.498

breakpoint method, Bl 498

clinical relevance, 81.500

disk diffusion, 81 498

DNA probes, 81 498-500

Enterobacteriace ae, B.2.73524

semi-automated methods, B1.498

Antibiotics

aerosolized, B1.650-1

historical perspective, Bl 377-2

organlsms

Campylobacter, B2 L548

Cedecea, 82 L49L

Citrobacter, 82 7476

E dw a r ds ie lla, BZ 749I-Z

Ente ro b acter, 82 1.48+5

Es c he ric hia, 82 1369-7 0

Ewingella, B2.1493

Haemophilus, B217024, 82 1710

keratitis, 81.602

Klebsiella, 821480

Kluyvera, 82.L494

Lactobacillus, B2 866

Leclercia, B2 1.495

Legionella, 82 1776-7

Leminorella, B.21496

Listeria, B.2.957-8

Moellerella, B.21496

My c o b acterium, 82 1217 -L9

Nocardia, 8.2.71.654

Rahnella,B27497

Senatia, 82.1488-9

Stap hy Io c occu s, 82 793-805.

B.2794 (Tab.)

Strep tococcus, B.2.861.-2

Tatumella, 82.1497

Yokenella, 82 1498

prophylaxis

Clostridium dfficile infectior, BZ L122-3

endocarditis, B1 539
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Antibiotics
prophylaxis (Continued)

meningococcal meningitis, 81 567

pneumococcal meningitis, B1.572

in surgery, Bf 387 8

reslstance

bacterial evolution, 81 30, 81 31

drug efflux, Bl 440

nosocomial infection, B1 371

p lasmid  genes,  81  110 11

repeat exposure, 81 441

transposons, 81 111

synthesis, plasmids, Bl I13-14

in therapy

conjunctivit is, 81 600

in cystic fibrosis, Bl 650-1

endocarditis, 81 533

endophthalmitis, B1 604

in intracranial abscess, 81.587-9,
81 s89 (Tab.)

joint prostheses, Bl 392

pneumococcal meningitis, 81 571

Antibodies

bacterial evasion, B1 177

blocking, 82 1282

discovery, Bl 7

functions, 81 743

Ievels during infection see Humoral immune
response

see al.ro Immunoglobulin(s)

AntiDNase B assays, Streptococcus pyogenes
detection, B1 750-1

Antigen(s)

detection, Bl 718

historical aspects, B1 12

persistence, seroepidemiology, B1 743

specificity of antibodies for, 81.12

in urine, 81 673

see also indivklual species

Antigenic drlft, 81.324

Antigenic shift, B1 324

Antigen-presenting cells (APC)

superantigens, B1.157

tuberculosis, 82 1202

Anti-heat shock protein antibodies, Chlamydia
infection, 82 2009

Antimony, resistance to, 81.114

Antiphospholysin test, staphylococci detection,
81 750

Antiport, Bl 49

Antisepsis, definition, Bl 421

Antiseptics

Burkhold.eria cepacla complex survival,
82 L670

historical aspects, Bl 6

mode of action, 81.497

total-body treatment, 81.387

Antistrepsolysin O titer (ASOT), 81.750-1

Anti-swarming agents, Protero culture,
82 7438-9

d1-Antitrypsin

in airway secretion, 81 623

deficiency, Bl 623

Antituberculous drugs

in drug-resistant TB, 82 1199 200

see a/so Tuberculosis

Aortic stenosis, Chlamyd.ia pneumoniae

infection, 82 2016

API system, Enterococcus identification,

82 889 90

Aplastic anemia, chloramphenicol, 81 484-5

Apoptosis

Mycoplasma hyorhinis inducing, 82 1985

prevenlion. C hl amyd ia pneum oniae

infection, 82 2009

Ureaplasma urealyticum inducing, 82 1985

Apples, black rot, 81 282

Approved Lists of Bacterial Names, Bl l8

Aptamers, 81755

AqpZ, facil i tated diffusion, Bl 48 9

Arabinose

fermentation, B1 57

operon, Escherichia coli, Bl'772

L-Arabinose fermentation. Enterobacteriaceae

identif ication, 82 1319 (Tab.)

D-Arabitol fermentation, Enterobacteriaceae

identif ication, 82 1319 (Tab )

Ara system, plasmid cloning vectors,

BI.122-3

A r c an o b act e r ium, 82.99 4

cell wall composition, 82 1010 (Tab )

classification, 82 978 (Tab ), 82 1005

habitats, 82 978

as normal microbiota, 81 296 (Tab )

Arcanobacterium bemardiae, 82 994

disease associations, 82 981 (Tab )

habitats, 82 978

Arcano bacterium haemolyticum, 82 994

biochemical characteristics, 82 993 (Tab.)

disease associations, 82 981 (Tab )
habirats, 82 978

pharyngitis, 81 611-12

Arcanobacterium pyogenes, 82 994

biochemical characteristics, 82 993 (Tab )

disease associations, 82 981 (Tab.)

habitats, 82 978

Archaebacteria, B1 11

cell walls, 8144

chaperones, B1 47

metabolism, 81 68 70

methanogenesis, B1 68-9

see a/so Methanogens

nonmethanogenic, B1 69-70

nonmethanogenic metabolism, B1.69-'70

phylogeny, 81 30 1

Arcobacter

antibacterial susceptibility/resistance,

B.2.L556-7

antigens, structure, 82 1555

ce l l  wa l l  compos i t ion .  82  1555

classifi cation, B2.L 5 53 -4

culture, 82 1555 5

definit ion, 82 1553

habitats, 82 1554-5

historical perspective, 82 15534

isolation/identif i cation, B2 1555-6

food and env i ronmenta l  spec imens.
B.2.7555

morphology, 82.1554 5, 82.1554 (Fig )
pathogenicity, B2.1557

bovine mastit is, 82.1557

diarrheal disease, 82-1557

reproductive disease, 82.1557

physical/chemical agent susceptibility/
resistance, 82 1555

species, 82 1543 (Tab.), B.2.1557-8

typing methods, 82 1556

Arcobacter butzleri (Campylobacter butzleri),
82 1543 (Tab ), 82 1557-8

antibacterial susceptibility/resistance,
B.21556-7

classification, 82.1554

habitats, 82 1554

isolation/identifi cation, 82 1556

culture, 82 1555

typing methods, 82.1556

morphology, 82 1554 (Fig )
pathogenicity, B2.1557

physical/chemical agent susceptibility/
resistance, 82.1555

Arcobacter cryaerophilus, 82 1543 (Tab.),
B27557-8

antibacterial susceptibility/resistance,
82L556

classification, 82 15534

culture, 82 1555

habitars, 82 1554

isolation/identification, 82 1556

pathogenicity, 82 1557

Arcobacter nitrofigilh, BZ 7557-A

classification, BZ 15534

culture, 82.1555

habitats, 82.1554

Arcobacter skirrowii, 82 7543 (Tab ),
82 1557-8

antibacterial susceptibility/resistance,
B.27556

classification, 82 1554

culture, B2 1555

pathogenicity, B2.1557

Arginine, Pseudomonas growth, 82 1598

Arginine dihydrolase

Enterobacleriaceae idenlifi cation,
82 1319 (Tab )

pathway, B2 1598

Arizona hinshawii see Salmonella

Armadillos, leprosy, B.2.71.82, 82 1204

Arsenophonus, characteristic, 82.1330 (Tab )
A rs e nop ho nus nas onae, B2.1337

Arteriosclerosis

C hlamy dia p neumoniae infection,
822016-71

endocarditis in, 81 525-6

Arthritis

Chlamy dia tracho matis infection, 82.2013

septic, 81.244-5

Arthrobacter, B2.991-

biochemical characteristics, 82 993 (Tab )
glucose catabolism, B1 60

nitrification, 81.200

chemotaxonomic characteristics,
82 978 (Tab )

disease associations, 82 981 (Tab.)

A r t hro b a c t er cumminsii, 82.997

habitats, 82 978

Arthropods

bacterial pathogens, BI 2034

pathogenicity of mycoplasmas in, 82.1965
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Artif icial competence, 81 99, 81.100

Bacillus subtilis, Bl 99 100

covalently closed circle DNA, Bl 100

electroporation, 81 100

Escherichia coli, BL99

Haemophilus influenzae, B1 99-100

Neisseria gonorrhoeae, Bl 100

plasmid DNA. Bl 100

Salmonella Typhimurium. 81 99

S tap hy loc oc cus aureus, Bl 99

S tre ptococcus pneumoniae, Bl 99-100

Asbestos fi l ters, 81 453

Ascoli test, 82 937

Aseptic packagin g, Bl 27 1

Asia, food-borne botulism. 82 1067 -g

Aspartate, transport, 81.49

Aspergil losis

fungemia, 81.523

nosocomial, B1 403

Aspergilhts

cereal spoilage, B1 284

herbs and spices spoilage, Bl 287-8

meat .B l276

Aspergillus flavus

cereal spoilage, 81 284

cheese spoilage, B1 252

Aspergillus glaucus

fruit, 81 283

herbs and spices. 81 287

Aspergillus niger

fruit, B1 283

herbs and spices, 81 287

Aspergillus parasiticus

cheese spoilage, 81 252

in wheat, 81 284

Aspirin, Reye's syndrome, Bl 323

Aspoxicillin, Pasteurella multocida, 82 7655

Asteroleplasma, 82.1958 (Tab )

classification, 82 1967

culture, 82 1963

Asthma

Chlamy dia pneumoniae infection, 82.2016

endotoxin exposure, B1 189

Astrakhan fever,B2203V7, 82 2031 (Tab.)

clinical manifestations, 82.2039 (Tab.)

Asymptomatic individuals, Chlamydia
screening, 82 2009-1.0, 82.2021

Atherosclerosis. Chlamydia pneumoniae

association, B1 365

Atmospher ic  po l lu ( ion .  den i t r i f i ca t ion  process .

Bl 200

Ato p ob ium, 82 904, 82 917

classification, 82 905 (Tab )

identification, 82.906 7

ATP-binding cassette (ABC transporters),

81 48, 81 49

ATP-phosphoglyceric transphosphorylase,
81  51

ATP synthase, 81 64-5

Attack rate

definition, B1.310

secondary

definit ion, B1.310

vaccine efficacy studies, 81 324-5

Attenuation, biosynthetic operon regulation,

B t 1 2

A ur e o b as idium p ul lulsns, BI 282

Austrian's syndrome, B1 530

Autoclaving, Bl 441, Bl 447 (Frg )

Autofluorescence , Legionella, 82 1762 (Tab )

Autoinducer, Bl.7 2, Bl.1 69-7 O

Autoinduction, BL 72

Autolysins, Bl 40, Bl 42-3

Autotransporter proteins, BI 17 +5,

81 174 (Tab )

Avery, O, Bl 12, 81 13

Avian botulism, 82 1038 9, 82 1058,

B2l07Fr,B2.7074

Avidin, food, 81 267, 81 268 (Tab )

Axilla, S t ap hy I o c o ccus, 82 7 7 7

Azithromycin

Acti nobac i I I u s acti n om ycetemcom itans.

B.2.1664

Bordetella infection, BZ 17934

B o r r e lia susceptlbility/resistance,

82 .1831 (Tab )

Chlamydia trachomatis infection therapy,

B22078

gonorrhea treatment, 81.661 2

Haemophilus, 82 7702 (Tab ),
82.1703 (Tab),82.17r0

M y cobacterium, 82 7222-3

M y co p I asma pn e u mo n i ae pnermonia.

Bt 634

Pasteurella muhocida, 82 7655

pharmacology, B1 487

structure, Bf 486 (Fig )

in syphil is, 82 1858

trachoma ther apy, 82 2021

typhoid fever treatment, 82 1416

Azlocillin

Listeria, 82 95'7 -8

structure, B1.474 (Fig )

Azospirillum, nitrogen fixation, 81.201

Azotobacter, Bl.9

glucose catabolism, Bl 60

nitrogen fixation, 81.201

radiation-resistance, B1.46

A zo to b acter v ine landit

natural competence, Bl 99

nitrogenases, B1 63

Aztreonam, B1.480

Entero b acter, 82 1.48+5

H aem o p hilus, 82 17 OZ (T ab.)

Klebsiella, 82 L480

serratia, 82 1488-9

structure, 81 a79 (Fig )

Bacampicil l in, pharmacology, 81 475

Bacillaceae, cereals, B1 284-5

Bacil lary angiomatosis (BA), 82.1894

as AIDS-defining i l lnesses, 82 1894

erythromycin treatment, 82 1899

histology, 82 1898

HIV infection, 82.1894

Bacille Calmette-Gu6rain see BCG vaccine

Bacillus

antibacterial susceptibilityhesistance,

82.946

antigens, 82 928-30

flagellar antigens, 82 929

small acid-soluble proteins, B2.927 8

somatic antigens, 82 928

characteristics, BZ 922, 82.935 (Tab )
classifi cation, taxonomy, 82 922-3

classifi cation/nomenclature

evolution of, 82 1335

species, 82 923

clinical testing use, 82 923

colonies, 8.2924,B2925, 82 925 (Fig.),
82.926 (Fig)

commercial importance, 82 923-4

antibiotic production, 82 923

competence and sporulation factor, 82 927

definitton,82.922

endospores, B2926-8

L-alanine germinant, 82 928, 82 931.2

antigens, B2929-30

dormancy,B2924

formation, 82927 8

germination, B2 928, 82 931-2

morphologies, 82 943 (F ig.), BZ 946

resistance, 82 924, 82 927 8

glutamate transporters, B1.49

habirats, 82.924

herbs and spices, 81 287

waterborne, BI 220, Bl 227

identification, 82 928-30, 82.940 1.,
829M4

DNA hybridization, 81 25

specimens and isolation, 82 938-9

importance, 82 9234

infection, B2.93847

nosocomial infection, 81.401 (Tab.)

opportunistic pathogens, 82.93847

life cycle,B292+6

morphology, 82.925

L-forms, B.2925-6

as normal microbiota, Bl 296 (Tab.)

nuts, 81.287

pasteurization, 81.232-3

as soil bacteria, BI1.99-200

sporulation, 82.927 8

cell division, 82 927

process,B.2.927

triggers, 82 927

sterilization

heat, 81.446, 81.446 (Tab ),
81as4 (Tab.)

ionizing radiation, 81.450, Bl 454 (Tab )
typing, 82.928-30

vitamin production, BZ 923

Bacillus amyloliquefaciens, 82 935 (Tab )
Bacillus anthracis

antibacterial susceptibility/resistance,
B.2937-8

antibiotics, B2.937-8

antigens, B.2.928-30, 82.93'7

cell wall polysacchaide, 82 928

endospores, B.2.929-30

toxin components, B.2.937

bioterrorism/biological warfare, B1 189,
Br203,8t36+5,B1.768
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B ac il lus ant h r acis (C ontinue d)

capsules, BZ 934-7 , BZ 934 (Fig)

composition, B144
'ghosts,' 82 932-3

characteristics, 82 935 (Tab )
endospores

anthrax transmission, 82 930-1

antigen detection, 82 929-30

germination, B2931-2

infective doses, 82 930-1

mailed in the USA, 81.364_5

sample handling safety, 82.933

survival in environment, 82 930

unintentional release from Soviet
bioweapons facility, 81 364-5

genes, for toxins, 82 931 2

habitats, BZ 924

humans, 81 203

identification and isolation, 82 9334

Anthraxin (trade mark) skin test,
B2931

anti gens, 82 928-30, 82 93'7

colonies, 82 926 (Fig ), 82 934-7,
B.2948

culture, 82.934, 82 948

diagnosis kits, 82 945

enzyme immunoassay systems, 82 937

microscopy, 82 934 (Fig ),82.947
monoclonal antibody tests, 82 937

morphology, 82 93a (Fig.)

real-time PCR assays, 82 937

specimens for,B2932-3

stainitg, B.2.93 4 --7, 82.9 47

immune response avoidance, Bl 154

infection

organism entry, 81.203

pneumonia, 81 637

see also Anthrax

medical and veterinary significance,
Bt203

livestock, B1 203

in milk, 81.242

pathogenicity, 82 930-8

pXOl and pXO2 genes, R2931,-2

research importance, 82 923

sunlight, B1 452

toxin

edema factor, B2 937-2, 82.937, 82 938

genetics, 82 931-2

lethal factor, 82 931.-2, 82.937, BZ 938

mechanism of action, 81 156 (Tab ),
B293L-2

protective anttgen,B.2.93I-2, 82 937 ,
B2938

virulence factors

exopolysaccharides, B1 154

spreading determinanrs, 81.153 (Tab )
B ucillus b r e v is, 81.287

Bacil lus cereus,82939

antibacterial susceptibil i ty/resistance.

B.2.942-3, 82 946

characteristics, 82 935 (Tab ), B2 94C_2

endospore survival, 82 939

in foods, 82 939

hazard analysis, 81 288

herbs and spices, 81.287, 81 288

mllk, Bl Z4Z, 82 9234

milk powder, 81248

ice,81285,B.2929

spoilage, B.2.9234

vegetables, B1.282

wheat, B1 284 5

habitats, BZ 924

health and clinical uses, 82 923

identification, BZ 944-5

colonies, 82 926 (Fig ), 82 934,
82940 1.,82.945-6

cultv e, 82 9 40-1, B.2.9 47

endospore antigens, 82.930

H antigens, 82 928, 82 929, 82 947

microscopy, 82 943 (Fig ), 82 946

morphology, B2 943 (Fig ), 82.946

serotypes and biotypes, 82.929

typrng, BZ 928, 82 929

sterilization

heat, Bl 446 (Tab.)

ionizing radiation, 81 446 (Tab )
toxins, 82.939-40

emetic toxin, 82 940

enterotoxins, B.2.939 42

Bacillus cereus infection

endophrhalmitis, 81 603, 81 604, 82 940

food poisoning

diarrheal-type, 82.939

emetic-type, 82 939

infective dose, 82 939
investigations, 82 938, 82 939

specimens, 82 939
gastroenteritis

cream, Bl 248

rice, 81 285

keratitis, B1 601

mastitis, 81.230, 82 940

milk-borne, 81242

neonates, 82 940

treatment, B2942-3

wounds, 82 940, B.2942-3

Bqcillus circulans

characteristics, B2 935 (Tab )
colonies, 82 926 (Fig ), B2 945-6

infection, 82 944

treatment, B.2.946J

microscopy, 82943 Grg)
morphology, 829a3 Fig)

Bacillus coagulans

canning process, 81.27 l, 81.283

characteristics, 82 935 (Tab )
food spoilage,B2.9234

infection, 82 944

Bacillus fusiformis, 82 7945

Bacillus halodurans, 82 923

B acillus lichenifomis, 82.935 (T ab )
antibacterial susceptibilityhesistance,

B.2946

colonies, B2945-6

in food, 82 9234

herbs and spices, 81 287, 81.288

wheat, 81.285

habitats, 82 924

identiflcation, 82 944-5
microscopy, B2.943 (F ig.)

morphology, 82 943 (Fig.)

infection, 82 9434

treatment,B.2946

L-forms,B.2925-6

Bacillus megaterium, R2 935 (Tab )

catabolite repression, 81 73-4

colonies, R2926 (Fig)

endospore gemination, 82.928

habitats,82.924

herbs and spices, 81 287

identification, B2.944-5

microscopy, B2.9 43 (F 19.), 82.9 a6

morphology, 82.9a3 Fig ), 82 9a6

megacins, 81.13G7, B1 139

waterborne, BI21.l-12

Bacil lus mycoides,82.935 (Tab )

fish infection, 82 944

waterborne, B1217-1.2

B acillus necrop ho rus, 82.1.945

B acillus p oly myxa, 81.287

B aci I lus p op illiae, Bl 203 4

Bacillus pumilrc

characteristics, 82 935 (Tab.)

colonies, B.2926 (Fig)

herbs and spices, 81 287

infection, 82 944

treatment, B2.946

microscopy, BZ 943 (Fig ), 82 946

morphology, B2.9 43 (F ig.), 82.9 46

sterilization

heat, 81 446 (Tab )

ionizing radiation, 81 446 (Tab.),

81 450, 81 454 (Tab )

B acillus s chle g e lii, 82.924

B aci Llus s phaericu.l 82.935 (Tab.)

colonies, 82926 (Fig.)

endospores, resistance, 82 924

flagella serotyping, 82 929

habitars,82.924

infection, 82 944

microscopy, BZ 9a3 Fig ), 82.946

morphology, B.2.9 43 (F ig.), B.2.9 46

mosquitocidal strains, 82 929

B acillus s tearothermophilus ( G eobacillrc

stesrothermop hilus )

steri l ization

canning process, 81 27 L, 8I 283

hear,Bl446, 81.z146 (Tab ).
81 a5a (Tab )

ionizing radiation, 81 z146 (Tab.)

transport of solutes, 81 49

see also Geobacillw stearothermophilus
( B acillu st ea ro themo p hi lus )

B ac i I lus s ubtetanew, 82.924

Bacillus subtilis, 82.935 (Tab )

antibacterial agents, 81.438, 81.454 (Tab.)

spores, 81.433, 81.439

artificial competence, 81 99-100

biochemistry

catabolite repression, 81 50, 81 73-4

ion gradientJinked transport, 81.49

nitrate reduction, B1 66

sigma (o) factors, 81.75

TCA cycle, Bl 61
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Bacillus subtilis (Continued)

biological control agents against plant
pathogens, 81.202-3

colonies, 82 926 (Fig ), BZ 945-6

endospores, B.2926-7

in food

herbs and spices, Bl 287

wheat, 81 284-5

food spoilage, B.29234

genetics, chromosomes, 81 81

habitats, 82 924

H-antigens, 82 929

health and clinical uses, 82 923

identification, 82 944-5

microscopy, 82 943 (Fig )

morphology, 82.943 (Fig )

i lv-leu operon,BlT2

infection, 82 944

treatment, 82 946

morphology, L-form, 82 925-6

natural competence, 81 99

quorum sensing, Bl 12, Bl 172

risk categorization, Bl 7 62

signal transduction, B1 167-8

sporulation, B1..7 5, BZ 927

starvation, 81 75

sterilization

ethylene oxide, 81.454 (Tab )

heat, 81.446 (Tab ), 81 a5a (Tab.)

ionizing radiation, Bl 4a6 (Tab )

typing,82.929

waterborne, B1.271. -12

B acillus t hur i n giens i s

an t ibac le r ia l  suscept ib i l i t y / res is tance.
B2942

biological control agent, B1.2034, 82 923

Bt pesticides, Bl 2034, B.2.923, 82.940

resistance! B1203-4

characteristics, 82.935 (Tab )

colonies, BZ 926 (Fig.), B2.%a

6-endotoxins, 82.923, 82 940

habitats, 82 924

identification

endospore antigens, 82.930

H antigens, 82 928, 82.929

heat-stable somatic antigens, 82.928

microscopy, 82 940-1, 82.943 (Fig ),
B.2946

morphology, B2940-7, 82 9a3 (Fig.),

B2946

serovars, 82 929

typing, 82 928, 82 929

infection, 82 940

mosquito pathogenic strain, 82 929

t ransgen ic  c rop  p lan ts  deve lopment .

82.923,B.2940

B ac i I lus tus ciae, 82.924

Bacitracin, 81.481

Streptococcus, BZ 862

Bacteremia, B1509

acquisit ion and classification, B1 510-11

antibiotic susceptibility/resistance, 81 524

causative organisms, 81 516, 81 519,
Br.522

Acinetobacter baumannii, BI 521,-2

anaerobic bacteria, 81 523

Banonella, Bl 524

Brucella,81.523

Enterobacteriaceae, B1 520-1

Enterococcus, 81.518, 82.896

Ery s ip elothrix rhw io pathiae, 82 97 I

Escherichia coli, 8I.520

fungi,B1.522-j

gram-negative, 81 516 (Fig ), 81 520-3

gram-posirive, 81 516 (Fig ), Bl 517-20

human brucellosis, 82 1737

Leptospira, 81.524

Lyme borreliosis, B2.1828-9

melioidosis, 82 1629

Mycobacteria, B1.524

Mycobacterium, Bl524

Mycobacterium abscessus, 82 lZ47 ,
B.2.t249

My co b acteium aurum, BZ 7251

My co b acterium neoaurum, B2 1.259

M y c o b a ct eium s m e gmati s, 82 1261

Neisseria, Bl 522

Pasteurella multocida, 82.1654 5

Pseudomonas aeruginosa, Bl 527

special requirements, 81 523-4

Staphylococci, coagulase-negative, 81.518

Staphylococcus aureus, BI 517-18, Bl 524

Streptococcus pneumoniae, B1 519, B1.569,

81 s70 (Fig )

see also specific infections

classification, Bl 510-11

clinical presentation, Bl 510

community-acquired, 81.510 11

continuous, B1 510

definit ion, Bl 510-11, Bl 511 (Tab.)

intermittent, B1 510-12

mortality, 81.392-3

nosocomial, Bl 392 3, 81.509

after catheterization, B1 510, B1 512

classification, Bl 510-11

false-positive culture impacts, B1 510

perioperative, 81.388-9

predisposing conditions, B1 512

primary, 81 510

secondary, 81 393, 81 509-10

specimens, Bl 512-74

blood collection, B1 512

contamination, 81 512

disinfection, 81 512

timing, 81512

transport, B1 512

volume, B1.513

technical issues, 81 511-12

transient, Bl 510, BI 527

treatment, 81 524

see a/so Blood culture

Bacteria

adaptation/changes causing emergence/

resurgence of infection, 81-.3624

in air see Airborne bacteria

carbon:nitrogen ratios, Bl 200

cell counts, 81.38

methods, 8138

total, 81.38

viable, 81 38

cell length, 81 40-1

cell mass, 81 38

chromosome replication, 81 46

colonization, 81294-5

composition, 8142

capsules, Bl 44

carbohydrate and lipid, 81 42

cellular polymers, 81 42

cytoplasmic membrane, B1 4,1-5

enzymes and pathways, 81 45-6

flagella and pili, 81 44

protein, B1 42

RNA and DNA, 81.42

nutrition, 81.37-8

response to stress, 81 74

resting cells, Bl 40

starvation, 81 75

structure, 81 42-6

water content, 81 42

weight, 81 42

Bacterial vaginosis (BV), 81.665-8

causative organisms, B1.665, 82.91 1
'clue cells, ' 81.665, 81.666

diagnosis, B1.666

four composite criteria (Amsel's criteria),

B1.666

gram stained vaginal smears, grading,

Bl666, B1.667 (Fig ), 81 667 (Tab )

predisposing factors, B1 665

sequelae, B1 668

synonyms, B1 665

treatment, Bl 66G8

Bacteriochlorophylls, chemotaxonomy,

Bt.z4
Bacteriocins, B1 136-9

assay, 81 137

biosynthesis, 81 138-9

characteristics, Bl.136-:7

classification, Bl 1.36 7

definition, B1 1.36, B.2.894-5

host range, 81 139

immunity to, B1 139

importance of, 81 139

modes of action, 81 137-8

membrane potential destruction,

B1 137-8

nucleolysis, 81 138

protein synthesis inhibition, Bl 138

nomenclature, 81.136 7

release, B1.138

resistance, B1 138-9

tolerance, 81.138-9

typing, 81.139

Burkholdeia cepacia, B2 7614

Clostridium perfringens, 82 L093

Enterococcus, 82 893-5

Haemophilus, B.21706

Proterc,B.2.L445

Providencia, B.2.1451

Pseudomonas aeruginosa, B1 136-8

Staphylococcw, B2.790

St rept o co ccus, 82 850-2

Yersinia, B.21.467-8

uPtake, 81.138-9

Bacteriological Code, 81 1G8
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Bacteriology
'pure', 81 9-10

systematic, 81.10-4

Bacteriophage(s), B1.139-43

analysis, B1.141-3

assays, 81.141-2

environmental r ole, Bl.l42-3

plaque morpholo gy, 81.742

transduction, 81.142

antibody display, B1.755

as cloning vectors, B1.119-21

definit ion, 81 136

discovery, B1.9

double-stranded DNA, 81 141

environmental r ole, 81.142-3

historical aspects, 81.13

identification, 81.143

inhibit ion, plasmids, B1 115-16

morphology, 81.140

receptors

O antigen, 82 1341

pil i, 81.102

single-stranded DNA, 81 140-1

single-stranded RNA, 81.140

toxt,R2.984

typing, 81 143

Aeromonas, 82 7535

Brucella, 82 7730-1., 82 1732 (Tab.)

B ur kho I deria cep acia, 82.1614

B ur kho lderia thqilandens is, 82.1623

Clostidium, B.21093

Enterobacteriace ae, 82 1344

Enterococcus, 82 893-5

Escherichia, 82 1370

Listeria, 82 956, 82 962

M y c o p I as ma art hritidis, BZ 19'7 4,
B2 1986

S a lmone lla Agona, 82.1416-17

Salmone lla Paratyphi B, 82 1421,

Salmonella Typhi, 82.1408

Stap hy lococcus, B2.7 92

Streptococcus, B.2.839

V ib rio, 82 7571, BZ 1.512, 82 1.578

virucidal activity, B1.43rH, 81 440

Bacteriophage CTXO, 82.1511, 82 7512,
82 1518

Vibrio cholerae, 81.149

Bacteriophage KL39, 82.I5I2

Bacteriophage )\, Bl 120-1, Bl 747, Bl 142

specialized transduction, Bl 105-6,
Br 10s (Fig )

Bacteriophage M13, Bl 120

Bacteriophage il{AV7, B.2.197 4, B.2.1986

Bacteriophage MS2 ( Leviviridae ), Bl 740

Bacteriophage Mu, as transposable element,
81 91

Bacteriophage P1, RI 742, RI 143

generalized transduction, Bl 104

Bacteriophage P22, 81.142

Bacteriophage QX17 4 (Microviridae),

81.140-1

laboratory glove penetration studies,
8r.765

Bacteriorhodopsin, B1.69-70

Bacteriuria

asymptomatic significant, 81.679

definition, 81.677

of elderly, 81.394

of pregnancy, B1.679

Bacteroidaceae, BZ 1913-1.4, 82 1952

normal microbiot a, B.2.19324

in animals, 82.1934

gastrointestinal tr act, B.2.1.933

oral cavity, 82.7932-3

YagiJj.al,B2.79334

B acter oide s, B.2.1917 -20

antibacterial susceptibility/resistance,
82.t930-7, 82.1935-6

mechanisms, 82.1935

antigens, 82.1937

cell wall composition. 82 l9l5

classifi cation, 82 1.973-17

criteria, B2'19L4-75

current status, 82 7929-30

rRNA sequence analysis, 82.1915-17

conjugation, 81 103

fatty acids, 82.1915
genus defi nition, 82.1.91.8-20

LPs,B.21937

menaquinones, 82 1915

molecular analysis, 82.1931-2

normal microbiota, 81.296 (Tab ),
81 301-3, 82.79324

in animals, 82.1934

bifidobacteria relationship, 82.1933

gastrointestinal tracI, B.2.1933

vagina,B2.1934

normal nasopharyngeal fl ora, B1.609

nosocomial bacteremia, 81 393

pathogenicity, BZ 7936-8

phylogenetic tree, 82 1917 (Fig )
pigments, 9.2.791.5, 82.1916 (Fig )
plasmids, 82 1931
propionic acid fermentation, 81 56

specres

current status, 82.1929-30

G + C range, 82 1915

type strains, 82.1918 (Tab )
sphingolipids, 82 1915

rransposons. 81.93-4. 82. 193

Bscteroides amylophilus, 82 7930

Bacteroides caccae, 82 7920

B ac ter o ide s distas onis, 82.1920

as normal microbiota, 82 1933

Bacteroides eggerthii, 82 7920

as normal microbiota, 82 1933

Bacteroides fragil;s, 82 1918

antibacterial susceptibility/resistance,
81 499 (Tab )

capsular antigen, 82 1918

cell wall, B2 1918

classifi cation, 82 1913-77

fecal flora, 82 1918

infection

bacteremia, B1523

endocarditis, B1.533

intracranial abscess, 81 583-5

pathogenicity, 82 1936-8

abscess formation, 82 1938

exotoxins, 82.1937

LPS, 82 1937

B acteroi.des furcosus, 82.1930

Bacteroid.es gracilis, 82 7929

B act e r o id.e s hy p erme gas, B2.L930

B acteroides melanino genicus, B2.1913-1.5

Bacteroides merdae, 82 1920

B act er oide s micro finuq B2.'J.930

B act e ro ide s multiacidus, B'2.1930

B acteroide s no do sus, B.2.7930

Bacteroides ochraceus, 82.19L5 , 82 l93O

B acte ro ide s ov atus, B.2.7920

Bacteroides pneumosintes, 82.1929-30

B sc teroide s prae acutus, B.2'J.929

intracranial abscess, 81.58+5

B scteroide s put e dinis, B2.I93O

Bacteroides splanchnicus, 82 1.920

Bacteroides stercoris, 82 1920

Bacteroide s succinogenes, 82.1.930

B acteroide s t ermitidis, 82.1930

B acte roides thetaiotaomicron, B2.l92O

bacteremia, B1.523

normal microbiota, 82 1933

B acter oide s unifu mis, 82.1.920

Bacteroides ureolyticus, 82 1552-3

classification, 82.1929

Bacteroides variabilis, 82 l92O

B ac t er oide s vul g atus, 82.1920

as nornal microbiota, 82 1933

Bailing, airborne bacteria, 81.186 (Tab.)

Barrier nursing, 81.328-9

B ar t one lla, 82. 1885-900

antibacterial susceptibility/resistance,
B.21.898-9

classification, 82.1,886-7, 82 1886 (Tab.),
B.2.2026

biochemistry, 82.1895, 82 1896 (Tab.)

electron microscopy, 82.1887

microscopy, 82.1887

PCR,82.1895-7

culture, 82 1895

samples, 82.1895

solid media, 82 1895

historical perspective, 82 1885

infection see Bartonellosis

morphology, flagella, 82 1887

pathogenicity, 82 1899

reservoirs, 82.1887-8

species association, 82 1887

transmission, BZ 1887-8

ectoparasites, 82.1887

Bartonella alsqtica

characteristics, 82 1886 (Tab.)

fimbriae, 82 1887

B arto ne lla b acillifomis

antibacterial susceptibility/resistance,
82.1891

biochemistry, 82.1889-90, 82 1896 (Tab.)

deformin, 82.1891

characteristics, 82 1886 (Tab )
classification, 82.1886, B2.2On Fig )
culture, 82.1889-90

genotyping, 82 1890

geographical distribution, 82 1888
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B qrtone lla b acilliformis (Co ntinue d)

infection, 82 1888 (Tab )
see also Bartonellosis; Carri6n's disease

morphology, 82 1890

flagella, 82 1887

nucleic acid composition, 82 1729 (Tab )
pathogenicity, 82.1899

transmission, 82 1887, 82.1888

Bartone lla birtlesii, 82 1886 (Tab )
Bartonella bovis, 82 1886 (Tab.)

Bartonella capreoli

characteristics, 82 1886 (Tab )
flagella, 82 1887

Bartonella chomelii, 82 1886 (Tab )
Bartonella clarridgeiae, 82 1886 (Tab )

biochemistry, 82 1896 (Tab )
infection, 82 1888 (Tab ), 82 1899-900

see a/so Bartonellosis

morphology, 82 1887 (Fig.)

flagella, 82 1887

Bartonella doshiae, R2 1886 (Tab.)

classification, 82 1886

Bartonella elizabethae, 82 1886 (Tab.)

biochemistry, 82 1896 (Tab )
infection, 82.1888 (Tab ), 82.1899

see a/so Bartonellosis

isolation, B1 524

Bartonelkr grahamii, 82 1886 (Tab.)

classification, 82 1886

infection, 82 1888 (Tab ), 82 1900

J€e also Bartonellosis

BartonelLu henselae, 82 1886 (Tab )
biochemistry, 82 1896 (Tab )
classification, B2 2027 (Fig )
culture, 82.1895

solid media, 82 1895

geographical distribution, 82.1897

infection, 82 1888 (Tab )
bacil lary angiomatosis, 82 1894

conjunctivitis, 81 598-9

endocarditis, 81 536, 82 I 894

immunoassays, 82 1897

peliosis hepatit is, 82 1894

see also Barlonellosis; Cat-scratch disease

isolation/identifi cation

culture media, Bl 524

PCR, 82.1897

morphology, 82 1887 (Fig )
pil i , 82 1887

pathogenicity, 82 1899

transmission, 82 1887

Bartonella koehlerae, 82 1886 (Tab.)

Bartonello peromyscr, 82 1886 (Tab )
Bartonella quintana, 82 1886 (Tab )

biochemistry, 82 1896 (Tab )
classifi cation. 82 2026, R2 Z0Z7 (Fig )
culture

growth media/conditions, Bl 524

solid media, 82 1895

immunoassays, 82 1897

intection, 82 1888 (Tab )
bacil lary angiomatosis, 82 1894

endocarditis, 82 1894

peliosis hepatit is, 82 1894

see also Bartonellosis; Trench fever

nucleic acid composition, B.21.729 (Tab.)

pathogenicity, 82.1899

pil i, 82 1887

transmission, 82 1887

Bqrtonella schoenbuchii, 82.1886 (Tab )

flagella, 82.1887

Bartonella talpae, BZ 7886 (Tab )

classifi cation, B2.2027 (F ig.)

Bartonella taylorii, 82 1886 (Tab.)

classification, 82 1886

Bartonella tibocorum, 82 1886 (Tab.)

fimbriae, 82 1887

pathogenicity, 82 1899

Bartonella vinsonii

subspecies arupensis, 82.1886 (Tab ),
B2.1888 (Tab ), 82 1900

subspecies berkhoffi i , 82.1886 (Tab ),
82 1888 (Tab ), 82 1900

subspecies vinsonii, 82 1886 (Tab )
Bartonella washoensis

characteristics, 82.1886 (Tab )

infection, 82 1888 (Tab ), 82 1900

Bartonellosis, 82 1888 (Tab ), 82 1899-900

animals, 82 1887-8

bacteremia, 81 524

endocarditis, 81 533, Bl 534, 81 537

identif ication, B1 524

see also Cal-scralch disease; Trench fever

Base analog incorporation, point mutations,

81 8.t-5

Base pair substitutions

point mutations s€€ Point mutations

suppression, B1 86-7

Basic fuschin dye. 8race11a species

differentiation, 82 1735

Basic reproduction number (Ro), 81 337-8,
81 340, Bl 340 (Tab.)

estimation, 81.341

Bcr complex, 81 64

B cells, respiratory tract, Bl 608

BCG vaccine, 82.1219

controversy, 82.1219

laboratory workers, Bl 767

leprosy prevention, B2 1279, 82 122L

BcrA multidrug resistance pump, 82 1610-11

BDProbe Tec@, 81.723 (Tab )

Beansprouts, Salmo ne lla Enteritidis
bacteriophage type 4b from,Bl32Z

Bedpans, nosocomial infections, Bl 379-80

Beet farming, waterborne bacteia, BlZ1.Z,

Br.2t9
Beetles, bacterial pathogens, BI.2034

Behavior

bacterial infection emergence, 81 360-1

sexually transmitted diseases, B1 354

Behavioral Risk Factor Surveillance System,
vaccine uptake, B1 326

von Behring, E A, Bl 7

Beijerinck, M, 81.201

Beijerinckii, 81 207

Bejel see Syphil is, endemic (Bejel)

Benethamine penicil l in, B1 473

1,2-Benisothiazol-3-one (BIT), 81.427

Benzathine penicillin, B1.473

Benzene, bioremediation, 81 201

Benzodiazepines, in tetanus, 82 1066

Benzoic acid, Bl 422

pH,B l43z

Benzyl alcohol,Bl.427

Benzylpenicillin (penicillin G), 81.473

in gas gangrene, 82.1116

meningococcal disease, B1 566

pharmacology, B1.475

blood-brain barrier, 81.475-6

in pneumococcal meningitis, B1 571

spectrum of activity, 81 499 (Tab )

Actinob acillus actinomycetemcomitans,

82 1664

Actinomyces, 82.1-017

B acillus anthracis, 82 937 -8

Boruelia, 82.1831 (Tab.)

Gram-positive anaerobic cocci, 82 911

Klebsiella, B2 7480

Streptococcus, 82 861.-2

T r o p he ry ma w hi p p e I ii, 82.L002

structure, 81.474 (Fig.)

Bergey's Manual of Systematic Bacteriology
(Bergey's Manual), 81.15 8,81.20,

Bt26
Fusobacterium, BZ L945 6
nomenclature changes, 81 32

Bias

in case<ontrol studies, 81 316

in cohort studies, 81 315

loss to follow-up, 81 315

misclassification, 81 315

rumination, 81.316

Bicarbonale requirement. N ei sse ria.

82 tZ74-5

Bicozamycin, 82 906

B ffido bacte rium, B2.L01.l-12, B2.7023J

antibacterial susceptibility/resistance,

B.2L024-5

cell wall, 82.1024

cell walls, 82 1024

classification, B.2.7025, 82.1025 (Tab ),
821026 (Tab )

isoenzyme patterns. 82.1 026

oligonucleotide probes, 82.1025 5

polyacrylamide gel electrophoresis,

B2.L025-6

culture, 82 1024

fermentation tests, 82 1025-6

nonselective media, 82 1025

genus definition, 82 1023

habitats, 82 1024

heterolactic acid fermentation pathway,

B1.58

historical perspective, 82 1024

isolation, 82 7025-6

metabolism, 82 1024

acetic acid production, B2 1024

morphology, 82 1024

as normal microbiota, 81.296 (Tab ),
81302-3,B.2t026

B acteroides relationship, 82.1933

pathogenicity, 82.1026

ultrastructure, 82 1024

virulence factors, 82 1026

Bifidobacterium adolescentis, 82 1025 (Tab )
classification, 82 1025

oligonucleotide probes, 82.1025 6
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B ifi do bacterium ado lescentis (Co ntinued)

fermentation tests, 82 1025-6

in normal microbiota, 82 1026

Bifidobacterium angulatum, 82.1025 (Tab.)

classification, 82 1025

morphology, 82 1024

Bifidobacterium animalis, 82 1025 (Tab )

Bifidobacterium asteroides, 82 1025 (Tab )

morphology, 82 1024

B ili d o b act erium b if dum, 82 7023,

B2 1025 (Tab.), 821.026-7

ammonium salt uti l ization, 82 1027

antigens, 82 1027

carbohydrate fermentation, 82 1027

classification, 82 1025

oligonucleotide probes, 82.1025 6

morphology, 82 7024, 82 "1026

Bifidobacterium boum, R2 1025 (Tab )

Bifidobacterium breve, B2 1025 (Tab )

in normal microbiota, 82 1026

oligonucleotide probe classil ication,

82 t025-6

BiJitlobacterium catenulatum, 82 1025 (Tab.)

classification, 82 1025

Bifidobacterium choerium, 82 1025 (Tab )

Btftlobacteium coryneforme, 82 1025 (Tab )

Bifidobacterium cuniculi, 82 1025 (Tab.)

Bifitlobacteium dentium, B21025 (Tab )

classification, 82 1025

fermentation tests, 82 1025 6

in normal microbiota, 82 1026

pathogenicity, 82.1026

Bifidobacterium gallicum, 82 1025 (Tab )
Bifidobacterium gall inarum, 82.1025 (Tab )

Bifitlobacterium indicum, B21025 (Tab )

Bifitlobacterium infantis, 82 1025

Bifidobacterium longum, 82.1025 ('tab.)

classification, 82 1025

oligonucleotide probes, 82 1025-6

fermen la l ion  tes ts ,  82  1025-6

in normal microbiota, 82 1026

Bifdobacterium magnum, 82 1025 (Tab )

Bifitlobacterium merycicum, 82 1025 (Tab.)

Bifidobacterium minimum, B2.1025 (Tab )

B ifi do b ac t e rium p s eudo c at e nul atum,

82 1025 (Tab )

classification, 82 1025

in normal microbiota, 82 1026

B if do b act e r ium p s e udo lo ngu m,

82 102s (rab.)
Bifidobacterium pullorum, 82.1025 (Tab )
Bifidobacterium ruminantium, 82 1025 (Tab )

Bifidobacterium saeculare, 82 1025 (Tab )

Bifdobacterium scardovii, 82.1025 (Tab )

Bifidobacterium subtile, 82 1025 (Tab )

Bifidobacterium suis, 82 1025

B iftlobacterium thermacitlop hilum,

82 1025 (Tab )

B ifi do b acterium the r mo p hi I um,

82.1025 (Tab )

Biguanides, 81.423 (T ab.), BI 426

Bile salts, Enterobacteriaceae culture,

B.27345

Bilophila wadsworthia, 81.296 (Tab.)

Bioaerosols, 81 185-8

definition. Bl 185

generation activit ies, 81 185, 81.186 (Tab )

particulate size, Bl 185-7

rafting cells, 81 185-7

see also Airborne bacteria

Biochemical tests, Bl 22 (Tab ), 8123-4,

8123 (Fig.), 81.32-3

bi-state results, 81 23

Enterobacteriaceae, 82 1319 (Tab.),

82 1330 (Tab ), 82 1348

thresholding, B1.24

Biocides, 81421. 2

Biodegradation, Burkhold.eria, 82 1.672-13

Biolilms, 81 149 50, B1432-3

bacteriophage density, Bl 140

curli, Bl 148-9

extracellular polysaccharide production,

81 149 50, B1 150 (Fig )

formation, 81.149, 81 150 (Fig )

pathogenicity effects, 81 149 50

plant root surface, Bl I99,81205-1

resistance, 81.443

vegetables, 81 282

Vibrio,B.21508 9

water,Bl.220

Biological indicators (BIs), steri l ization

validation and monitoring, Bl 454 5,

81454 (Tab )

Biological safety cabinets (BSC), 81 764 5,

B1.76s (Tab )

Biological warfare

B acillus anthracis, Bl 203

see a/so Bioterrorism

BIO-PCR, soil bacteria analysis, Bl 206 7

Bioremediation, Bl 2I2, BZ 1 1 66J

definition, 81 202

in situ, Bl 202

soil bacteria, Bl 199, Bl 20I-z

Bioterrorism, Bf 189, Bl 364-5,B1.767-a

airborne bacteria, B1 189

Burkholderia mqllei, B2 1634-5

B urkho lde ria pseudomalle i, BZ 163+5

Francisella tularensis, 82 1752

specimen preparation, Bl.'7 Z4-5

see also individual species

Biotyping see individual species

Birds

botulism, 82.1038-9, 82 1058, 82 1070-1,

B27014

Campy lo b ac te r transmission, 81.239

Chlamydia psittacl infection, 82.2014

infection, Pasteurella, 82 7654

Bisphenols, Bl 422, Bl 423 (T ab.)

Bites

cat

Pasteurella dagmatis infection, 82.1657

Pas teurella muhocida infection, B2.1654-5

P asteurella pneumotrop ica rnfectton,

82.1655 6

oogs

Capnocytophaga canimorsus infection,

821.67+5
Pasteurellq canis infection, 82 1656

Pasteurellq d.agmatis infection, 82 1657

Pasteurella multocida infection, BZ 7654-5

P as te u r e I I a p ne umo t r o p ic a infection,

82 1655-6

horses

Ac tinob acillrc infection, 82.1666

Pasteurella caballi infect\on, 82 1.657

Black fluids, 81.422

water hardness, 81 432

Blackleg, cattle and sheep, 81 203

Bladder

bacteriuria, B1 388-9

catheterization, 81 388

alternatives, B1 389

colonization

indwelling catheters, B1 388

nosocomial, 81.388

prevention, B1 388

dysfunction, urinary infection, B1 672

nosocomial infection, B1.388

stones, 82 1446

Blanching, vegetables, Bl 2812

Blights, plant disease source, 81 202

Blind loop syndrome, BIZ934

Blindness, trachoma, BZ 2073-L4

Blood

contamination, nosocomial infection,

81 384

microscopy, bacterial meningitis, B1 559

normal microbiota, B1 305

Blood-brain barrier

ampicillin, 81.475-6

bacterial meningitis development, BI 556-7

cefotaxime, 81.478

ceftriaxone, 81.478

cephalosporins, B1 478

disruption by bacteria, 81.557

penicillins, BI 475-6

Blood culture, 81 716

aerobic/anaerobic bottles, B1.513

children, B1.513

contamination, Bl 512-13

false-positive, Bl 510, 81 512

growth detection, 81 514

incubation, 81 514

indications, Bl51L-12

bacterial meningitis, 81 559

mycobacterial, B1.524

nedia, Bl 514

neonates, 81 572-73

numbers used, 81 513-14

removal of antibacterial agents, B1 514

results interpretation, 81 516

sample  process ing .  B l  514-16.

B1.s1s (rab.)
automated, 81.515-16

manual, 81.515

quantitative, 81 516

skin preparation, B1.512

transport, 81 514

volume of blood, 81 513

Blood products, emergence/resurgence of new

bacterial infection, B1 362

Blood samples, Aeromonos isolation, 82 1531

Blood transfusions

bacterial infections transmitted by, Bl 362,

B1.380-1

hepatitis B transmission, B1 380-1

hepatitis C transmission, 81.380-1
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Blood transfusions (Co nt inued)

HIV transmission, 81 380-1

Bloody diarrhea food-borne disease outbreak

meat,B1273-4

see also Escherichia coli
'Blue baby'syndrome, nitrate levels excess,

81 200

B lymphocytes, respiratory tract, 81.608

Body fluids

normal microbiota, Bl 305

physical flushing of bacteria, 81.176

Body tissues, normal microbiota, 81.305

Bone cement, 81 392

Boneijoint infections

antibacterial treatment, B1 698-700

duration, 81.700-1

intravenous, 81 698-9

systemic: oral, 81 699

topical, 81.699-700, B1 700 (Fig.)

challenges, 81 684

children, Bl 690

Kingella kingae, R2 1669-70

clinical features, Bl 684, Rl 691,-2

diagnosis,B1692 6

culture, B1 695-6

histology, B1.696

imaging, B1 693

isotope scanning, B1 694

laboratory, Bl 692-3

MRt ,  B l  694 5

PCR, 81 696

radiology, 81 693,4, 81 693 (Fig )
ultrasound, Bl 694

epidemiology, B1 68,1--5

future directions, B1 703

Gram-positive anaerobic cocci infection,
82  910

human brucellosis, 82 1738

inflammatory responses, Bl 689-90

bone responses, B1 689

cell and molecular basis of joint

destruction, 81.690

molecular basis of bone resorption,
81 689

microbiology, B1 690-1

neonates, B1 690

pathogenesis, B1.685-90

access of organisms, 81 686-8

biofilm formation, B1 685-6, 81 688-9

mechanisms of persistence, B1 688 9

quorum sensing, Bl 688

post-operative hematomas, BL.691

prevention, 81 691

prognosis, Bl 701

surgical treatment. B1 697-8

dead space management and
reconstruction, 81.697-8

debridement and excision. B1.697

soft t issue cover, Bl 691, 81 697

treatment, Bl 696-701

adjunctive, 81 701

antibacterial see above

strgical see above

vaccine candidates, 81 691

see a/so Osteomyelitis, specilic infections

Bone marrow transplantation (BMT)

intracranial abscess, B1 582

Nocqrd.ia infections after, 82.1155-6,
827763

B o r d e t e I I a, 82 17 E6-817

adhesion, B2.1799, B2 180G7

antibacterial susceptibility/resistance,
B.2.77934

antibiotic resistance plasmids, 82.1794

bacteriophage, 82 1805

biochemistry, 82 1793

BrkA, 82 1801

classifi cation, 8.2.77 8'7 -8

evolutionary considerations, 82 7787-B
genus level, 82.1787
phylogeny, 82 1787-8

species, 82.1786

species designations, B2 77 87

whole-genome sequences! R2.I'7 86,
B2 1793, B2 1805

culture, 82 1789-90

variation during growth, 82.1790

delinition, 82 1786

filamentous hemagglutinin, 82 1789

fi mbriae, 82 77 89, 82.77 99
genome organization, 82 1805
growth requirements, B2 1790-7, R2 1793

iron, 82 7793

media, 82 1790-1

habitats and pathogenicity, 82.180G11

hosr specificiry, 82 1806-7, 82 1806 (Tab.)

isolation/iden tifi c ation, 82.I1 91,-2

differential characteristics, 82 1788 (Tab.)

nasopharyngeal swabs/aspirates, 82.1791
serological tests, 82 1792

transport medium, 82 1791

typing methods, BZ 1792-3

LPS, 82 1789 (Tab.), B2 1796

metabolism, 82 1793

morphology and ultrastructure, 82 1789,
82 1790 (Fig.)

motility, 82 1789

R factors. 82 1794

transposon mutagenesis, 82 I794 5
virulence factors, 82 1789 (Tab.),

82 1790 (Fig ),B.2I794-80r
adenylate cyclase toxin, 81 156 (Tab ),

82.7789, B.2.1796-7

BrkA, 82.1801

dermonecrotic toxin, 82 1795-6

endotoxin, 82 1796

filamentous hemagglutinin, 82 77 89,
B27792,821799 800

fint:riae, 82 1799
pertactin, 82.7789, 82 1800 1
pertussis toxin see Pertussis toxin (PT)

regulation see below

tracheal colonization factor, 82 1801
tracheal cytotoxin, BZ 1795

Type III secretion system, 82 1789 (Tab ),
82.1801

virulence regulation, 82 1801-5
bvg locus, 82 1802, 82 1803 (Fig ),

82 1806

phase variation, 82 180a (Fig )

phase variation and phenotypic

modulation, 82 1802

regulator of intracellular stress (ris),

B.218044

serotype variation, B.2.1.8072

significance, 82 1802-5, 82.1803 (Fig )
virulence-activated genes (vag), 82 1802,

82.1803 (Fig )
virulence-repressed genes (vrg), 82.7802,

82.1803 (Fig )

Bordetella avium, 82 1786, 82.1810-11

antibacterial susceptibility/resistance,
82 1794

bacteriophages, 82.1805

classification, 82 1787

growth requirements, 82 1790-1

habitats and pathogenicity, B.2.1,806J

infection, 82 1810-11

isolation/identifi c ation, 82 77 91,-2

culture characteristics, 82 1790

differential characteristics, 82 1788 (Tab.)

osteotoxin, 82 1810-11

pathogenicity, 82 1789 (Tab )
phylogeny, 82.1788

virulence factors, 82 1789 (Tab )
dermonecrotic toxin, 82.1795,

82  1810 11

endotoxin, 82.1796

filamentous hemagglutinin, B2.1799

virulence regulation

brg locus,B.27802-3

phenotypic modulation, 82.1802

Bordetella avium-like group, 82 1786

Bordetella bronchiseptica, 82 7786, BZ 1870

ant ibac(er ia l  suscept ib i l i t y / res is tance.

82 t794

bacteriophages, 82 1805

biochemical activities and metabolism,

B21793

urease activity, 82 1793

classification, 82 1787

phylogeny, 82 1788

species designation, 82 1.787

differential characteristics, 82 1788 (Tab.)

geneucs

genone organization, 82.1805

nucleic acid composition, B.21129 (Tab )
growth requirements, 82 1790 I

habitats and pathogenicity, 82 1810

infection, Bl 647, 82 1810

animal, 82 1810

atrophic rhinit is in swine, B2ll95,
82  1810

human, 82 1810

isolation/identific ation, 82 1'191-2

motil i ty, 82 1789

pathogenicity, 82 1789 (Tab )

signal transduction, 81.168

virulence factors, B2 1789 (Tab )

adenylate cyclase toxin, R27796J

BrkA, 82 1801

dermonecrotic Ioxin, B2 17 9 5

endotoxin, 82 1796

lilamentous henagglutinin, B.2.7799,
82.1800

finblae,821.799
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B ordete I la b r onc his ep tica

virulence factors (Continued)

pertactin, 82.1800-1

tracheal cytotoxin, 82.1810

Type III secretion system, 82 1801

virulence regulation

bvg locus, B2.7802-5

phenotypic modulation, 82 1802

regulator of intracellular stress,
82 1804-5

significance, B2.1802-5

virulence-repressed genes, 82 1802

Bordetella hinzii, B.2.1786,821787 , BZ 7877

classification, 82 1787

differential characteristics, 82.1788 (Tab )

endotoxin, 82 1796

habitats and pathogenicity, 82 1806

isolation/identifi c ation, 82 77 91 -2

Bordetelh holmesii, 82 1786, 82 7787 ,
82  1811

classification, 82 1787

culture characteristics, 82 1790

differential characteristics, 82 1788 (Tab )

endotoxin, 82 1796

habitats and pathogenicity, 82 1806

isolation/identific ation, 82 77 97-Z

isolation from blood, 82 1786

Bordetella parapertussis, B2 1786, 82 1810

antibacterial susceptibility/resistance,

B.2.1794

bacteriophage, 82 1805

biochemical activities and metabolism,
B.21793

Bordetella pertussis vs, 82.1810

classification, 82 1787

phylogeny, 82 1788

culture characteristics, 82 1790

differential characteristics, 82.1788 (Tab )
genome organization, 82.1805

growth requirements, 82 1790-1

habitats and pathogenicity, 82 1810

infection, 81 647

isolation/identifi cation, 82 17 91,, B2.17 92

enzyme immunoassays, B1 752

species designation, 82 1787

lambs, 82 1810

pathogenicity, 82 1789 (Tab )
virulence factors, 82 1789 (Tab.)

adenylate cyclase toxin, B.21796-7

BrkA, B2.1801

dermonecrotic toxin, 82 1795

endotoxin, 82 1796

filamentous hemagglutinin, 82 1799

fimbriae, 82.1799

pertactin, 82 1800

Type III secretion system, 82 1801

virulence regulation

bvg locus, 82.1802

phenotypic modulation, 82 1802

Bordetella pertussts, 81.645, 82 7786,

82.1807-10

adhesins, B1 627

agglutinogens, 82.1792

antrgens

antigenic shifts, 82 1809-10

modulation, 82 1802

serotype antigens, 82 78012

biochemical activities and metabolism,
B.2.1793

C (cyanic) and X (xanthic) mode, 82.1802

classification, 82 1787

phylogeny, 82 1788

species designation, B.2.7787

culture, B1 646, 82 1790-I

differential characteristics, 82.1788 (Tab.)

genome organization. 82 1805

growth requirements, 82 1790-1

habitats, 82 1807-10

infection ree Pertussis

isolation/identific ation, Bl 646, 82.!7 91

PCR analysis, 82 1792

typing methods, BZ 1792-3

pathogenicity, 82.1789 (Tab ), 82.1807-10

slime layer, 82 1789

virulence factors, Bl 627, Bl 646,
82 1789 (Tab )

adenylate cyclase toxin, 821796J

BrkA, B2 1801

dermonecrotic toxin, 82 1795

endotoxin, 82 1796

filamentous hemagglutinin, 82 1789,
B.2.1799,82 L800

fimbriae, BZ 17 89, 82 1.7 99

Pertactin, 82.1800-1

pertussis toxin see Pertussis toxin (PT)

spreading determinants, B1 153 (Tab )
tracheal colonization factor, 82 1801

tracheal cytotoxin, 82 1795

Type lll secretion system, 82.1801

virulence regulation

phase variation, 82 1802. 82 1804,
82 1804 (Fig )

serotype variation, 82.1801 2

significance, 82.18024

BordetelLa petrii, BZ 1786. 82 718'l

classification, 82 1787

culture characteristics, 82 1790

differential characteristics, 82 1788 (Tab.)

habitats and pathogenicity, 82.1806

Bordetella trematum, 82 7786, BZ 7787 ,
82L8L7

classification, 82 1787

culture characteristics, 82 1790

differential characteristics, 82.1788 (Tab )
endotoxin, 82.1796

habitats and pathogenicity, 82 1806

motility, 82 1789

Bore hole water, 81.214 15

Boric acid, urine specimen transport, 81.677

Botelia, 82 1818-37

antibacterial susceptibility/resistance,
82.1830-2, 82 1831 (Tab.)

cephalosporins, B2.1830

clarithromycin, 82 1830

macrolides, 82 1830

species differences, 82 1830-2

tetracyclines, 82 1830

culture, 82 1827-8

growth temperature, 82 1828

selective media, 82 1828

genetics, 82 1823-5

gene f amilies, 82.18234

genome sequences, 82 7823,
R2.1.82a Fig)

major outer surface proteins, 82.L824-5

open reading frames, 82 1825

plasmids, B21823-5

pseudogenes, 82.18234

virulence factors, 82.1825

history, 82 1818

host-vector relationships, B.2.1.825-7

antigenic variants, 82.1826, B2 1827

DNA microarray studies, 82.1826

gene conversion, 82.1826

physiological adaptations, 82.1825

transmission to host, 82.1825-6

vector acquisition, B.2.1825

immune response ev asion, 82 1822-3,
82.7827

infection see Lyme borreliosis; Relapsing
fever (Botelia)

isolation /identifi c alion, B.2.1828-32

enzyme immunoassays, 81.753

metabolism, 82 7827-8

carbohydrates, BZ 1.827 -a

lipids, B2 1827-8

proteins, B.2.1827-8

morphology, 8.2.1.819, 82 1819 (Fig )
darkfi eld microscopy, 82.1819

pathogenicity, 82.1825-7

plasmid loss, 82 1825

surface protein expression, 82 1826

tissue invasion, 82 1826

species characteristics, 82.1820 (Tab )
taxonomy, 82 L8L9-22

genetic diversity, 82 1821

nonpathogenic species, 82 1819,
82.181.9-21

PCR-methods, 82.1821

Borrelia afzelii

animal reservoirs , 82 7822-3

antibacterial susceptibility/resistance,
827830-2

characteristics, 82.1820 (Tab.)

genome sequences, 82 1824 (Fig.)

geographical distribution, 82 1819

Borrelia andersonli, 82.1820 (Tab )
geographical distribution, 82 1819

Borrelia anserina, 82 1820 (Tab )
relapsing fev er, B2.1822

Borrelia bisseuii, 82 1820 (Tab )
chromosomes, 81 81

geographical distribution, B.2.L819-27

Botelia burgdorleri

Anap lasma p hago cy to p hilum co-
transmission, B.2.2060, 82 20634,
B2.2066

antibacterial susceptibilityhesistance,
B.2.7830-2

characteristics, 82 1820 (Tab.)

genome sequence, 82 1823, B.2.1,82a Fig)
geographical distribution, 82.1819

infection see Lyme borreliosis

taxonomy, B.2.1.81.9 -21

genetic diversity, 82 1821

PCR-methods, 82 1821
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Borrelia cqucasica, B2 7820 (Tab.)

Borelia coriaceae, 82 1820 (Tab )
animal infections, BZ 

-1823

relapsing fever, 82 1822

Borrelia crocidurae, 82 1820 (Tab )
lmmune response evasion, B2.1827

relapsing fev er, B.2.1822, R2 1,827

transmission, 82 1823

Borrelia diplodilll, 82 1820 (Tab )
Borrelia duuonii, 82 1820 (Tab )

human reservoirs, R2 1823

relapsing lev er, B.2.1822, 8'2.\827

transmission, 82 1823

Borrelia garinii, 82 1820 (Tab.)

animal reservoirs, 82 1822-3

ant ibac ter ia l  suscep l ib i  l i t y / res is tance.
82 1830-2

genome sequences, 82 1824 (Fig )
geographical distribution, 82 1819

Boruelia hermsii, 82 1820 (Tab )
antigenic v ariation, 82 1827

relapsing fever, 82 1822

Borrelia hispanica, 82 1820 (Tab )
Borrelia japonica, 82 1820 (Tab.)

geographical distribution, 82 1819

Boruelia latyschewll, 82.1820 (Tab )
Borrelia lonestari, 82 1820 (Tab ),R21827 2

relapsing fev er, B2.1822

Boruelia lusitaniae, 82.1820 (Tab )
geographical distribution, 82 1819

Borreliq mazzottli, 82.1820 (Tab )
Bonelia merionesl, 82 1820 (Tab )
Boruelia microti, 82 1820 (Tab )
Borrelia miyamotoi, B.21820 (Tab ), 82 1821

relapsing fev er, B2.1827

Boruelia parkeri, 82.1820 (Tab )
relapsing fever, 82 7822

Boruelia persica, 82 1820 (Tab )
Boruelia recurren r, 82 1820 (Tab )

epidemic relapsing fever, 82 1823

human reservoirs, B2.7823

relapsing fever, 82 7822,82.1827

transmission, 82.1823

Borrelia sinica, 82 1820 (Tab )
geographical distribution, B2 1819

Boruelia tanukii, 82 1820 (Tab )
geographical distribution, 82 1819

Boruelia theileri, 82 1820 (Tab )
animal infections, 82 7823

relapsing fever, 82 1822

Borrelia turdi,82.1820 (Tab )
antigenic variation, 82.1827

geographical distribution, 82.1819

Borreliq turticatae, 82 1820 (Tab )
relapsing fever, 82 7822

Boruelia valaisiana, 82 1820 (Tab )
animal reservoirs, 82 1822-3

geographical distribution, 82 181 9

Borrelia venezuelensis, 82 1820 (Tab )
Borrelia vincentii, stomatitis, 81 614

Borreliosis see Lyme borreliosis
'Bot cook , ' B.21.044

Botrytis

l iuit, 81 282, 81 283

in vegetables, 81 281

B otr y tis ciner ea, Bl 28I

B otr y tis p ar as it icus, BI 287

Borrled water, Bl.215-16, 81217 (Tab ),
81224-5

Botulinum antitoxin, 82 7049, 82 1062-3

Botulinum toxin, 82 1060-2

animal resistance, 82 10734

bioterrorism, B1 364

canning process, Bl 265-6, Bl 27 0-I, Bl 27 5,
B1.283

clostridial species producing, 82 1039 (Tab.),
B2 tO42-3, B2 7046, 82 105940

culture, 82 1.047, 82 7049, 82.1062

detection, 82 10621

bioassay in animals, 82.1049, 82 1062-3

culturing of organisms for recovery,
82 7049

immunological, 82 1063

intravenous time-to-death method,
82 tO63

quantitative, 82 1063

domains, B2'1061-2

flaccid paralysis due to, 82 706I-2,B.27071,,
821072 (Fig)

genes, 82 1038-40

homology to C. tetani toxin, 82 1061

isolation, 82.1040

lethal dose, 82 1036, BZ 1060_1., BZ 107 Z

mechanism of action, Bl 156 (Tab ),
82.1040,B.2106-1-2

medicinal use, 82 1040, 82.1076

membrane translocation, B.21061 2

molecular weight, 82 1061

production control, 82 1062

protein complex, 82 1040

safety precautions for laboratory workers,
B2.1076

serotypes, B2.103940, 82 1039 (Tab ),
82 1043,82 1067,821071

food-borne botulism and risk, B.27066,
B.21.069

infant botulism and risk, 82.7069-70

intestinal infection and risk, 82 1070

structure, 82.1040, 82 1061

toxin complexes, 82.1062

see also Clostiriium botulinunr

Botulism, B21066-76

animal, 82 1038-9, 82 1041 (Tab ),
82 1058, 82 1067, 82 1 0'734

cartle,82.1074

horses, 82.1074

mink and fox farming, 82 1074

outbreaks, B2.\07O-l

bioterrorism, B1.364

clinical aspects, 82 1036, 82 7O7 1,4

diagnosis,821075 6

epidemiology, 82 1041 (Tab ),
B2.t066-B.2707-1

food-borne, 82.1071, 82 1.072

Africa, 82 1069

Alaska, 82 1066 7

Asia, 82 1067 9

Canada, 82 1067

China, 82.1067

clinical features, B.2.107 7-2

Clostridium botulinum strains, 82 1042-3,
B.2'1055-6, 82 1059-60

convalescence and recovery, 82 707L-2

costs, 82 1067

Europe, 82.1069
geographical distribution, BZ 1066-9

Japan,82.1067-9

outbreaks, 82 1068 (Tab )
risk with spore type, 82 f066, 82 1069

uK, 82 1069

USA,82.106G7
yogurt,81249

historical perspective, 82 lO37 40

immunization, 82 707 5-6

infant, 82 7047, 82.1069-70, BZ 1.072-3

C. botulinum strains, 82 1042-3,
82 705 5-7, B2.1059,60, 82.707 0

clinical features, 82 7072-3.
82.1072 (FLg)

geographical distribution, 82 1.069 :70

incidence, B2.1070

misdiagnosis, 82 1072

intestinal infection, 82 1070

recovery, 82 L073

treatment, B.21075-6

wound, 82.1072 (Fig ), 82 1073, BZ 7712,
82.11.73

Bovine brucellosis see Brucellosis, bovine

Bowel decontamination, selective, 81 390

Brain abscesses see Intracranial abscess (brain
abscess)

Brain atrophy, in syphilis, 82 1843

Brainstem herniation, 81.557-8

Branched DNA assay, 81.731, 81 733 (Fig )
Branhamella, 82 7211

Brazil, rubella vaccjnation policy, B1 351

Bruilian Purpuric Fever (BPF), 82.1693
emergence,B1362 3

Breakpoint method, antibacterial susceptibility
testing, 81 498

Breast milk, Mycobacterium leprae
transmission, 82 1204

Breathing, B1 607-8
Brenneria, 82.1330 (Tab.)

Brevibacillus

identification, 82 945

infection, 82.944

taxonomy, B.2922-3

Brevibscillus agri, B2 935 (Tab )
infection, 82 944

Brevibacillus brevis, 82 935 (Tab )
colonies,B.2926 (Fig)

infection, 82 944

microscopy, 82 943 (Fig )
morphology, 82.943 (Fig.)

taxonomy, 82922-3

Brevibacillus laterosporus, 82.935 (Tab.)

colonies,B2926 (Fig)

infection, 82 944

microscopy, 82 9 43 (F ig.), B.2.9 a6

morphology, B2.9a3 Fig \, 82 946
taxonomy, 82922-3

B rev ib acte r ium, B.2.997

biochemical characteristics, 82 993 (Tab )
chemotaxonomic characteristics,

82.978 (Tab )
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disease associations, 82.981 (Tab.)

nuts, 81 287

Brevibacterium casei,81296 (Tab.), Bf 304

Brevibqcterium epidemidis, Bl 296 (Tab ),
81 304

B r e v ib a cterium line ns, Rl 252

Brevund.imonas diminuta, B2 1,637 -8

waterborne,B1224 5

B revurulimonas vesicularis, B2 1637-8

Brill-Zinsser disease (recrudescent typhus),
B22041

Brisgaard's taxa, 82 1658-9

British Paediatric Association Surveillance
Uni t ,  81318-19

British Thoracic Society, pneumonia treatment
guidelines, 81 638, Bf 639 (Tab.)

BrkA, Bordetella, 82 7789 (Tab.), 82 1801

Broad host range vectors, 81 121

Brochothrix, 82 958

B rochothrix camp estris, B2 958

Brochothrix themosphacta, 82 958

meat and meat products, 81273,81275

potltry,B1277 -8

Brodies abscess, BI 693, Bl 7 40, Bl;1 47

Brodimorprim, 81491

5-Bromouracil (5-BU), 81.83

Bronchi, normal microbiot a, 81.302

Bronchiectasis, 81 649

causative organisms, Bl 649

diagnosis, Bl 649, 81 649 (Fig.)

in HIV infection, Bl 645

management, B1..649

Bronchitis

acute, B1.647

chronic, B1 647-9

bacterial infection/exacerbation, 81 648

C hl amy dia pneumo niae infecLion,
B.22075-16

definition, 81 647 -8

in HIV infection, 81645

Nocardis cy riacigeor gica infection,
82 1160-1

pathogenesis, B1.648

therapy, 81 648 9

Bronchopneurnonia

cattle, B2 76534

pigs, 82.1810

Bronopol, 81.427

action of, 81 437 (Tab ), 81.438

Broth dilution susceptibility testing, 81 717

Broviac catheters, infection, 81.391

Brownlee, J,B1336 7

Brucella, B2.I7l9-51

acid environments, 82 7728 9

antibacterial susceptibility/resistance,

B.2.1742

antibiotics, B1 433

tetracycline resistance, B2.1730

trimethoprim resistance, 82 1730

antigens, 82 1725-9

intracellular antigens, 82 1728

in vivo antigens, B2 1728-9

LPS, 82.t7 24-6, 82 17 26 (F ig )
outer membrane proteins, 82.1724,

82 7728

polysaccharides, 82 17 26-8

cellular composition, B2.1723-5

lipids, 82 1724-5

lipoproteins, 82.1724

lysozyme resistance, 82 77234

outer membrane proteins, 82 1724

polysaccharide B, B2.l'7 24, B2.1728
porins, B.2.77 24, B2 17 28

characteristics, 82 7720-7

classilication, 82 1721

restriction enzyme analysis, B2 1729-30

culture, 82 1733-5

biohazard aspects, 82 1733-4

carbon dioxide, 82 1735

dyes, 82 1735

isoerythritol, 82 1734

morphology, 82 n3a, 82.17 3a Fig )
nutritional requirements, 82 1734

pH, B2 7735

selective media, 82.17 34-5, BZ 17 39

species differenti ation, 82.17 3 5

temperature, 82 1735

epidemiology, 82 17 2I-2

sources, 82 1721-2

transmission, 82 7727:2

genetics, 82 7729-31

bacteriophages, 82.17 3C 1, RZ 17 32 ('l ab )
DNA-DNA hybridization studies,

B.21.729

genetic exchange , B2 1730
genome composition, 82 '1729, 82 7730

genome map, 82 1729

molecular cloning, 82.1730

nucleic acid composition, B.2.7729 (Tab.)

plasmids, 82 1730

restriction enzyme analysis, 82 1129-30

RNA analysis, 82 1730

habitats, B2 7727-2

historical perspective, 82 1779-20

identification, serology, 81.757

infection

in cattle s€€ Brucellosis, bovine

in humans see Brucellosis, human

metabolism/biochemistry, B2 1720-1,
B2.1.731.

as aerobes, 82 1731

hydrogen sulfide production, 82 7731

iron-restriction, B2.1728

nitrate reductase, 92.1737

oxidative actiYity, BZ 17 3L,
82 1733 (Tab )

superoxide dismutase, 82 1731

urease, 82 1731

Voges-Proskauer test, 82.77 31.

morphology, B2 77 L9, 82 1723,
B2.fi2a Fig)

differential diagnosis, 82 1723

stains/staining, 82 1723
physical/chemical agent susceptibility/

resistance, 82 1733

disinfectants, 82.1733

heat,B.21.733

reference strains, 82.1744 (Tab )
species, 82 1743-5

see ako individual species

virulence/pathogenicity, B.2.I7 35 43

hosl preferences. 82 1735-6

HtrA stress-induced protein, 82.1736

intracellular g owth, B2.1736

LPS, 82.1736

rodents, 82.1736

superoxide dismutase, 82 1736

survival within macrophages, 82.1736

Brucella abortw, B.2.1727 (Tab )
cellular composition

in v iv o antigers, 82.17 28

outer-membrane proteins, BZ 1724

porins,B.27724

culture

carbon dioxide, 82.1735

dyes, 82.1735

isoerythritol, 82 1734

samples, 82 1735

epidemiology, 82 172L

in cheese, 81.253

in cream, 81248

eradication by country, 82.17 19-20

geographical distribution, 82 1721

genetrcs

bacteriophages, 82 1730-L,
82.1732 ('tab )

nucleic acid composition, 82.1729 (Tab)

glucose metabolism, 81.57

hosts,B.2.171.9-20

infection

camels,B2.1722

in cattle s?e Brucellosis, bovine

in humans see Brucellosis, human

intracellular growth, 82.1736

mastitis, 81230

pathogenesis, 82 1719

LPS,B.2.7725

B. melitensis vs ,82.1725
metabolisn/biochemistry

oxidative metabolism, B21733 (Tab )
respiratory system, 82.1731

morphology, BZ 1.7 20, 82 77 23,
82.17 23 (F ig ), 82.17 za F ig )

reference strains, 82 17.14 (Tab.)

virulence/pathogenicity, 82.1720

host preferences, B.2.1735-6

Brucella canis

characteristics, BZ 1727 (T ab.), 82.1744-5

epidemiology, 82 1720

geographical distribution, 82.1722

genercs

bacteriopha ges, 82 17 30_1-,
82.1732 (Tab.)

nucleic acid composition, 82 7729 (T at:.)

infection, 82 1722

morphology, 82.1720

oxidative metabolism, B2.1733 (Tab )
reference strains, 82 1744 (Tab.)

virulence/pathogenicity, 82 17 20

host preferences, 82 17354

B ruc e lla mais, B.2.17 27 ('l ab.)

Brucella melitensis

characteristics, 82.7727 (Tab ), B21743

in cheese, 81 253
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classification, B2.2027 (Fig )

reference strains, 82 1744 (Tab.)

cdttre, 82 1734

dyes, 82 1735

isoerythritol, 82 1734

samples, 82.1735

epidemiology, geographical distribution,

B.2.1721.

genetics

bacteriophages, B2 77 30-1.,
821732 (Tab )

nucleic acid composition, B.21729 (Tab )

infection

camels,B.21.722

in cattle sPe Brucellosis, bovine

dairy products, 82.1722

goats, BZ 1722

hosts, 82.1719

in humans see Brucellosis, human

intracellular growth, 82 1730

sheep,B2.1722

LPS, 82 1725

A antigen, 82 1725, 82.1726 (Ftg )

B aboftus vs , 8.21.725

M antigen, 82 1725, 82 7726 (Fig )

in milk, 81 231

morphology, 82 I7 20, 82 17 23

outer-membrane proteins, BZ 7724

oxidative metabolism, 82 7733 (T ab )
physical/chemical agent susceptibil i ty/

resistance, 82 1733

virulence/pathogenicity, 82 77 20

host preferences, 82 1735-6

Brucella neotomae

characteristics, 82 7727 (T ab.), 82. I7 44

culture, dyes, 82 1735

epidemiology, B2.1720

genetrcs

bacteriophages, 82.I ' l  30-7,
82 I73z  (Tab )

nucleic acid composition, 82 7729 (Tab )

host preferences, 8.2.1735 6

oxidative metabolism, 82 1733 (Tab.)

reference strains, 82.1744 (Tab )

Bnrcella ovis, 82 1727 (T ab ), 82 17 4+5

culture

carbon dioxide, 82 1735

selective media, 82 1735

epidemiology, 82 1720

genetlcs

bacteriophages, BZ 17 30-1, 82 17 32 (T ab.)

nucleic acid composition, 82 1729 (T ab )

host preferences, BZ 1735-6

metabolism/biochemistry

nitrogen metabolism, 82 1731

oxidative metabolism, 82 1733 (Tab )

in  mi tk ,  81231

morphology, 82 1720

reference strains, 82 1744 (Tab )

Brucella suis, B2 1727 (Tab ), 82 77434

culture, 82 1734

dyes, 82.1735

isoerythritol, 82 1734

genetlcs

bacteriophages, 82 77 30-L,

82 1732 ('tab )

nucleic acid composition, 82 7729 (T ab )

geographical distribution, 82.7720, B.2.1722

infection

cattle, 82 7722

see also Bntcellosis, bovine

intracellular growth, 82 1736

pigs, 82 7722

metabolism/biochemistry

nitrogen metabolism, 82 1731

oxidative metabolism, 82 1733 (Tab )

morphology, 82.77 20, B.2.17 23

physical/chemical agent susceptibility/

resistance, 82 1733

reference strains, 82.1744 (Tab )

virulence/pathogenicity, 82 17 20

host preferences, B2 1735-6

Brucellosis, bov ine, Bl 229

causative or ganisms, BZ 1722

see also Brucella abortus; Brucella

melitensis

epidemiology, B2.L7 21, BZ 77 22

eradication by country, B217L9-20

geographical distribution, 82 1722

intracellular growth, 82. 1736

mastit is, 81230

pathogenesis, 82 1719

Brucellosis, human

chronic, 82 1738

clinical manifestations, B1 744, B21737-8

acute phase,B21737 8

bacteremia, B1 523

bone and joint infection, 81 690-1,

B21738

CNS effects, B2 1738

endocarditis, B1 532, Bf 536, 82.1738

epididymoorchitis, 82 1738

febrile phase, 82 1738

tever, 82 7737-8

focal hepatit is, 82.1738

granulomatous response, B1 741

hyperpyrexia, B.2.7137 -8

splenomegaly, 82 1738

thrombophlebitis, 82 1738

diagnosis, Bl.7 44-5, B2 17 3847

agglutination tests, 81.74,t 5

cell-mediated immunity tests, Bl 745,

B2 1741

complement-fixation assays, B1 745

culture, 81 74.t-5 , BZ 7739

differential diagnosis, 82 1741

exposure history, 82.1738-9

PCR, 82.1739

serology, Bl.7 44-5, 82.fi 3941.

epidemiology

cheese, 81 253

dairy |Iodvcts,827722

geographical distribution, 82 1721

laboratory-acquired, BI 7 60, Bl 7 65,

82 7727, B2 17334

mi lk ,  81  231,  81253

occupational transmission, 82 1727-2

as zoonosis. 82 1721

immune response , 82 7737

cell-mediated responses, 82.1737

humoral response s, Bt.7 M-5, B2 1737

interfercn-y, 82 1737

macrophages, 82 1737

immune response evasion, 82 1736,

B.2173',7

incubation peiod, B2 17 37 -8

pathogenesis, B2.77 36-1

bacteremia,B.2.7737

granulomatous reaclion, 82 1737

infective pr ocess, 82.17 36-7

intracellular habitats, B.2.1737

LPS,B.21737

prophylaxis, 82 17 41--2

contact avoidance, B.2.I7 41-z

vaccine developm ent, B.2.17 42

risk categorization, Bl I 62

treatment, B2.7742-3

chronic, 82 1743

co - trimoxazole, B2.\7 43

doxycycline, 82 17 42-3

rifampicin, 821742 3

tetracycline, 82 1743

BSAC method, antibacterial susceptibility

testing, 81 498
'Bubo,' lymphogranuloma venereum,

B.22012

Buchnera, genome structure , 82 19734

Buchnera aphidocola, 82 1330 (Tab )

possible human infection, 82 1337

Budvicia aquatica, 82 1319 (Tab )

Buffaloes, leprosy, 82.1182

Buffered Charcoal Yeast Extract (BCYE)

agar, Le gione lla culture, 82.1 768,

82.1769,827772

Bulleidia, 82.L028

Bulleirlia extructa, 82.1029 (Tab )

Bundle-foming pil i  (Bfp), Aeromonas,

82 1528

B ur kho lde ria, 82 1607 48

in biodegradation/biocontrol, B2.7612-L3

classification, 82.1607

historical perspective, 82.1607

phytopathogenicity, 81.202

pseudonallei group, 82.1618

Burkholderia ambifara

classification, 82.1609

origins, 82 1608 (Tab.)

Burkholderia andropogonis, 82 1608 (Tab.)

Burkholderia anthina

classification, 82 1609

origins, 82 1608 (Tab )

Burkholderia caledonica, 82 1608 (Tab )

Burkhold.eria capacia complex, 82 1607

Burkholderta caribensis, 82.1608 (Tab.)

Burkholtleria caryophylli, 82 1608 (Tab.)

B urkholderia cenocep acia

classification, 82 1609

genome sequence, B.2.1610

origins, 82 1608 (Tab )

Burkholderia cepacia

B pseudomallei vs , 82 761.8-1.9

chlorhexidine resistance, 81 442

classifi cation, 82 L607 -9



lndex 2101

Bur kholdeia cep acia (Continue d)

in cystic fibrosis, B1.650

nosocomial infection, 81.377, Bl 401 (Tab )
origins, 82 1608 (Tab )
pathogenicity, metalloprotease, 82 1615

waterborne, B1.630-1

Burkholderia cepacia complex, B1 296 (Tab.),
B.2.1607-17

antibacterial susceptibility/resistance,
B2L610-11

antiseptic survival, 82 1610

BcrA multidrug resistance pump,
B2 1610-11

Blactam resistance, 82 1610-11

chloramphenicol, 82 1610

trimethoprim-sulfamethoxazole, B2 1610

cell surface structures, 82 1613-14

cellular l ipids, 82.1613

exopolysaccharides, B2. 1614

flagella, 82.1614

LPSs, 82 1613-74, 82.1617

outer membrane proteins, 82.1613

pili, 82 76-14

classification, 82 1608-9

DNA-DNA hybridization, 82. 1609

recA gene,B21609

restriction fragment length polymorphisms,
B2.1609

tRNA intergenic length polymorphism
analysis, 82 1609

culture, 82 1609 10

selective media, B2 1609 10

in cystic fibrosis, B.2161I-13

cell entry/survival, 82 1616

clinical outcomes, 82 1611

environmental acquisition, BZ 1672-13

genomovars! B.21671 12

infection control measures, 82 1611

prevalence, 82 1611

Pse udomonqs ae ruginos a co-infection,
B2 7677

transmissibil i ty factors, 82 1612

transmission, 82 1611

genomics, 82 1610

genomovars, 82 1609

replicons, 82.1610

isolation/identif ication, 82 1609 10

automated biochemistry assays, 82 1610

ELISA, 82 1613

LPS serotyping, B.2.1613-14

morphology, 82 1609

members, 82 1609

nosocomial infection, 82 1611

pathogenicity, B.21675 77

cell entry/survival, 82 16I5-16

endotoxin, 82 1617

hemolysin, 82 1615

lipases, 82 1615

metalloprotease, B2.1615

quorum sensing, 82 1617

siderophores, 82 1616-17

virulence factors, 82.1615

taxonomy, BZ160l-9

typing, 82 161.t-15

bacteriocins, 82 1614

bacteriophages, 82 1614

DNA analysis, BZ 1614-15

multilocus enzyme electrophoresis,

82.L615

multilocus restriction typing, 82.1,675

PCR, 82 1614-15

plasmids, 82 1615

ribotyping, 82 1674-15

Burkholderia cocovenenans, 82 1608 (Tab )
Burkholderia dolosa

intracellular infection, 82.1615-16

origins, 82 1608 (Tab.)

Burkholderia fungorum, 82 1608 (Tab )

Burkhold.eria gladioli, B.21.607 , B.21.61.7

differential diagnosis, 82.1617

nosocomial infection, 82 1617

origins, 82.1608 (Tab )

Burkholderia glathei, B2 1608 (Tab )
Burkholderiq graminis, 82 1608 (Tab )

Burkholderia hospita, 82 1608 (Tab )
Burkholderia kururensis, 82 1608 (Tab )

Burkhokleria mallei, R2 160'1 ,82.1632-3

antibacterial susceptibil i ty/resistance,
82 1632

antigenic structure, 82 1632-3

LPS, 82.1632-3

as bioterrorist agent,82 1634 5

culture, 82 1632, 82 1634

genomics, 82 1632

B pseudomallei vs , 82 1632

DNA DNA hybridization, 82.1632

infection see Glanders

morphology, 82 1632

origins, 82 1608 (Tab )

waterborne, Bl224-5

B ur kho lde ria mul tiv o rans

classification, 82 1609

infection, in cystic fibrosis, B21,61,1-12

origins, 82 1608 (Tab )
Burkholderia phenazium, 82 1 608 (Tab )
Burkholderia phymatum, 82.1608 (Tab )
Burkholderia pickeltir, nosocomial infection,

81376-7

Burkholderia pseudomallei, RZ 7607 ,
B2 1618-20

antibacterial susceptibility/resistance,

82 1620

ampicil l in resistance, 82 1620

AmrAB-OprA multidrug efflux system,
B27620

clavulanate-sensitive BJactamase, 82 1620

as bioterrorist agent, 82 1634-5

culture, 82.1618-19, 82 1618 (Fig ), 82 1630

flagell in, 82 1614

genomics, B mallei vs ,B.21632

habitats, 82 1618

historical aspects, 82 1618

infection see Melioidosis

isolation/identilication, 82 I6I8-20

B cepacia vs, 82 1618-19

B thailandensis vs, 82 1622

confirmation, 82 1619

culture, 82 1618 19

latex agglutination test, 82 1619

non-culture methods. 82 1619-20

oligonucleotide probes, 82.1619-20

PCR, 82.1619-20

morphology, B.2.161.8, 82.1618 (Fig.)

nomenclature, 82.1618

origins, 82 1608 (Tab.)

pathogenicity, metalloprotease, 82.1615
physical /chemical susceptibility/resistance,

82'1.620

B ur kho lde ria p y no cinia

classification, 82.1609

origins, 82.1608 (Tab.)

Burkholderia sacchari, 82.L608 (Tab.)

Burkholderia stabilis

classification, 82 1609

origins, 82 1608 (Tab )
Burkholderia tericola, 82.1608 (Tab.)

Burkholderia thailandensis, B.2.1,620-6

antibacterial susceptibility/resistance

ampicillin resistance, 82 1621

tetracycline resistance, 82 1621

capstle,82.L622

cell surface structures, 821627-3

cellular lipids, 82.1621

exopolysaccharid es, 82.1.622

flagella, BZ 1622-3

LPSs,82762L-2

outer membrane proteins, 82 1621

classifi cation, B2.1.620-7

clinical isolates, B.2.L620-1.

genomics, B2.1621

LPS genes,82.16222

historical aspects, B2 1620 1

infection

animal models, BZ 7625-6

diabetes mellitus, BZ 7626

intracellular, B2.L624-5

multinucleated giant cells, 82 1625

see a/so Melioidosis

isolation/identifi cation

B pseudomallei vs., 82.7622

ELISA, 82 1621

PCR, 82.1620-1

origins, 82.1608 (Tab.)

pathogenicity, 82 1.624-6

cell entry/survival, B.2.1.62+5

cytokine induction, BZ 76254

extracellular enzymes, 82.1624

siderophores, 82 1624

toxic products, 82 1624

Iyping,B276234

bacteriophages, 82 1623

DNA analysis,B2.16234

DNA probes, 82 1623

multilocus sequence typing, 82 1.6734

random amplifies polymorphic DNA
analysis, 82 1623

ribotyping, 82.1623

vaccine development, 82 1.62I, BZ 1623

B ur kho I d eria ub o ne n s is

classification, 82 1609

origins, 82 1608 (Tab )
B ur kho lde r ia v ietnsmiens is

antibacterial susceptibility/resistance,
B.21.670

classification. 82 1609
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intracellular infection, 82 1615-16

origins, 82.1608 (Tab )

Burns, infections after, 81 385-6, 81.399

Proteus mirabilis, 82 1447

Burulin, 82 1185

Buruli ulcer, emergence, B1 362

Butanediol, formation, 81 55

Butanol, fermentation, 81 55-6

Butchers, erysipeloid, 82.971

Butter, B1 25t)

Buttiauxella

antibacterial susceptibil i ty/resistance,

82 1352 (Tab )

DNA-DNA analysis. 82 1338

Buttiauxella agrestis, 82 1319 (Tab.)

Buttiauxella brennerae, 82.1319 (Tab )

Buttiauxella ferragutiae, 82.1.319 (Ta6 )

Buttiauxella izardii, 82.7319 (Tab )

Buttiawella noackiae, 82 1319 (Tab )

Buttiawella warmboldiae, 82 i319 (Tab )

Butyrate fermentation, 81 55-6

Butyrivibrio fibrisolvens, B1296 (Tab )

Butyryl-CoA, Bl 56

By ss ochlamy s, fruit, 81.283

Cable pili. Burkholderia, 82 7674

Cadmium resistance, 81 114

Staphylococcus,B2794 (Tab ), 82 80,f 5

cagA gene, 82 1570

CagA pathogenicity island, 82 1577

CagA protein, Bl 175

Calcium hydroxide, Bl 4224

Caliciviruses, mollusks, B1 280

Calmodulin, activation of adenylate cyclase

toxin in Bordetella, 82 7797

Calvin cycle, B1 62

C alym matobacteri u m granu lom at i s see

K le b s i e lla granulomatis

Camels, Brucella infections, 82 1722

Camphor degradation, plasmids, B1 114

Campylobacter

antibacterial susceptibility/resistance, B1 433,

82 1548

ciprofloxacin resistance, Bl 363

quinolone resistance, 81 493 (Tab )

antigens, 82 7546, 82 1555

healstable LPS antigens, 82 1546

surface antigens, 82.1546

cell wall composition, 82 1546

characteristics, 82 1543 (Tab ),B21547

chemical/physical agent susceptibil i ty/

resistance, 82 7545-6

classifi cation, 82 1 541 2, B2. 1929

conjugation, B1 103

culture, 82 1543 (Tab ), 82 1544-5

definit ion, 82 1541

flagella, 82 1550-1

in food

meat and meat products, B1273-5

milk, 81231 2, 81.235 (Tab.), 81.238-9

vegetables, B1 282

genetics, 82 1546

habitats, 81 212, Bl 278-79, 82 75 42

historical perspective, 82 7541-2

infection, BZ 1549-51

animals, 82.1550

cell association and invasion, 82.1550

in day-care centers, 81 361

enterit is, 82 1550

periodontal disease, 82 1549-50

reproductive disease, 82 1549

systemic, 82 1549

waterborne, 81.218-19

isolation/identification, 82 1543 (Tab.),

82 7544-8

biochenistry, 82 1547

culture, 82 1547

direct detection in feces, 82 1547

food/environmental specimens, 82 1547

serodiagnosis, B.2.1 54'7 -8

norphology, B2.1544

motil i ty, 82 1550-1

normal microbiota, 81 296 (Tab )

pathogenicity, 82 1549 5'i

physicalichemical agent susceptibility/

resistance, 82.1.545 6

species, 82.1543 (Tab ), 82 1551-3

toxins, 82 1551

typing, 82 1548-9

bacteriophage typing, 82 1549

biotyping, B2 1548-9

genotyping, 82.1549

serotyping, 82.1548-9

virulence factors, 82.1549 51

Campylobacter coli,B.21543 (Tab ), 82 1547

82.1553

ant ibac ter ia l  suscep l ib i l i t y / res is tance.
82 1548

antigens, 82 1546

classification, 82 154L-2

culture, 82 154,t-5

flagella and motil i ty, 82 1551

genetics, 82 1546

habitats, 82 1542

infection

case-control study, B1 316

cell association and invasion, 82 1550

in  pou l t ry ,  B l276,  B lZT l

isolation/identifi c arion, 82 75 47

typing methods, 82 1549

pathogenicity, 82 7549, B.2.1550

Campylobacter concisus, 82 1543 (Tab ),
82 L552-3

cu l tu re ,  82  L5M,B.21547

habitats, 82 1542

isolation/identifi c ation, 82.75 47

pathogenicity, 82 1549-50

Campylobacter cryaerophilia, 82 1553-4

antibacterial susceptibil i ty/resistance,
B.2.1556

typing methods, 82 1556

Campylobacter curvus, 82 1543 (Tab ),
82 7552-3

cdtur e, B.2.L5 44, B.2.1. 54'7

isolation/identifi c atioa, 82 L5 41

pathogenicity, BZ 1549 50

Campylobacter fetus, 82 1543 (Tab ),
B.27551-2

antibacterial susceptibilityiresistance,
B2.1.548

antigens, 82 1546

classification, 82 1542

ctltrlr e, R2.15 42 (F ig ), 82 75 aa-5

genetics, 82.1546

habitats, 82 1542

morphology, 82 1544

pathogenicity, 82.1549

Campylobacter felrs infection, endocarditis,
81.532

Campylobacter (Bacteroides) gracilk,
82 1543 (Tab.), 82 1.547, 82 1 552-3

habitats, 82 1542

morphology, 82 1544

pathogenicity, BZ 1549 50

Campylobacter helveticus, 82.1543 (Tab ),
B2 1553

Campylobacter hominis, 82"1543 (Tab ),
B2.L552-3

Campylobacter hyoilei, 82 1543 (Tab ),
82 1553

pathogenicity, 82 1550

Campylobacter hyointestinalis, 82 1543 (Tab.),
82.1.557-Z

culture, 82 1.544, 82 7547

isolation/identifi c at\oa, 82 L5 47

pathogenicity, 82.1550

Campylobacter jejuni,82.1.543 (Tab ), 82 1547,
B.2.1.553

antibacterial susceptibility/resistance,
B.2"1548

quinolone resistance, Bl 492-3

antigens, 82 1546

classifi cation, B.2.L 5 4"1 -2

culture, 82.1544-6, 82 1544 (Fig.)

flagella and motility, 82 1551

in food

milk, 81.230-1, 81235 (Tab ), Brz3u9

offal,81.273

poultry see below
genetics, 82 1546

habitats, B.2.1.542

infection, B2 1549

case-control study, B1 316

cell association and invasion, 82 1550

Guillain-Barr6 syndrome association,
Br 365

mastitis, Bl 230, 81239

milk-borne, 81.238-9

isolation/identifi c atlon, 82 1547

enzyme immunoassays, 81 751-2

serology and immunoassays, B27547 8

typing methods, 82 1548-9

morphology, 82 1544

pathogenicity, 82 1549, 82 1550

in poultry

chill drying, 81 277

colonization, B1.276

eggs, internal contamination, 81.276

irradiation, B1 278

oral inoculation and single chick
contamination, 81.276

slaughter operations, 81 277
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Campylobacter jejuni

in poultry (Continued)

transportation and transmission, 81 277

siderophores, 82 1551

virulence factors, 82.1550, 82.1551

Campylobacrer lamienae, 82 15a3 (Tab ),
B21557-2

Campylobacter lari,B.21543 (Tab.), 82 1553

antibacterial susceptibility/resistance,

82 1548

antigens, 82.1546

culture, 82.1544-5

habirars, 82 1542

morphology, 82 1544

pathogenicity, 82 1550

typing methods, 82.1549

Campylobacter mucosalis, 82 1543 (Tab ),
82 t552-3

culture, 82 7544, B.2.1547

isolation/identifi catiot, 82 7547

pathogenicity, 82 1550

Campy lob acter nitrofi gtlis, B2.1553-4

Campy lob acter rectus, 82 7543 (T ab ),
82.1552-3

ant igens ,82 .1546

culture, 82 1544, 82 1547

habitats, 82 1542

isolation/identification, 82 1547

pathogenicity, B.2.1549-50

Campylobacter showae, 82 1543 (Tab ),
B27552-3

habitats, 82 1542

morphology, 82 1544

pathogenicity, 82 1549-50

Campy lob acter sp uto rum, 82.7543 (T ab ),
82 1552-3

culture, 82 1544, 82 7547

habirats, 82 1542

isolation/identilic ation, 82 15 47

pathogenicity, 82 1549-50

Campylobacter upsaliensis, 82 1543 (Tab ),
82  1553

pathogenicity, 82 1550

Canada, food-borne botulism, 82 1067

Cancer patients, spinal epidural abscess,
BI 592

Candida

fruit, B1.282, 81 283

as normal microbiota, B1 302

nosocomial infections, B1 403

urine of catheterized patients, B1 679

see a/so Candidiasis

Carulida slbicans

antibacterial susceptibility/resistance, Bl 439
8T444

infection see Candidiasis

reference cultures, 81 29

vegetables, B1 281

Candida dubliniensl; nosocomial infection,
81 403

Candida glabrata, infection

iungemia, B1 523

nosocomial, B1 403

see also Candidiasis

Candida krusei

nosocomial infection. 81 403

see a/so Candidiasis

Caruli.da parapsilosis, infection

fungemia, 81.523

nosocomial, B1.403

,tee dho Candidiasis

Candida (Torulo p s is ) s te llata, frdt, 81.282

Candida tr op icalis, infection

fungemia, B1 523

nosocomial, B1 403

see also Candidiasis

C andidatus, classifi cation, 82 1964,

82 t967-8

C andidatw H e lico bac ter b ovis, 82 1.582,

82 1583

Candidatus Helicobacter suis, 82 7582,

82 1583

Candidiasis, B1 679

fungemia, Bl5224

antibacterial susceptibil i ty/resistance,
B I 5 Z 4

nosocomial, B1.403

epidemiological typing, B1 404-5

spread by contact with staff, 81.378

Canned products

Clostridium botulinum spores destruction
Bl 265-6, 81.270-t, Bl.2'7 5, 8r.283

container integrity, Bl 27 1, Bl 283

cured meats, 81 275

fruit, 81 283

meat and meat products, 81 275

spoilage,B1277,BI283

vegetables, B1 283

Canonical discriminant variates, 81.28

Cantaloupes, B1 283

Cap nocy top haga, 82 7930

antibacterial susceptibilityhesistance,

B27617

characteristics, BZ 1675-7 , 82 1676 (Tab.)

culture, 82 1675 7

habitats, 82 1649-50

infection, 82 7674-5

clinical significance, 82 167 4-5

gingivit is, B1.614

nosocomial, 81 401 (Tab )

isolation/identifi c ation, B2.16'1 5 7

differentiating characteristics,
82 1949 (Tab.)

as normal microbiota, 81 296 (Tab )

species, 82 1930

taxonomy, B276734

virulence factors, 82 1674-5

Capnocytophagq canimorsus, 82 7675-7 ,
827676 (Tab)

antibacterial susceptibility/resistance,

82 7677

classification, 82 1.6734

culture, 82 1675-7

identification, B2 1,67 5J

infections in humans, B21674-5

Capnocytophaga cynodegmi, B2 1,675J ,
B21676 (Tab.)

classifi cation, B2.L67 3 4

identification, 82 767 5-7

Capnocytophaga gingivalis, 82 1676 (Tab )

classification, 82 1673

Capnocytophaga granulosa, B2 1676 ('tab )

classification, 82 1673

Capnocytophaga haemolytica, 82 7676 (Tab )

classification, 82.1673

Capnocytophaga ochracea, 82.1,67 6 (T ab.)

classification, 82 1673

Capnocytophaga sputigena, 82 1.676 ('fab )

classilication, 82.1673

Capsids, 81.140

Capsules,

Aeromonas, B2 1527

Burkho lderia thailandensis, 82.1.622

composition, 8144

Enterobacter, B2.1343

Enterobacteriace ae, 82 133940, 82.1343

Escherichia coli, 82.1343

Haemophilus, 82 7698

Klebsiella, 82 7343

S treptococcus pneumoniae, 81.608-9

Carbacefem, structure, B1.471 (Fig.)

Carbacephems, B1 478-80

structure, 81 479 (Fig )

see also specific types

Carbanilides, B1 428

Carbapenemases, Bacteroidesl Prevotellal

Porphyromonas, BZ 1936

Carbapenems, B1 478-80

resistance, 81 478-80

verona imipenemase, 81.478-80

resistance to, 81 478-80

spectrum of activity

Eikenella corrodens, 82 1668

Klebsiells, 82 7480

Proteus,B274434

Vtbrio, 82 7574

structure, 81 471 (Fig ), Bl a79 (Fig )

see also specific types

Carbenicillin

history, 81.473

pharmacology, B1.475

spectrum of activity

Citrobacter, B.21.476

Enterob acter, BZ 7484-5

E s c heric hia, 82.1369 -:7 0

Ewingella, 82 L493

Kluyvera, B2 1494

Leclercia, 82 1.495

Leminorella, 82 7496

structure, 81 a74 (Fig )

Carbohydrates

bacterial, 81.42

Bifdobacterium bifdum metabolism,

B27027

B orye liq metabolism, 82. 1827-8

Pseudomonas metabolism, 81 59-60

Carbon compounds

five-carbon, metabolism, 81 57

one-carbon incorporation into cellular

material, 81.61-3

Carbon cycling, soil bacteda, 81 199-200

Carbon dioxide

antibacterial properties, Bl 430

in atmosphere

fruit, 81 283

poultry, 81 277-8
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Carbon dioxide

in atmosphere (Continued)

vegetables, 81 282

B ruce lla cultur e, B.2.17 3 5

fixation, 81 61-3

Calvin cycle, 81 62

other pathways, 81 62

reductive TCA cycle, 81 62

formation in glucose fermentations, B1 54,
B1.58

methane formation, B1.68

N e is s e riq cultur e, 82 727 4-5

Carbonic anhydrase production, Neisseria,

B.21.270

Carboxypenicillins, Proteus, 82 14434

Carcinogens, nitrosamines formation, 81.200

Cardiac disease, Whipple's disease, 82 999

Cardiac surgery, infections after and
prevention, Bl 385

Cardiac toxicity, diphrheria, 82 985

Cardiobacteium

antibacterial susceptibil i ty/resistance.
B21672-3

habitats, 82 1649 50

Cardio bacterium hominis, 82.16'7 1,-3

antibacterial susceptibil i ty/resistance,

82 1672-3

characteristics, 82 1668 (Tab ),B.21672

classification, 82.1671

culture, 82 1672

identif ication, 82 1672

infection

clinical signil icance, BZ 167 | -2

endocarditis, B1 532

infections, 82 1617-2

as normal microbiota, 81296 (Tab )
taxonomy, 82 1671

Cardiovascular syphil is, 82 1855,

B2.18ss (Tab )
Carotid artery stenosis, Chlamydia

pneumoniae infection, 82 2016

Carriers, B1.310, 81 338

Carri6n's disease, 82 1888 91

clinical manifestations, 82 1888-9

immunosuppression, 82 1888-9

diagnosis, 82 1889-91

culture, 82 1889-90

histopathology, 82 1890-1

PCR, 82 1890

serology, 82 1890

dormancy/latency, 82 1889

geographical distribution, 82.1888

historical perspective, 82 1885

pathogenesis, B2.1891

in pregnancy. 82 1889

seroprevalence, 82 1889

transmission, 82 1888

treatment, 82 1891

public health control measures, 82 1889

see also Otoya fever, Verruga peruana

Case clusters. adverse reac(ions to vaccines,
81325-6

Case-control studies, 81 315-16, 81 315 (Fig )

adverse reactions to vaccines, Bl325-6

b ias ,  81  316

disadvantages, B1 316

outbreak investigation, B1.330

statistical analysis, B1.316

vaccine efficacy, Bl 32+5

Case definition, in outbreak investigation,

Bt327

Case-finding

infection control, B1.347

nosocomial infection surveillance, 81 405,

81406 (Tab )

Case identif ication, outbreaks, BL3Z7-8

Case series analyses, adverse reactions to

vaccines,8'.3254

Catabolite control protein (CcpA), 81.73-4

Catabolite gene activator protein (CAP),

Bt.73

Catabolite repression, 81.72-3

Escherichta coli and other enteric bacteria,

Bt73

mechanisms, 8173

role of phosphoenolpyruvate

phosphotransferase system, B1.50,

Bt73

Catabolite-responsive elements (CRE),

8t734

Catalase(s)

conditions in soil, 81 196-7

Helicobacter pathogenicity, 82 1576

Porphyromonas identification, 82.1924 (Tab )

Prevotella identification, 82 1924 (Tab )

Catalase-negative gram-positive cocci,

82 883 (Tab )

Cataracts

nosocomial infection, 81.386

Spiroplasma, B2.7966

Cat bites see Bites

Catfish (Pangasius hypophthalmus), Bacillus

infection, B2 944

Catheters

colonization, B1 391

prevention, 81.391

infections associated, Bl 388

bacteremia, B1 510, 81.512-13

elderly, Bl 394

Gordaniq sputi, 82 71.52

G o rdania te r rae, B2.1 1 52 3

prevention, 81 388

rapidly growing mycobacteria, 82 1250,

82 7253, 82 7255, 82 7261

urinary, 81 674

cultures, B1 679

infection, 81 388

sample collection, B1 677

unacceptable specimens/deprecated
procedures, 81 679

Cation exchange capacity (CEC), clay soils,

81 196

Cats

Bartonella henselae reservoir, 81 536

bites see Bites

leprosy, 82.1182

Cat-scratch disease

clinical manifestations, 82 1891-3,

821892 (Fig ), 82 1893 (Tab )

disseminated, BZ 7892-3

fever of unknown origin, 82 1892-3

lymphadenitis, 82 1891

neurology, 82 1892

octrlat, BZ 1892

regional lymphadenopathy, B2 I891.-z

diagnosis, B.2.1.894-8

biochemistry, 82.1895

culture, 82 1895

histopathology, 82.1898

PCR, 82.1895-7

differential diagnosis, 82.1891

epidemiology, 82 1891

histor ical  perspecl ive.  82 i89 '

serology, B.2.1.897-8

treatment, 82 1898-9

Cattle

abortion, B2.1549

actinomycosis or 'lumpy jaw,' 82.1018

botulism, B2 1074

bronchopneumonia, 82 76534

campylobacter mastitis, 82.1550

Escheichia coli, 01.57 :H7 reservoirs,
B1274

Johne's disease, 82 1182

listeriosis in,82.963

mastitis, 81 230, Bl 239, Bl 243-5

Arcobacter, BZ 7557

Campylobacter, B2 7550

pathogens

Ac t ino b ac i I I us I i g nie re s ii, B2.I 665 4

Brucella, 81.229, Bl 536

Campylobacter, B2 1549

M annheimi a haemo ly tica, 82 165 4

Mycobacterium bovis, 82 7200

M y cob acterium parstuberculosis, 82 7782

Pas teurellq multocitla, B2 1.6534

pneumonic pasteurellosis/shipping fever,
B.27654

septicemia, hemorrhagic, 82.L653-4

tuberculosis, B1 229

waterborne bacteria, BI 212, Bl 2I8,
81.2234

wooden tongue disease, 82 1665-6

cblA, Burkholderia infections in cystic fibrosis,
82.1.672

CDC Coryneform group F-l bacteria,
82 981 (Tab.), B.2.982 (Tab),B.2990

CDC Coryneform group C bacteria.
82 981 (Tab ), 82.982 (Tab ),B.2.990

CDC group EF-4 (eugonic fermenter 4),
BZ 1.67 8-9, Bz L679 (T ab )

cea gene, 81 138

Cedecea, B.2.).490-7

antibacterial susceptibility/resistance,
B.2L497

intrinsic, 821352 (Tab )
biochemistry, 82 1491

characteristics, B.21490-1, 82.1491 (Tab )
culture, 82 1491

definition, B.21.490_1.

habitats, 82.1491

pathogenicity, 82 1491

16S r-DNA sequencing, 82 1338

Cedecea davisae, BZ 7490-I

biochemical tests, 82 1319 (Tab )
characteristics, R2 1497, 82 1a91 (Tab )
habitats, 82 1491

Cedecea lap agei, B.2.7490 1.

biochemical tests, 82 1319 (Tab.)
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Cedecea lapagei (Continued)

characteristics, BZ 7491, 82 1a91 (Tab.)

Cedecea neteri, 82 \490-1

biochemical tests, 82.1319 (Tab )

characteristics, 82 1491 (Tab.)

habitats, 82.1491

Cefaclor

development of, 81 478

H a emo p hi lus, 82.11 02 (T ab )

structure, Bla77 Fig.)

Cefamandole

pharmacology. 81 478

structure, Bl.q7 Fig)

Cefazolin, 81 477 (Fig ), 81 478

Eikenella corrodens, 82 1668

Pasteurella multocida, 82 7655

Cefbuperazone, development of, Rl 476

Cefepime

E nt e r o b a c t e r, 82 I 484-5

spectrum of activity, 81 a99 (Tab )

Cefixime

development of, 81.478

structure, 81.477 (Fig.)

Cefmetazole, Bl 476

Cefminox, 81476

Cefodizime, 81477 (Fig )

Cefoperazone

pharmacology, B1 478

spectrum of activity

melioidosis, 82 1631 (Tab )

P as te ur e I la mubo cidq, 82.165 5

structure, Bl 477 (Fig.)

Cefoperazone-sulfabactam, melioidosis
treatment, 82 1631

Cefotaxime

development of, 8147G8

intracranial abscess, 81 588

pharmacology, blood-brain barrier, B1 478

spectrum of activity, 81 499 (Tab )
B orrelia, 82.1831 (Tab.)

Entero b ac te r, B2 L485 -6

Haemophilus, B.21702 (Tab )
Klebsiella, 821480

P as teur e I la mubo cida, 82.1655

Vibrio, 82 1514

structure, 81 477 (Fig )

typhoid f ever Ir ealmenf. 82 7 476

Cefotetan

development of, 81 476

Klebsiella, B.2.1480

pharmacology, B1 478

Cefoxitin

Eikenella coruodens, B2 7668

Klebsiella, 82 7480

Cefpirome, Enterobacter, B.2.748+5

Cefpodoxime, B1.478

Cefriaxone, gonorrhea treatment, 81 661

Cefsulodin

development of, Bl 476-8

structure, 81 a77 (Fig.)

Cefsulodin-Irgasan-novobiocin (CIN) medium,
82.7463

Ceftazidime

intracranial abscess, B1 588

melioidosis treatment, B2 1631,

82 1631 (Tab )

spectrum of activity

Enter o b acte r, B2.\ 484-6

Klebsiella, 82 7480

Pasteurella multocida, 82 1655

structure,B1477 (Frg)

Ceftibuten, B1 478

Ceftiofur, Pasteurella multocitla, 82 1655

Ceftizoxime

Pasteurella muhocida, 82 1655

structure, 81.477 (Fig )

Ceftoxitin, structure, 81 a77 (Fig )

Ceftriaxone

osteomyelit is, 81.698-9

pharmacology, Bl 478

blood-brain barrier, B1 478

spectrum of activity

Ac tino b ac i I lus actino my c ete mc o mi I a ns,

B21664

B acillus ant hracis, 82 931 -B

Borrelia, 82 1831 (Tab )

Haemop hilus, 82 17 02 (T ab ). 82 17 1.0

Nocardia, 82.L1.45, 82 1.765 6

structure, 81 a77 (Fig )

in syphilis, 82 1857-8

typhoid fever treatment, 82 1416

Cefuroxime

development of, B1 476 8

spectrum of activity, 81 499 (Tab )

B acillus anthracis, BZ 937 -8

Borrelia, 82.1831 (Tab.)

Ente rob acter, B2.L48+5

Haemophilus, 82 7702 (Tab ),
82.1703 (Tab.)

Klebsiella, 82 1480

Pasteurella multocida, 82 1655

structure,B1477 (Fig)

Celery 'pink rot, ' Bl 281

Cell-cell fusion, B1 98

Cell density-dependent gene expression, B1 72

Cell division, regulation, B1 48

Cell envelope, Enterobacteriaceae, B2.7340 7

Celf mediated immune response

defects/dysfunction, respiratory infection,

Bt.626

human brucellosis, BZ 1737

melioidosis, 82 1630

tests of, brucellosis diagnosis, 81.745,

82 774L

Cellobiose fermentation

Enterobacteriaceae identil ication,

82 1319 (Tab )

Porphyromonas identification, 82 1924 (Tab )

P rev otella identification, 82 1,924 ('t ab.)

Cellulitis

anaerobic, 82 1112

clostridial, 82.1112

Erysipelothrix rhusiopathiae causing, 82 971

Cellulomonas, 82 992

biochemical characteristics, 82 993 (Tab )

chemolaxonomic characleristics,

82 978 (Tab )

disease associations, 82.981 (Tab )

habirats, B2 978

Cellulose-degrading enzyme systems,

81 199-200

Cellulosimicrobium

biochemical characteristics, 82.993 (Tab.)

chemolaxonomic  charac ter is t i cs ,

82 978 (Tab )

habitats, 82 978

Cell walls

antibacterial agents, Bl 436

archaea,BI.44

chemotaxonomy, 81 24

composition, 81 42-3

peptidoglycans, B1 42-3

fungal vs , Bl 444

gram-negative b acteria, 81.442

composition, Bl 43, 81.44

gram-positive bacteria, Bl 44L-2

composition, B1 43

historical aspects, 81.12

structure,

periplasmic space, Bl 43

see also individual species

Centers for Disease Control and Prevention

(cDC), 81.29, 81 319

bioterrorism categories, B1 364

B o r r e lia detect\on, 82 7829

emerging infection, B1.365

Centipeda periodontii, B1.296 (Tab )

Central neruous system (CNS), Whipple's

disease, 82.999

Central nervous system (CNS) infections

children see Children

Ch I amy dia pneumoniae, 82 2017

Clostridium leranl neurotoxin action,

B.2.1.065

Eikenella corrodens, 82 1667

human brucellosis, 82 7738

intracranial abscess see Intracranial abscess

intracranial epidural abscess see Subdural

empyema

Mycop lasma pneumoniae pneumonia,

B1.634

Nocartlia farcinica, BZ 7161-2

Pasteurella multocida, 82 7654-5

spinal epidural abscess see Spinal epidural

abscess

subdural empyema ree Subdural empyema

Central venous lines

contamination, 81 393

s€e aho Catheters

Cephalexin

development of, B1.478

spectrum of activity, 81 499 (Tab )

B acil lus anthr acis, 82 937 -8

structure, BI 477 (Fig.)

Cephaloridine, 81 476

Citrobacter, 82 1476

Leclercia, B2.L495

Cephalosporins, B1.47G8

antibiotic-associated diarrhea due to,

B.27120

classification, 81.476, BI476 (Tab )

CNS infection

intracranial abscess, B1 588,

81589 (Tab )

subdural empyema, 81 591 (Tab )
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Cephalosporins (Continued) lumbar puncture,81.557 8 Chil l ing food,81.269-:10

development of, 81 47G8 mrcroscopy, 81 559 crustacea, 81.279-80

gonorrhea treatment, 81 661 normal microbiota, Bl 305 microbial growth effect, 81 264

Haemophilus influenzae type b (Hib) protein, 81 558-9 offal,B1273
meningitis, 81 5'134 shunts, infection, 81 392 poultry carcass, 81 277

mode of action, Bl 476 Cervical cancer, Chlamytlia trachomatis preservation, 81 268 (Tab ), B1269-70
oral, 81.478 infection, 82.2013 vegetables, 81 281
parenteral, 81.476-8 Cervical lymphad enitis, Mycobacterium avium see also Freezing
pharmacology, 81 478 complex causing, 82 1208 China, food-borne botulism, 82 1067

blood brain barrier, Bl 478 Cervicitis, Chlamydia trachomatis infection, Chlamydia,82.2006-25
excretion, 81 478 822010 

anhbacterral susceptibil i ty/resistance,
pharyngitis treatment, Bl 6l l Chancroid, B16634 BZ.20Z0

in pneumococcal meningitis, 81 571 causative agent, 82 1709-11 erythromycin, 82 2020

resistance see also Haemophilus ducreyi in vitro tests,B2.2020

Brucella, B2 1742 Hlv-infection with, 81.663 4 macrolides. Bl.4g6 7

Neisseria gonorrhoeae,81667 therapy, 81 664 5 quinolones, Bl 492

spectrum of activity transmission, 81.663 4 Ie:lacycliae,B'z}}Z}

Actinobacillus actinomycetemcomitans, Channel catfish (Ictalurus punctatus), Bacillus genetics, 822008-9
82.1664 mycoides infection, 82.944 historical perspectives, 82 2006

Aeromonas, 9215324 Chaos, RllT-8 assays, 82 2006
Bacil lus anthracis,82937-8 Chaperones, 81.47 cell culture. 82 2006
Borrelia,82"1830 protein folding regulation, 81.47 discovery, 82 200o
Campylobacter, 82 1548 protein secretion, 81 47 infection see below
Cardiobacterium hominis, 82 16721 Cheese, 81 251-7 reproductive cycle, 82 2007_g,
Citobacter, 82 7476 defects and spoilage, 81 252 B2.200S (Fig )
Eikenella corrodens, B.2.1668 bacterial toxins, Bl 252 elementary body,B2}007-9,
Enterobacter, 82 1484-5 fungal toxins, 81 252 82 2008 (Fig )

Hafnia,B21493 microbiological quality control, B1256-7 reticulate body, 82.2007-8

Klebsiella, 82 1480 pathogenic bacteria in, BI.Z5Z 6 structure

Listeria,82957-8 see also individual species LPS,82.2008-9, 82.2019

Pasteurella multocida,821655 Chelating agents, Bl.42g major outer membrane protein,

Proteus,B27441 3 chemical agenr susceptibil i tyhesistance, 
B22o0u9

Serratia,821488 9 Bl.4Zt4S taxonomy,822007,82.2007 ('lab)

structure, Bl 476, RI 477 (Fig) see also individual species; specific agents see also individual species

third generation, epiglottit is treatment, Chemical pollutants, bioremediation, Chlamydiaceae, 82 2007

81613 RIZO12 Chlamydia infection

see also specifc types Chemical preservatives, 81.267-8, body fluid antichlamydial activity,B2.2l2l

Cephalothin,81.476 81.268 (Tab ) conjunctivit is,81600

Kluyvera,821494 Chemiosmotic driven transport systems, 8149 cystit is, 81.678

Leminorella,821496 Chemostats, 81.41-2 diagnosis, BZZ077-20

Moellerella, 82 1496 cell populations, Bl 41-2 anribody detection, 81 753

Pasteurella muhocida,821655 growth rates in, 81.41 culture, 82.2017-18

structure, 81 477 (Fig ) Chemosterilants, BL.4ZI_Z Doctor,s office tests, 82 2019

Cephamycin, 81 471 (Fig ) Chemoraxis, proteus swarm cells, 82 1438-9 ELISA, 82.2006, 82.2018

Cephem, 81 471 (Fig ) Chemotaxonomy,Bl.22 (Tab.),81.2a, genotyping, 82.2018

Cephradine, 81477 (Fig) Rl32 3 microscopy, 82.2017

Ceramic filters, 81 453 'Chemotypes,' Salmonella O antigen, nucleic acid tests, 82 2018-19

cereals, 81 283-6 821401-2 see also polymerase chain reaction

fungal spoilage, 81 284 Chicken embryo ctltve, Coxiella bumetii, (PCR)

nutrients and spoilage, 81.267 822073 ribosomal tests, 82.2018-19

Cerebral atrophy, in syphilis, 82.1843 Child abuse, Neisseria gonorrhoeae typing, serology, R1.753,82.207gt0

Cerebral capil lary endothelium, 81.557 
81662 

serotyping,82.2018

cerebral manifestations, infective endocarditis, 
Child care centers' bacterial infections' 81 361 

endocarditis, 81.533-4, 81.537

B1 535 Children 
immune resDonse . B2.2o0g

Cerebrospinal fluid (CSF) bacteremia, blood cultures, 81 513 anti-heat shock protein antibodies,
bacterial antigen detection, 81.559 bacterial infection emergence, 81 361 B2.2OO9

bacterial cell counts, Bl 55g CNS infection proinflammatory cytokines, B2 2009

bacterial meningitis bacterial meningitis, 81 557-8, 81 567 T-cell response, 82 2009

development/pathogenesis, Bl55G7 intracranial abscess, 81 582, Bl 583 keratit is, 81.601-2

diagnosis, 81 557-9 spinal epidural abscess, 81 593 pathogenesis, 82.2009

biochemical analysis, 81.558-9 subdural empyema, 81.590, 81 591 serovar differences,R2}}O9

blood glucose ratio, 81 558-9 RSV infection, 81 400 screening, B22O2l-z

culture, 81 559 tuberculosis, 821200 1 asymptomatic individuals, 82 2021

Aeromonas isolation, 82.1531 urinary tract infections prevalence,Bl6T2 partner notification,R22O2l,

examination, Bl 557-9 see also Infants samDles. 82.2021
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therapy,B2202G'1

Chlamydiales, B2.2007

Chlamydia pneumoniae

genetics, 82 2009

infection see below

ln rlrro culture, B.22017 (Fig ), 82 2018

taxonomy, B2 2007, 82 2001 (T ab )

Chlamyd ia pneumoniae infectton, 82 2075-77

apoptosis prevention, 82 2009

clinical conditions, 82 2015-17,
82 2015 (Tab.), B.22016 (Tab.)

aortic stenosis, 82 2016

arteriosclerosis, 82 2076-17

asthma, 82 2016

atherosclerosis, 81 365

carotid artery stenosis, 82 2016

chronic bronchitis, 82.2015-16

chronic obstructive lung disease, 82 2016

CNS infection, 82 2017

coronary heart disease, 82 2016

endocardiris, 81 533

inflammatory bowel disease, 82 2017

myocardial infarctions, 82 2016

pneumonia, 82 2016

PNS infection, 82 2017

respiratory tract infection, B.22015 16

epidemiology, B2.2015

developing countries, 82 2015

differences by country, 82 2015

historical perspectives, 82.2006, 82 2015

serology, B1 753

rherapy, 82.2027

roxithromycin, 82 2021

salicylic acid, 82.2021

Chlamydia psittaci

historical perspectives, 82 2006

in v i tr o ctltur e, 82.2018

taxonomy, 82 2007, 82.2007 ('l ab )
Chlamydia psittaci infection, B2 201,+75

in animals, 82 2015

avian,822014

non-avian, 82 2014

clinicaf condil ions, BZ 201 4-15,

82.2014 (Tab)

abortion, 82 2015

conjunctivit is, B2 2015

endocard i t i s ,  81 .533,  B l  536

placentit is, 82.2015

pneumonia, BZ2014-\5

epidemiology, B2.2014

risks in culture, 82.2008

serology, Bl 7 53, B2.2020

therapy,B22027

Chlamydia trachomatis

antibacterial susceptibility/resistance,

81.499 (Tab ),B.22020
genetics, 82 2009

cryptic plasmid, 82 2009

historical perspectives, B2 2006

in v it ro ctlttre, 82.2017 -1.8, 82 2077 (Fig.)

major outer membrane prolein, R2 2O07

molecular detection, BL723 (Tab)

hybrid capture assay, 81 731

probe hybridization, 81.725

transcription-mediated amplification,
B1729-30

serovars, B2.2007

infectivity differences, 82.2009

major outer membrane protein
differences, 82 2018

taxonomy, B2.2007, 82 2007 (T ab.)

C hlamy dia tachomatis infection, B2 2009-74

clinical syndromes, 82 2010-14,
82 2010 (Tab )

adverse pregnancy outcomes, 82 2011

arthriris, 82 2013

cervical cancer, 82.2013

cervicitis, 82 2010

conjunctivitis, Bl 599, 82 Z0 12,
82.2012 (Fig ), 82 20'13, 82 201.3 (Fig )

ectopic pregnancy, 82 201 I, B.2.201.9-20

endomerriris, 82 2010-11. 822011 (Fig)

epididymitis, 82 2012-L3

in vitro fertilization effects, 82 2012

kerariris, 81 601, 81 602

lymphogranuloma venereum see be low

neonatal infections, 82 2013

neonatal pneumonia, RZ 2072 (Fig.),
B2.2013,822019 20

nongonococcal urethritis. 82 2011

perihepatitis, R22070-1.1, 82 2011 (Fig )
post-abortion pelvic inflammatory disease,

B22072

postgonococcal urethritis, 82 2011

proctitis, 82 2072-13

salpingitis, 82.2010-1 1, 82 2011 (Fig )
tubal factor infertility, 82 2070-77

uveitis, 82.2013
vaseitis, 82.2012 13

epidemiolo gy, BZ 2009 -10

asymptomatic carriers, 82 2009-10

by country,B22009 10

prevalence, 82 2009-70

risk factors, 82 2010

youth, 82 2010

lymphogranuloma venereum, 82 2006,
B.22012

serology, B1.753

serology, Bl 7 53, 82 2019 -20

thenpy,82Z0Z0-I

amoxicillin, 82 2021

azithromycin, 82 2018

clindamycin, B2 2021

guidelines, B2 2021

protein inhibitors, 82 2020

quinolones, 82 2021

see also Trachoma

Chlamydiazyme ii, R2 2006, 82.2078

Chlamy dop hila p neumoniae, pharyngitis,
8t.61.7-72

Chlamy do p hila psiltacr, pharyngitis,
Bl6tl-r2

Chloramine, 81424

Chloramphenicol, 81.482-5

intracranial abscess, B1 588

melioidosis treatment, 82 1631

mode of action, 81 484

Oroya fever treatment, 82 1891

pharmacology, 81.484
plague, 82.1466

resistance, B1 484

Bacteroides, 82.1.930-7, 82 7935

C o xie lla burnetii, 82.2077 -8

Enterococcus, BZ 891-2, 82.892 (T ab.)

P orphyromonas, 82 7930-L, B2.1.935

Prevotella, 82.L930 1, B2 f935

spectrum of activity, Bl4824,

81499 (Tab )

Actinomyces, B.21077

Burkholdeia cepacia complex, 82 7610

Campylobacter, B2 1548

Cardiobacteium hominis, 82 1672-3

Ciftobacter, 82 7476

Enterobacter, 82 748+5

Ewingella, B21.493

H aemop hilus, B2 17 02 ('I ab.), 82.1703,

B27704

Klebsiella, 82 1480

Leclercia, 82.7495

Listeria, 82 956-8

Moellerella, B.2I496

Pasteurella muhocidn, 82 1655

S tap hy lococcus, 82 794 (T ab )

S t re p to co ccus, 82.86I-2

Vibrio, B21.51.4

Yokenella, 82 1498

structure, B1.4824, B1.484 (Fig.)

toxicity/side effects, 81 48.1-5
'gray baby' syndrome, 81.485

irreversible aplastic anemia, B1 484-5

typhoid fever, 82 7415-76

Chlorbutanol, B1 427

Chlorhexidine, 81 426

fungal infections, 81 439

handwash, 81.378, Bl 7 66

Actinetobacter contamination, 82 1303

irrigations, catheter insertion into bladder,

81 388

Klebsiella, 82.7480

membrane permeabil ity, 81.438

resistance, 81.442, Bl 443, Bl 444

Serratia, B2 1489

Chlorine dioxide, 81.424

Chlorine gas, 81 430

Chlorine-releasing agents (CRAs),

81.423 ('Iab),B1424

action, 81 437 (Tab ), 81.440

N-Chloro compounds, 81 424

Chloroform-methanol residue vaccines,

Q fever,B22O75

5-Chloro-N-methylisothiazol-3-one (CMIT),

Bl.4Z7

Chlorotetracycline, structure, 81.485 (Fig )

Chlorotetracyline, Coxiella burnetii resistance,

82.2077-8

Cholecystectomy, bacteremia after, B2.LL72

Cholera

bottled water, 81.216

emergence and resurgence

ecological changes encouraging, 8I.362

human migration, B1360

public health infrastructure breakdown,

8t364

epidemics, London (1854), 81 335,

81.336 (Fig )



21 08  Index

Cholera (Continued)

historical perspective, 82 1318-31

transmission, B1335, 81.336 (Fig )
'r ice 

water' stools, 82.1516-17

toxins, Escherichia coll enterotoxin ys,

82 1375

vaccine development, B1 335

Cholera toxin (.CT), R2 ).517 -20

animal models, 82 1518

bacteriophage-encoded, 82.1511, R2 1512,
82 .1518

genes,  82  l5 l8

secretory effect, 82 1518

structure, 82 1517-18

Cholesterol, mycoplasmas, 82 1,969-7 0,
82.1975-6

Choline binding protein Am (CbpA), Bf 627

Christie-Atkins Munch-Petersen (CAMP)

test, 81 668

Chromobacterium

habitats, 82 1649-50

waterborne, B1 211

C hromob act e riu m v iolac e um, 82 1 67 9-a1

antibacterial susceptibil i ty/resistance,
82.1680-1

characteristics, 82.1680, 82 1680 (Tab )
geographical distribution, BZ 1 679-80

infection, 82 1680

Chromopeptides. P s e udo monas, 82 1596

Chromophores. agglutination tests, B1 748-9

Chromosome mobil izing abil ity (cma),

conjugation, B1 101

Chromosomes

muttiple, B146

mutation, quinolones resistance, Bl 492-3

rearrangements, mycoplasmas, 82 1982

replication, 81.46

S almonella molecular typing, 82.1410-1 1

see a/so Genetics

Chronic bronchitis see Bronchitrs

Chronic gastritis, Helicobacter pylori infection,
82 t564-5, 82 1578, 82 t579

Chronic granulomatous disease (CGD), B1 741

Chronic lead poisoning, EDTA, Bl 428

Chronic obstructive pulmonary disease
(coPD),8r647-9

Chlamy dia pneumoniae tnfeclion, R2 2076

Chlamydia tachomatis infection, 82 2013

pathogenesis, 81 648

therapy of bacterial infection, 81 649

Chronic sinusitis, B1.615

Chronic suppurative otit is media, Bl 617

Chymotrypsin, 82 1924 (Tab )

Ciguatera fish poisoning, B1 280

Cilastatin, structure, 81 a79 (Fig )

Cil ia

dyskinesia, B1 626

epithelial cells, 81 176

Cinnamon,81.287

Cinoxacin, structure, B1.a9a (Fig )

Ciprofloxacin

cat-scratch disease treatment, 82.1898-9

formulations, B1.493

osteomyeliris, 81 699

resistance, 81 444

N eisseria go noruhoeae, Bl 66L,
82.1292 (Fig.)

Salmonella Typhi, 82 1416

spectrum of activity, Bl 492, 81 499 (Tab )

B qc i I lus anthrac is, 82.938

Boruelia,B21831 (Tab )

Enterobacter, 82 1 484-5

Haemophilus, B.21702 (Tab ),
82 1703 (Tab ), R2 I77O

Listeria, 82 957 -8

Nocardia, 82 1145, 82 7165-6

Rahnella,827497

S almone lla Paratyphi A. 82 7 421

structure, Bl a9a (Fig )

tularemia treatment, 82 1755

typhoid fever, 82 1416

Cirrhosis, Pasteurella multocida infection,

B.21.654-5

Cistern waters, B1.215, Bl 216 (Tab )

Citric acid, B1422

C itro bacter, B2.1 47 4-6

antibacterial susceptibil i ty/resistance,
B2.t4',76

biochemistry, 82 147 5-6

characteristics, 82 1474

classification, B2.147 +5

DNA-DNA analysis, 82 1338

culture, 82 1475

definition, 82 1474

habitats, 82 1476

H antigen, Sslmonella vs , 82 1402

infection

intestinal, 82.1347

keratit is, 81.601

nosocomial infection, 81 398 (Tab.)

isolation/identif ication

historical perspective, 82 1351

screening tests, B2.1349 (Tab.)

typing methods, 82 1476

morphology, 82 1475

as normal microbiota, 81.296 (Tab.)

pathogenicity, 82 1476

species, 82.1474-5, 82 1475 (Tab )

species 9 see Citobacter rodenttum

species 10 see Citrobacter gillenii

species 11 see Citrobacter murliniae

waterborne, 81.227-3

Citrobacter amalonaticus, 82 1.47 5

antibacterial susceptibility/resistance,

B2.7476

intrinsic, B.2.1352 (^t ab.)

biochemical tests, 82 1319 (Tab )

biogroup I see Citrobacter farmeri

characteristics, BZ 747 54, 82 147 5 (T ab )

classification, 82 1475

typing methods, 82 1476

Citro b ac t er b r aa kii, 82.74'7 5

biochemical tests, 82.1319 (Tab )

characteristics, 82 747 54, 82.1a7 5 (Tab.)

classification, 82 1475

Citrob acter div ersus, BZ 747 5

antibacterial susceptibilityhesistance,
B.2.1476

inrrinsic, 82 1352 (T ab.)

biochemical tests, B2 1319 (Tab )

characteristics, 82 147 5 (Tab )

classifi cation/nomenclature, 82 1337 -8,

B.27475

nosocomial infection, 81 398 (Tab )

pathogenicity, 82 1476

typing methods, 82.1476

Citrobacter farmeri, 82 1.47 5

biochemical tests, 82 1319 (Tab )

characteristics, 82 I47 5 (' l  ab )

classification, 82 1475

Citro bacter freundii, B.2.1 47 4

antibacterial susceptibility/resistance,

B.21476

intrinsic, 82 1352 (Tab )

biochemical tests, 82.1319 (Tab )

characteristics, B.21475-6, 82 1a75 (Tab.)

infection, B1.250

intracranial abscess, 81.585

nosocomial infection, 81.398 (Tab )
pathogenicity, 82 1476

typing methods, 82 1476

waterborne, B1.220

Citrobacter gillenii

biochemical tests, 82 1319 (Tab )

characteristics, BZ 1.47 5 (Tab )

classification, 82 1475

Citro b ac t er inte me dius

biogroup a see Citrobacter amalonaticus

biogroup 6 see Citrobacter diversus

Citrobacter koseri see Citrobacter diversus

Citrobacter murliniae

biochemical rests, 82.1319 (Tab )

characteristics, 82 7475 (Tab )

classilication, 82 1475

Citrobacter rodentium

biochemical resrs, 82.1319 (Tab )

characteristics, 82 747 5 (Tab )

classification, 82 1475

Citrobacter sedlakii, 82 741 5

biochemical tests, 82.1319 (Tab )

characteristics, 82 147 5 (Tab )

classification, 82 1475

C itrobacter wer kmanii, 82 L47 5

biochemical tests, 82.1319 (Tab )

characteristics, B.2.1,47 5-6, B2 1,47 5 (Tab )

classil ication, 82.1475

Citrob acte r y oungae, 82 1.47 5

biochemical tests, 82 1319 (Tab )

characteristics, 82.1,475-6, R2 1,475 (Tab )

classification, B2.1475

Citrus stubborn, 82.1.965-6

Cladosporium, in cereals, 81.284

Clams, microbiology, B1.280
a l  o r i r h r ^ n r , ^ i n

pharmacology, B1 487

resistance, Helicobacter pylori, B.2.75'l 5

spectrum of activity

Bordetella, B2.I7934

Boruelia,82.L830

gram-positive anaerobic cocci, 82 912

Haemophilus, 82 7702 (Tab ),
B.21703 (Tab.),B.2.1710

Helicobacter pylori, BZ 7574-5

M y co b acte rium, 82 7222-3
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spectrum of activity (Continued)

M y coplasma pneumoniae, Bl 634

Nocqrdia, 82.1145

Pasteurella muhocidq, 82 1655

structure, Bl 486

Classification/taxonomy (bacterial), Bl 15-36

academic ,  B1.16 ,  B1.17

attitudes to, 81 16

bacteriology, Bl 17

charac ter iza t ion  tes ts ,  B l  22  6

see also specific tests

classification process, 81 18-9, 81 19 (Fig )
context-specil icity, Bl l6-7

evolution, Bl 30

formal classifi cation, Bl. 16-8

historical aspects, Bl 17-8

operation, B1.17-8

rules, Bl 18

future prospects, 81 33

GC ratios, 81 13

hierarchical, B1 17

historical aspecrs, Bl 11, 81 13, 81 17-8

identification approaches, Bl 19-22

Lockean yJ Aristotelian views, Bl 13

mycoplasmas, 82 196610, 82.1966 (Fig )

numerical, 81 11

polyphasic, Bl2Z (Tab ), 81 26, Bl 30, 81.33

process, 81 18-9

results, 81.26-7

presentation of, 81 26-8, 81.27 (Fig.)

service culture collections, B1 28-9

single-tier classification, B1 17

speciation, B1 30

species concept, Bl 17, Bl 20-2, Rl 29-30

systems, 81.16 7

taxon concept, 81 17

type concept, 81 28-9
'type' concept, 81.28-9

vernacular/trivial classifi cations, B1 16
'weighting' of characters, B1 11

see a/so Nomenclature

Clavam, structure, 81a71 (Fig.)

Clavibacter pylt, European corn borer
protection, B12034

Clavulanate-sensitive pJactamase,

B ur kho lderia pseudomallei, B.2.'1620

Clavulanic acid

Nocardia, BZ 1.765-6

resistant enzymes , Bl 472-3

structure, B1 479 (Fig.)

Clay soils, 81 196

Clean rooms, airborne bacteria, 81 186 (Tab )

ClearviewE, Chlamydia diagnosis, 82 2019

Clindamycin

bacterial vaginosis treatment, B1 666-8

colit is associated, 82.11 19

resistance, Bacteroidesl Prevotellal

P o rp hy ro monas, B.2.f %1, B2.1935

spectrum of activity, B1.487

C h I amy dia trac ho mat is, 82 2021

gram-positive anaerobic cocci, B.2.972

Listeria, B2.957-8

P asteur e lla mult o c ida, 82.765 5

structure, 81.488 (Fig.)

Clinical trials, randomized, B1.313

CLIP@, applications, 81 733

Clofazimine, leprosy treatment, 82 7203

Clostridial myonecrosis, in humans see gas

gangrene

Clostridium, 82.1089

antigens, 82 1041, 82 1097-1 1 l

bacteriocins, 82 1046-:7, 82 7093

bacteriophages, B2.1046, BZ 1093

biochemistry

anaerobic growth, 82 1.112, B2.1173

butyrate/butanol fermentation, 81 56

carbohydrate metabolism, 82.1095

formic acid fermentation, B1.55

lecithinases, 82 1094

lipases, 82 1094

nucleotide metabolism, 82 1095

oxidation-reduction potential, 82.1712,

B.2.1.1.13

protein metabolism, 82 1095

proteolysis, 82 1094, 82.1095

cell walls, 82.L045, B2. I 092

classification, 82 1035. 82 1042-3,82.7090,

82.1091 (Fig )

conjugation, 81 103

culture, 82 1093-4, 82 1113

agar plates, 82 1093

blood agar plates, 82 1093-4

colonies, 82 L0934

cooked meat medium, 82 1094

egg yolk agar media, 82 1094

Macconkey's agar, 82 1094

selective media, 82 1094

definition, 82 1035

habitats, 82 7037,82 1043, 82 1090

hemolysis, B210934

infection

antibody detection, 81 751

bacteremia, Bl 523, D2.\11 6-L7

cellulit is, 82 1112

endocarditis, B1 533

food poisoning and other diarrhea,

82 1777-78

intracranial abscess, B1 585

necrorizing jejunitis. 82 1118-19

spreading factors, 81 153 (Tab.)

types of diseases, 82.1 089, BZ 7L76-19

wounds,  82  1112

see also Gas gangrene

see also Botulism, Clostridium perfringens,

infection

isolation/identification, 82 1095-6

differential characterization, B.2.1096-7

enzyme immunoassays, 81 756

immunoserology, BI 7 56-7

Nagler reaction, Bl7 56-7

staining reactions, 82 1090-1

metabolism, B.2.1.043 7, 82 70944

anaeobiosis, 82 1094-5

morphology, 82.1090, B2 10934

capsules, B2 1-045, 82 L092

flagella, 82 1092

spores, 82 1044-5, BZ 1.091-2

as normal microbiota, 81.296 (Tab )

pasteurization, Bl 232-3

pathogenic species, 81.203, 82.1035-7

historical background, 82.1.036-:7

physical/chemical agent susceptibility/
resistance, 82 1095

physical features,82.1043J , 82 1090-3

plasmids, 82 1045-6, BZ 7092-3

potatoes, B1 281

species,82.1091 (Fig ), 82 1098 (Tab.)

subtyping, 82 7096-7

toxin producing, 82 L097 -L17

sterilization

heat, 81.446 (Tab )
ionizing radiation, 81.450

toxins, 82. 1036, 82 L097 -71-7

genetics, B.2.L097 -I1.1

virulence factors

hemolysin, B1 153 (Tab )
hyaluronidase, B1.153 (Tab )
spreading deteminants, 81.153 (Tab )

waterborne, 81.212

Clos tridium acetobuty licum, 82 10634

Clostridium argentinense, B2 1051 (Fig ),
82 1059

plasmids, B2.).045-6

toxins, 82 1098 (Tab.)

Clostridium barqtii, 82 1060

bacteriophages, 82.1046

botulism, 82.103940, 82 1042-3, 82.L062,
B27070

isolation/identification, 82 1096

toxins, 82 1098 (Tab )
Clostridium bifermentans, 82 1090, 82 1105-6,

B.2.1.1.12

culture, 82.1094

habitats, 82 1090

infection, 82.1117

toxins, 82 1098 (Tab ), 82.1105-6

Clo s tridium botulinum, B2 1035

antibacterial susceptibility/resistance,
B.2106+5

antigens, B2 1047

antitoxin, 8.2.1.049, 82 1062-3

bacteriocins, B.2.1.046-7

bacteriophages, 82.1046, B.2.7056, 82.1058,
B2.7093

bioterrorism, 81.364

cell walls, 82 1045

classiflcation, B2.7042-3

culture, 82 104'7 -9, 82.7056-9, 82.1094

colonies, BZI04U9

description, 82.1054

flagella, 82.1045

food

canning, 81.265-6, Bl 27 0-1., 8I.27 5,
Bt.283

fish,81.279

fruit, 81.283

hazard analysis, 81.288

heating, 81.265-6, 81 265 (Fig )
nuts, 81.287

vegetables, Bl.28Z, Bl 283

wheat, B1.28zt-5

genomics, 82.70634

C. histolyticum vs , 82.1108, 82 1109 (Tab.)

C. novyi vs , 82.1108, 82 1109 (Tab.)
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C lostridium botulinum (Continue d)
grouping, B2L039, 82 1039 (Tab )

group I (type A and proteolytic strains of
types B and F), 82 10521-6

group II (type E and nonproteolytic types
E, B and F), 82 i056-7

group III (types C and D), 82 1057-8
group IV, 82.1059

growth, B2 1047-9

habirats, 82.1043

infection

wounds, 82 1112. B2.1113
yogurt, 81 249

see a/so Botulism

isolation/identification, B2.1096
enzyme immunoassays, Bl 751
neurotoxin-antitoxin neutralization test,

82 1049

staining reactions, 82 10434
metabolism, 82 1052

morphology, BZ 1049, 82 1051 (Fig )
motility, 82 1045
neurotoxins

types, BZ 1038-9, 82.1039 (Tab ), 82 1040
see a/so Botulinum toxin

as pathogen, 81.203
phenotypic characteristics, 82 1049
physical and metabolic properties,

B21043:7
physical/chemical agent susceptibility/

resistance, 82 1095
physiology, 82 7049-52
plasmids, B.210454

safety precautions for laboratory workers,
B.2.1076

in soil, 82.1043

spores, 82 1044

disrribution, 82 1.043, 82. 1054-5
production in media, 82.1044

resistance to physical and chemical agents,
82 7044, 82 7056,82.1064_5

staining, 82.1043-4

sterilization

heat, 81 446 (Tab.)

ionizing radiation,BlZTl,, B1 446 (Tab ),
81 450, 81 451

thermoradiation, B1.454
toxins, 82 1098 (Tab )

genetics, 82 1097

see also Botulinum toxin
Clostridium butyricum, 82 1059-60

bacteriophages, 82 1046

botulism, 82.103940, B2 1042-3, B.2.1062,
B27070

capsules, B.2.1045, B.2.1092
growth, 82 1051-2

toxins, 82 1098 (Tab )
Clostridium cadaveris, 82 1,090
Clostridium carnis, R2 1090

metabolism, B.21,094-5

Clostridium chauvoei, 82 1051 (Fig.)

characteristics, B2 1108

culture, 82.1093

as pathogen, 81 203

subtyping, B21096J

toxins, 82 1098 (Tab )

Clostridium cochlearium, R2.1,090

Clostrtdium dfficile, 81 2934, 82 1090,
B.2L101-5

bacteriocins, B2.1093

capsules, 82.1092

culture, 82.1093, 82 1094

colonies, 82 1093

infection see below

isolate lacking toxin A gene, 82.1120

isolation/identifi c ation, BZ 1.122

subtyping, 82 1096

metabolism, 82 1096

non-toxigenic strains, 82.1 120

plasmids,B.27092 3

spores, 82 1122

superoxidise water, B1 425

toxins, 82 1098 (Tab.), B2.1101-5,
82 1103 (Fig ),B.27120-1.

ADP-ribosyltransferase (CDT), 82 1105

A and B, 82 1101-5, 82 1103 (Fig ),
82 1104 (Tab.)

detection,82.1122

genetics, 82 1097

pathogenic mechanism, B.2.1,120-1,

receptors, 82 1121

synergistic actions, 82 I 120

variants, 82.1105

Clostridium dfficile infection, BZ 717923

aninal models, 82.1120

antibiotics associated, 81.776, B2 7719

bacteremia, B1.523

bone and joint infection, Bl 690-1

clinical features, 82.1727 -2

community-acquircd, 82 1,722

diagnosis, Bl 7 57, 82 1122

elderly/immunocompromised patients,
8L397

epidemiology and control, BZ 7122-3

gas gangrene, 82 1112

historical aspects, 82 1119

nosocomial, Bl 372, Bl 39G7

from equipment, 81.379 80
prevalence, B1.396-7

prevention, B1 397

spread by contact with staff, 81.378

pathogenesis, 82.).1.20-1.

pathology, B2.1.179-20

synonyms, 82.1119

treatment, B21723

Clostidium fallax, 82 1090, 82 1111

C lostridium hae mo lyticum, 82 1106-8

metabolism, 82.709+5

as pathogen, 81 203

staining reaction, 82 1090-1

toxins, 82 1098 (Tab.), 82 1106,
82 1107 (Tab ), 82.1108

Clostridium hastifome, 82 1.059, 82.1929

Clostridium histolyticum, 82 1090, B2 1108-10

classification, 82 1090

colonies, 82.1093

culture, 82.1093

genetic relatedness to C novyi and C.
botulinum, 82 1108, 82 1109 (Tab )

metabolism, B.2.1.09 4-6

toxins, 82 1098 (Tab.), 82 1109-10
p{oxin, 82 1109-10

6-toxin, 82 1110

y-toxin, 82 1110

e-toxin, 82.1110

a-toxin, 82.1109

virulence factors, collagenase, 81 153 (Tab.)

Clostridtum tnnocuum, 82 1051 (Fig ),
Bz 1966J , 82 1966 (Fig ), 82.1980

Clostridium kluyveri, 81 56

C los tridium no v y i, 82 1106-8

bacteriophages, B2.1093

classification, 82 1090

culture, 82.1094
genetic relatedness to other species, 82 1108,

82.1109 (Tab )
infection

bacteremia, B1 523
gas gangrene, B2.L1.72, 82 1.71.4

isolation/identification, 82.1096

staining reaction, 82 1090-1

metabolism, BZ7094-5

physical/chemical agent susceptibility/
resistance, B2.1064, 82 L095

spores, 82.1064

toxins, 82.1098 (Tab ), 82 1106-8,
82 7107 ('t ab.), 8'2.1.71,4

p-toxin, 82 1108

5-toxin, 82.1108
y-toxin, 82.1108

l-toxin, 82 1108

€loxin, 82 1108

Oloxin, 82 1108

u-toxin, 82.1107

Itoxin, 82 1108

Clostidium perfringens, 82 1089-90,
B.2tO97-70L

antibacterial susceptibility/resistance,
B.21.71.6

bacteriocins, 82 1093

B toxoid vaccination, 82 1119

capsules, 82.7045, B.2.1092

collagenase, 82 1113

colonies, B2 L093, 82 L094

culture, 82.1093, 82 1094

non-toxic antigen in, 82 1113

enterotoxin, 82.1100-1

detection, 82 1101

nechanism of action, 82 1101
purification, 82 1101

in foods

cream, 81248

hazard analysis, 81.288

herbs and spices, B1.288

meat and meat products, 812734

milk,81.231
polltry,81.276

vegetables, B1.282

wheat, B1.284-5
genomics, B.21.0634

habitats, 82 1090

hyaluronidase, 82 1113

infection

bacteremia, Bl 523 , 82 1.11.4 , 82 7176-17

cellulitis. 82.1112
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C lo stridium p erfringe ns
infection (Continued)

food poisoning and other diarrhea,
B21II7-18

gas gangrene see Gas gangrene

masriris, 81 230

nosocomial, Bl 401 (Tab )
types, 82 111G19

isolation/identific ation, Bl 224, 82 1096

morphology, 82 1051 (Fig )
pathogenicity, 81 203

phagocytosis inhibit ion, 82 1 113

physicalichemical agent susceptibility/
resistance, 82 1095

plasmids, 82 7045 -6, R2 1092-3

skin colonization, 81.304

spores, B2 1091-2

subtyping, 82.1096

toxins, 82.1097-101, 82 1098 (Tab ),
82 1099 (Tab.), 82 1113

d-toxin (lecithinase), 82 1099, R27773-1,4

p{oxin, 82.1099, 82.1118-19

genetics, 82 1097

€{oxin, 82 1099

minor, 82 1100

role in gas gangrene, 82 1099, 82 71L3,
82 I1I4

rtoxin, 82 1099-100

type A

antitoxins, 82 1114

pathogenicity, 82 1113

type C, bowel disease, 82 1118, 82 1119

virulence factors, 82 1113, 82 1114

collagenase, 81 153 (Tab )
lecithinases, B1 153 (Tab.)

phospholipases, 81.153 (Tab.)

Clostridium propionicum, Rl 56

Clostridium putrificum

colonies, 82 1093

culture, 82.1093

Clostridium ramosum, 82 7966-7,
82 1.966 (Fig ) , 82 1 980

infection, 82.1117

Clostridium septicumt 82 1051 (Fig )
an t ibac ter ia l  suscepr ib i l i t y / res is tance.

82 t7r6

characteristics, 82 1108

culture, 82.1093

infection

bacteremia, B1 523

gas gangrene, 82'1112, BZ 1714

subtyping, B2.1096-7

toxins, 82 1098 (Tab ), 82.1114

Clostidium sordellii, 82 1090, 82.1105-6
antitoxin, 82 1119

culture, 82 1094

infection, 82.1117

isolation/identification, B2 1096

toxins, 82.1098 (Tab.), B2.1104 (Tab.),
82 1105 6

Clostridium sphenoides, R2 1090

Clostridium spiroforme, 82 1 1 10-11
toxins, 82 1098 (Tab )

r-toxin, 82.1110-11

Clostridium sporogenes, 82 1055, 82 1060,
82.1090

bacteriophages, 82 1093

bioremediation, 81 212

colonies, 82 1093
culture, 82 1093, 82.1094

habitats, 82 1090

infection, 82 1114
physical/chemical agent susceptibility/

resistance, 82 1095
spores, 82 1091-2

sterilization

heat, Bl 270-1, 81.446 (Tab )
ionizing radiation, 81.446 (Tab )

test organism strain PA3679, 81.27V1.
Clostridium subterminale, 82 1051 (Fig.),

82 1059, B2.1060

Clostridium tertium, 82 7094-5

Clostridium tetani, 82 1035

biochemistry, 82 1052-3
cell walls, 82 1045

classifi cation, 82 1042-3

culture, B2 7047 9,82.1053
colonies, 82 1052

description, 82 1052-3
genetics of toxigenesis, 82 1097
genomics, 82 10634
infection see Tetanus

isolation/identification, enzyme
immunoassays, Bl 751

morphology, 82 7049, 82 1051 (Fig ),
82 1090

neurotoxin (tetanospasmin), B.2.10534,
82 1098 (Tab )

botulinum type B toxin vs, 82 1061

detection, 82 1062-3

domains, B21061.-2

experimental studies, 82 1.042, B2.L0534
flagella, 82 1045
genes, 82 1053-4
growrh, 82 1047 -9, 82 1052

habirats, 82 1042, 82 7043, 82 7053

hemolysin (tetanolysin), B2 70534

isolation, 82.1053
lethal dose, 82 1036, B2 10534
rnechanism of action, 81.156 (Tab ),

82 7042,82.1061-2, R2 1065

membrane translocation, 82 L06l-2

metabolism, B.21049-52

molecular weight, 82.1061

motility, 82 1045, 82 1047 -8, BZ 7052
production control, 82.1062
receptors, B2 1042

spastichigid paralysis due to, 82 1053-4,
B210672

strtctve,B2.1042

transmission to CNS, 82 7042,827067-2
physical/chemical agent susceptibility/

resistance, 82.1064
physiology, 82 1.049-52
plasmids, B2 10534

safety precautions for laboratory workers,
B2.1.076

in soil, 82 1043, 82.1053

spores, 82 1044,B21064

Clos tritlium the rmos accharoly tic um, Rl 283

Clothing, decontamination, Bl 378

Cloves, 81.287

Cloxacillin, 81.474 (Fig )

ClpA, protein degradation, 81 47-8

ClpP, protein degradation, 81.47-8

Coagglutination assays, Bl 755

Coal tar, phenol production, Bl 422

Co-amoxiclav

Haemophilus, 82 1703 ('lab.), 82 1710

melioidosis treatment, B.2.1,631,,
82 1631 (Tab.)

Coastal waters, 81277, 81.220, 81.224

Cobas Amplicor, 82 2018-79

Cockles, microbiology, 81.280

Coconuts, contamination, B1 287

Codons, 81.46

mycoplasmas, 82 1980

nonsense, 81 46

termination, 8147

Coenzyme(s), 81 45

Coenzyme Alinked alcohol dehydrogenase,

B1.55

Coenzyme M, methanogenesis, 81.68-9

Cofactors, Bl 45

Cohort studies, Bl 314-15

bias in, B1.315

loss to follow-up, 81315

misclassification of cases, B1 315

prospective, 81 314

retrospective/historical, B1.315

statistical analysis, 81.316

Cointegrate resolution, B1 96

Cold, sterilization, Bl 449-50

Cold agglutinins, in Mycoplasma pneumoniae

infection, B1 634

Cold shock, 81 450

Coleopteran (beetle), bacterial pathogens,

8t2034

Colicins, 81 136-8

gene expression, 81.138

immunity to, Bl 139

receptors, 81.138-9

role of, 81.139
'Coliform bacteria,' 82 1335

airborne concentrations in facilities,
81 186 (Tab.)

fecal,Bl223

meat and meat products, 812734

milk test, 81234

vegetables, B1281-2

water test, 81 223

Colistin (polymyxin E)

spectrum of activity, 81 496

E dw ar dsie lla, B2 1. 497-2

Ewingelh, B2.1493

Leclercia, B2.1495

Leminorella, B.21496

Moellerella, B.2.1496

Yokenella, B21498

structure, 81 a97 (Fig.)

Collagenases

Clostritlium perfringens, B.2.7113

functions, Bl 153 (Tab )

C o lli ns e lla. B.2.1028-9
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C o I lins e ll a ae ro J acie ns

differential characteristics, 82 1029 (Tab )

pathogenicity, BZ 7029 -30

Colon, normal microbiota, B1 302-3

disruption by antibiotics, BZ "1119-20

Colon cancer, Steptococcus bovis and

endocarditis l ink, B1 529 30

Colonization

gram-positivelnegative bacteria, B1 294

normal bacterial flora, B1 294-5

preva lence es t imar ion .  B l  2q5

prolonged, B1.294

see also Adherence; Pathogenicity

Colony-forming units (CFUs), 81 38

rhizosphere soil population estimates.

8t204

Colony morphology. 81 19, BlZ2-3.

Br22 (Tab) ,8 r24 ,8132 3

Colorado potato beetle, Bt resistance.

B l2034

Comamonas acidovorans see Delltia
(Comamonas ) qcidovorans

Comamonas testosteroni ( Pseudomonas

tes tosteroni ), Bl 224-5

Commerce, emergence/resurgence of bacterial

infection, B1 360

Commercial assays

Actinomyces identif ication, 82 1013-17

Aeromonss identif ication, 82 1532

Enterobacteriaceae identif ication. 82 1348.

B2.1.35t-2

Common pattern recognition, host resistance,

8t776-7

Common variable hypogammaglobulinemia,

D y s gonomonas infections, BZ 1677 -8

Communicabil ity of infection, Bl 310

period of, Bl 310

Communicable disease, historical aspects, 81 3

Communicable Disease Control, Consultant
(ccDC), 81 318, 81 319, 81 326,

81 327, Bl 330, Bl 407

CommunicabLe Disease Report (CDR), B1.319,

81322

Communicable Disease Surveil lance Centre
(CDSC), 81 318, Br 319,8r322.8r.327

Community-acquired infection

Clostritlium dificile. 82 | 122

methicillin-resistant S ta p hy Loc o c cus oureus,
8 1  5 1 7  l 8

Comomonas, endophthalmitis, 81 603

Competence

artificial see Artificial competence

natural, B1 99-100

Complement

activation, Burkholderia thailandensis

infection, 82 1625

deficiency. meningococcal disease in, B1 564

as host defence mechanism in lung, 8L 624

membrane attack complex, B1.158 9

Complementary DNA (cDNA) gene cloning,

Bt t26-7

Complement fixation tests (CFTs), B1 719,
Bt'749

brucellosis diagnosis, B1 745

Chlamydia detection, 82 2019

glanders diagnosis, 82 1634

human brucellosis diagnosis, 82 1740

Leptospirq detection, B1 753

Mycoplasma pneumoniae detection, B1 752

M ycoplasma pneumoniae diagnosis.

B21995

Complex transposons see Transposons

Composite transposons see Transposons

Composting, airborne bacteria generation,

81 186 (Tab )

Compressed diatomaceous earth fi l ters, B1 453

Computed tomography (CT), 81 723 (Tab )

intracranial abscess diagnosis. B1 586 7,

81 s87 (Fig )

Computer analysis, Enterobactenaceae

identif ication, 82 1348

Computers, world-wide web, 81 32

Conalbumin, food, Bl 267

Concentration exponent, 81 430-1,

81 431 (Tab )

Confidence intervals, B1 316

Congenital heart disease

endocarditis in, B1 525-6

intracranial abscess complication, B1 583,

81 584 (Tab )

Congestive heart failure, infective endocarditis,

81 535

Conjugation, bacterial, B1.98, Bl 100-4

antibacterial resistance genes, B1.103-4

chronosome mobil izing abil ity, B1 101

discovery, 81 13

F' formation, B1.102-3

F plasmid, 81 100-1

chromosomal insertion, Bl "IO2-3,

81.102 (Fig.)

high frequency transfer, Bl 104

transposable elements, B1 102

Gram-positive vs Gram-negative, 81 104

high frequency of recombination, 81 102-3

historical perspective, 81.100 1

interrupted mating experiments, 81 102-3,

81 102 (Fig )

mating pair formation, B1.102

pil i, 81 101-2, 81 101 (Fig.), 81 102

bacteriophage receptors, BL 102

pil in, 81 101-2

species, B1.103

Brucella, B.2.7730

Enterococcus faecalis, Bl 104

Stap hy Io coccus aureus, B1.L04

see also irulividual species

transfer gene repression, B1 104

Conjugative transposons, 81.99

Conjunctivitis, Bf 598-600

adults, 81 599

causative organisms, 81 599-600

Chlamy dia psittaci, 82 20'l 5

Chlamy dia trac ho matis, B.2.2012,

R220Iz (Fig),R22013, 82 2013 (Fig )

clinical manifestations, B1 598-9

diagnosis, B1.600

neonatal, B1 599, 81.600

nosocomial, B1.386

predisposing factors, B1 598

treatment, B1 600

Conservative (cut-and-paste) transposition,

81.93 (Fig.), 81 95

Constitutive mutants. B1 70

Consultant in Communicable Disease Control

(ccDC), 81 318, 81 319, 81 326,

Bl3Z7,81.330,81 407

Contact lenses, bacterial infection, 81 386

Contact management, pneumococcal

meningitis treatment, B1.571

Contagion, concept, B1 4

Containment, control of disease by, B1 344-5

Contamination

control, clinical molecular diagnostics,

B t 7 2 l

specimens, site and source, B171.1-12,

81.7i2 (Tab )

Contingency table, 81 316, 81 316 (Tab.)

Continuous ambulatory peritoneal dialysis

(CAPD)

infection prevention, B1.38G7

infections associated, 81.386-7

Continuous monitoring blood culture systems

(CMBCS), B1.51s, 81 515 (Tab )

Controlled atmospheric packaging.

81 268 (Tab.)

Controlling Inverted Repeat of Chaperone

Expression (CIRCE element),

B.2.L87+5
Control of infectious disease, B1.34,t-8

aims of programs ,B1344-5

case-finding and screening, B1.347

containment, B1344-5

elimination, B1 345

eradication, 81 345

hygiene role, Bl 353-4

outbreak control, 81 346-7

quarantine and isolation, 81 347

vaccination ree Vaccines/vaccination

Cook-chil l foods, nosocomial in[ection.

B1377

Cooling towers, Legionnaires' disease,

8L375-6

Coombs antiglobulin test, human brucellosis

diagnosis, 82 773940

Copper, resistance to, Bl 114

Copper derivatives, 81.428

action of, Bl 437 (Tab )

Coprococcus, BZ 9034, 82 91.'7

classification, B.2.9034, 82 905 (Tab.)

defi nition/characteristics, B2 917

growth requirements, 82.906

identification, 82.906J

normal microbiota, 82.910

Coriobacteriacea e, 82 1028-9

Corneal ulceration, Nocardia asteroides

infection, 82.1158-9

Corn stunt,B2.f9654

Coronary artery bypass surgery, infections

after, 81 385

Gordonia bronchialts, 82 1751.-2

G o r donia s puti, 82.17 52

Coronary heart disease (CHD), Chlamydia

p ne umoniae infection, 82.2016

Corynebacterium

biochemistry, species, 82 982 (Tab )

cell wall composition, 82.1010 (Tab )

classification, BZ 7L37 -a

chemotaxonomic characteristics,

82 978 (Tab.), 82 980

corynemycolic acids, 82 1145-6
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C o ry ne b ac t e rium (Co nt i n ue d)

habitats, 82 977 8

vegetables, 81.281

infection

antibody detection, B1 751

disease associations, 82 981 (Tab )
keratiris, Bl 601

unnary tract, B1 678

isolation/identil ication, 82 978 9, 82 1013

double diffusion, 81.756

enzyme immunoassays, B1.751, 81 756

immunoserology, 81 756

staining properties, 82 1 139-40

typing systems, 82 978-9

lipophilic, 82 981 (Tab ), 82 989

morphology, 82 977 (F|g ), R2 980

species, 82 982 (Tab )
non-lipophil ic, 82 981 (Tab ),R298G:9
as normal microbiota, 81 296 (Tab )

oral, B1.609

skin colonization, 81 304

pasteurization, Bl 232-3

phytopathogenicity, Bl 202

species, 82.980, 82.982 (Tab )
see also individual species

Staphylococcus aureus carriage inhibition,
B2778-9

Corynebacterium accolens, 82 982 (Tab ),
B2989

C o ry ne b ac te r i um a fe r me nt a n s

subspecies afermentans, 82 982 (Tab ),
B2986

subspecies lipophilum, 82 982 (Tab ), 82.989

Coryneb acte rium amyco latum, B.2.980.
82 982 (Tab ), 82 986

disease associations, 82 981 (Tab.)

endocarditis, B1.532-3

habitats,82.977 8

identif ication, 82.979

Corynebacteium appendicis, 82 982 (Tab ),
82 989

Corynebacterium argentoratense, 82.982 (Tab ),
B.2986

C o ry nebacterium aty p ic um, R2 980,
B.2982 (Tab.),B.2986

identil ication, 82 979

Corynebacterium aurimucosum, 82 982 (Tab ),
82 986

Corynebacterium auris, B.2.982 (Tab.), 82 986

habitats, 82 977-8

Corynebacterium confusum, 82 980,
82.982 (Tab.),82987

Corynebacterium coyLeae, B2 982 ('fab ),
B.2.987

Cory nebacte rium diphthe riae, 82.980-6,
82 982 (Tab )

antibacterial susceptibil i ty/resistance, B2 985

tusidic acid, 81 488

biochemistry, 82.980, 82 982 (Tab )
nitrate reduction, Bl 66

biotypes, 82.980

belfanti, Bl 672 (Tab.), 82 982 (Tab )
gravis, Bl 612 (Tab ), 82 980, 82.982 (Tab )
intermedius, 81 612 (Tab ), 82 980

mitis,81.672 (Tab ), 82 980

cellular morphology, 82 980

colony morphology, 82 980

conjuncrivit is, B1 598-9

disease associations, 82 981 (Tab )
genome, 82 984

habitats, 82 977-8

infection see Diphtheria

iron-dependent repression, 81 165-6

isolation/identif ication, 81 612 (Tab )
typing, 82.984

metachromatic granules. 82 981 (Fig )
pathogenesis, 81 608-9

phvsical/chemical agent susceptibility/

resistance, 82 980

polyphosphate granules, 82 980

lor+ bacteriophage, BZ 984

tox gene,B2984

toxigenic, 82 984

isolation rare after vaccination, Bl 348-9

screening by PCR, 82.984

toxin s€e Diphtheria toxin

Corynebacterium durum,R2980, 82 982 (Tab ),
B2987

habitats, 82 977-8

Corynebacterium fakenii, B2 982 (Ta6 ),
B2987

Cory nebacterium fre ne y i, 82 982 (T ab ),
B.2987

C orynebacterium g lucuronoly tic um,
82 982 (Tab ), 82 987

disease associations, 82 981 (Tab )
habitats, 82 977-8

Corynebacte rium imitans, R2.982 (T ab.),
B2981

Corynebacterium jeikeium, 82 982 (Tab.),

82.990

disease association, endocarditis, B1.532-3

disease associations, 82.981 (Tab )
habitats, 82 977-8

nosocomial infection, Bl 401 (Tab )

skin colonization, 81 304

Cory nebacterium kro p p e ns te dt ii, R2 980,
82 982 (Tab ), R2 990

identif ication, 82 979

C o ry ne b act erium lip o p h i I oll av u m,
82982 (Tab),B2990

Corynebacterium macginleyi, 82 982 (Tab ),
B.2.990

disease associations, 82 981 (Tab.)

habitats, 82 977-8

Corynebacterium matruchotii, R2 980,
82 982 (Tab ), 82.987-8

C o ry ne b ac t e r i um ma t r uc ho t i i -llke str ain,
82 988

Corynebacterium minutissimum, 82 982 (Tab ),
82.988

disease associations, 82 981 (Tab )
Corynebacterium mucifaciens, 82.982 (Tab ),

82 988

C oryne bacterium' nigricans,' 82 982 (T ab.),
82 988

disease associations, 82 981 (Tab )
Corynebacterium propinquum, 82 982 (Tab ),

82 988

C o ry ne b ac t erium p s e u do d i p h t he r itic um,
82 982 (Tab ), 82 988

disease associations, 82 981 (Tab )

identif ication, Bf 612 (Tab )

C o ry ne b act erium p s eudo t ub e r cu lo s is,
82 982 (Tab ), B2 988

disease associations, 82 981 (Tab.)

Corynebacterium riegelii, 82 982 ('fab ),
82 988

disease associations, 82 981 (Tab )

Corynebacteium simulans, 82 982 (Tab.),

82 988-9

Corynebacterium singulare, BZ 982 (Tab.),

B2989

Corynebacterium stiatum, 82 982 (Tab.),

82 989

disease associations, 82.981 (Tab.)

endocarditis, Bl 532-3

habitats, 82 977-8

Corynebac terium sundsv allense, 82 980,

B.2.982 (Tab ), 82 989

Corynebacterium thomssenii, 82 982 (Tab \,
B2989

Corynebacteium ulcerans, 82.982 (Tab.),

B2.989

disease associations, 82 981 (Tab )

identification, 81.612 (Tab )

infection

mastit is, 81230

milk-borne, Bl 231., Bl 235, 81.242

inmilk,BlZ4Z

Cory nebacterium urealy ticum, 82 980,
B2 982 (Tab ), Bz 990

disease associations, 82 981 (Tab )

habitars, 82.977-8

skin colonization, 81 304

C orynebacteium xerosis, 8.2.982 (T ab.),
B2989

endocarditis, Bl 532-3

Coryneform bacteria, 82 977

characteristics, 82 977

common feattr es, 82.977

disease associations, 82.981 (Tab )

morphology, 82 977 (Fig.)

see also irulivitlual species

Cosmids, gene cloning, BI120-1,

Co-trimoxazole (trimethoprim-

sulfamethoxazole)

gonorrhea treatment, 81 662

human brucellosis treatment, 82 1743

intracranial abscess, B1 588

melioidosis treatment, BZ 163'1,

82 1631 (Tab.)

spectrum of activity

A cti nobaci II us act i nom ycet emcomi t ans,
B2.1664

Bordetella, B2.17934

Burkhokleriq cepacia complex, 82.1610

Haemophilus, 82 1702-3, 82 1702 (Tab ),
821703,82 1703 (Tab ),R27710

KLebsiella, B.21480

Nocardia, 82 7145, 82 71654

Trophe ryma w hippelii, 82 1002

urinary tract infection, Bl 679

Coughing, mechanical removal of bacteria,
8t176

Coumermycin, Listeria, B.2.957 -8

Counter-clamped homogeneous electric field,
Enterococcus, B2.894
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Countercurrent immunoelectrophoresis (CIE),
B1749

Streptococcus pneumoniae polysaccharides,
B1632

Country-cured hans, Bl 274

Covalently closed circle DNA, artificial
competence, 81 100

Covalent modification, B1 76

Cover of Vaccination Evaluated Rapidly
(COVER) program, B1 326

Cow dria, 82 2026, 82 2049-50, 82 2053

C o xiella b urnetii, BZ 2072-40

antibacterial susceptibility/resistance,
822077

chloramphenicol, B.2.207 1 -8

chlorotetracyline, 82 2017 -8

erythromycin,B22077 8

evaluation, 82 2078

streptomycin, 82 2077 -8

antigens, Bl 7 48, BZ 207 6

GroEL, BZZ076

cell wall composition, 82 207 5-6

LPS, 822013,B.22075

classifi cation, B2.2026, 82 2027,
82.2027 (F rg.), 82.207 2

DNA sequencing,B22072

165 rDNA, 82 2072

23S rDNA, 82.2072

genome,B22074 5

characterized genes, 82 2075

genomic groups, 82 2074

open reading frames, 82 207 4

restriction fragment length polymorphisms,
B22074

rRNA operon, B22074-5

habitats, 82 2073

history , 82 2072

infection see Q fever

isolation, B220134

cell culture, 82.2073

chicken embryo ctllve, B2 2073

mass culture, 82 2074

plaque formation, BZ 2O7 34

laboratory worker immunization, B1 767

microenvironment, B.2.207 3

phagolysosome, 82 2073

phagolysosomes, B2.2077

in milk, 81.230 2

morphology, 82.201 3, BZ 207 4 (Fig ),
82.2076 (Fig)

pasteurization, 81.232-3

plasmids, 8.22074 5

Coxsackievirus A infection, nosocomial,
81 400

Coxsackievirus B infection, nosocomial, 81 400

Crabs, microbiology, 81 279 80

C-reactive protein, acute-phase response,
8r739

Cream, Bl 248

associated infections, Bl 248

Cresols, Bl 422, 81.423 (Tab )
Cresylic acid, 81 422

Creutzfeldt-Jakob disease (CJD), transmission,
B1.380-1

Crick, F H C, 81 13

Critical control point, hazard analysis crit ical

control point system, 81.288

Critical l imits, hazard analysis crit ical control

point system, 81 288

Critical micelle concentration (CMC), 81432

Crohn's disease

M y c o b ac t erium p aratub e r c ulo s is association,

B21182

Pseudomonas fluorescens role, 82 L603

Crops

GMO's application, Bl 198

see also specilic crops

Crotonase, 81 56

Crown gall disease, 81 202

Crude oil, bioremediation, Bl 201

Crustacea

chilling, 81 279-80

commercial importance, 81 279

food-borne illness, B1 279-80

harvesting, B1 279

microbiolo gy, Bl 27 9 -80

polluted water, Bl 27 9-8O

Cryptic plasmid, Chlamy dia tachomatis,

B.2.2009

Cry ptoba cte rium, 82 "1028-9

Cryptococcosis

mastit is, 81230

nosocomial infection, 8I.31 4, Bt 403

Cryptogenic abscess, B1 583

Cryptosporidiosis

milk-borne, 81242

nosocomial, 81 403

Cryptosporidium

antibacterial susceptibility/resistance, B1 434

infection see Cryptosporidiosis

waterborne, B1 214, Bl 218 19

Cryptosporidium parvum, in milk, B1235

Cry tobacterium curtum, differ ential

characteristics, 82 1029 (Tab )

Ctenocep halides canis, BZ 2037

Ctenocephalirles felis, BZ 2037 , 82 2040

Culture (of bacteria)

cat-scratch disease diagnosis, 82.1895

cerebrospinal f luid, B1 559

Chlamydia infection diagnosis, 82.2071 -18

glanders diagnosis. 82 7634

human brucellosis diagnosis, 82 1739

limitations for monitoring airborne

organisms, 81 190-1

media, 81.37 8, 8171,t-15

chemically defined, B1.37

classification, B1.715

complex media, 81 37

enrichment, B1.37-8

minimal medium, 81 37

melioidosis diagnosis, 82 1630

pharyngitis diagnosis, Bl 611

reference cultures, B1 28-9

syphilis diagnosis, Bl 7 45-6

see also individual species

Cumulative incidence, definit ion, 81 310

Cured meat, pH,Bl272

Curli, 81 148-9

Curtobacterium, 82 992

biochemical characteristics, 82 993 (Tab )

Cyanobacteria

carbon cycling, 81.199

foliar surface nutrient fixation, 81.198

lichen formation, B1 201

nitrogen fixation, B1 201

oxygenic photosynthesis evolution, Bl 195

photosynthesis, 81 68

phylogeny, B1 30-1

substrate changes and colonization,

81.199 200

Cyclic AMP (cAMP)

catabolite gene activator protein complex,

Bt.73

role in catabolite repression, B1.73

Cyclic photosynthesis, 81 68

Cycling probe technology, B1731. 2,

Bl 734 (Fig.)

Cycloheximide, Chlamy dia ctltve,

Rz 2017 -I8, 82.2017 (Fig )

Cycloserine, 81 481

Cys-scanning mutagenesis, LacY interactions,

B1.49

Cystic flbrosis, Bl 623, BL649-57

antibiotic use, 81 650-1

clinical features, 81.650

gene therapy, B1 651

infections, Bl 650

Burkolderia infection see Burkholderia

cepacia complex

organisms, 81 650

Pseudomonqs aeruginosa infection, Bl 399,

81 650

rapidly growing mycobacteria, 8.2.1250,

B2.1.252, B.21256

S tap hy lo co cc us aurere, BI.650

S te no t ro p ho mo nas malto p hilia inf ection,

B21637

therapy, 81.650 1

lung transplantation, B1 651

mucociliary clearance defects, 81 626,

81.650

Cystitis

acure, 81.673, Bl 676, Bl 678

clinical features, 81 673

treatment, Bl 679

Escherichia coli, uropathogenic adherence

specificity, Bl74l-8

Cytidime-5'-monophospho-N-acetylneuraminic

acid (CMP-NANA), 82 1288

Cytochrome q 81.64

Cytochrome d oxidase, 81 64

Cytochrome oxidases, testing for presence of,

Bt223
Cytochromes, B1 63

chemotaxonomy, 81 24

Cy to ecete s micrcti, 82.2049-50

Cytokines

induction, Burkholdeia thailandensis,

821625 6

macrophages, 81 624

Cytolethal distending toxin (CDT),

Campylobacter, 82 155I

Cytomegalovirus, molecular detection,

81723 (Tab )

hybrid capture assay, 81 731

nucleic acid sequence-based ampliflcation,

8t729 30
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Cytophaga, 82 1930

Cytoplasm

composition, 81 45-6

Cytoplasmic membrane

composition, Bl 4zl-5

electric potential across, B1.64

transport of solutes into see Transport

Cytotonic enterotoxrns, Ae romonqs
pathogenicity, 82 1536

Dahi (Indian yogurt), 81 249

Dairy products, Bl 22942

B ac il lus spollage, R2 9234

B rucella melitens is infection, R2 -1722

human brucellosis, R2 7722

P ro pionib acter ium, 82 1030-1

see also individual prod.ucts; individual
specres

Dalfopristin, 81489

spectrum of activity, B1 499 (Tab )
structure, 81.489 (Fig.)

Dapsone

leprosy therapy, 82 7203, 82 IZ19-20

resistance, 82.1220

structure, Bl 490 (Fig )
Dark, f irm and dry (DFD) meaI,BIZl2

Dark-field microscopy, B1 714

Borrelia morphology, 82 1819

Dark repair, repair of UV-induced DNA
damage, B1 451-2

'Darmbrand' (ententis necroticans),
82 .1118-19

Data analysis

nosocomial infection surveillance, B1 405

outbreak investigation, 81 327-8

Data-collection systems, B1 3 18-22,
81.321 (Tab )

active, 81.318-19

general practice reporting, 81.320

hospital data, 81 321

laboratory reporting system, B1 319-20

miscellaneous, 81 322

mortality data, 81.319

outbreak investigation, Bl 327 -8

passive, 81 318, 81 325

routine, 81 321 (Tab )
vaccine efficacy studies, B1 324-5

routine serological surveillance, Bl 321-2

sexually transmitted diseases, Rl 320-1

statutory notification, B1 319

Day centers, airborne bacteria, 81.186 (Tab )
Deaminases, B2 1435

Death certif icates, 81 319, 81.321 (Tab )
Decay-accelerating factor (DAF), 81 148-9

diffusely adhering Escherichia coli receptor
usage, 81 148-9

Decontamination

digestive tract, B1.390

hands, Bl 378

hepatit is B/C and HIV, 81.383

hospital equipment, B1 380

Deformin, Bartonella bacilliformis, R2 1897

Dehydration of foods

milk powder, B1 245-8

rice, 81.285-6

wheat, Bl 284

Dehydroacetic acid, pH, Bl 432

D einococcus rqdiodurans

chromosomes, 8146

sterilization

ionizing radiation, 81.451

moist heat, 81 448

ultraviolet radiation, Bl 451

unsuitability as a BI, 81 454

D e lftia ( Comamonas ) acidov o rans, R2 1635-6

waterborne, B1224-5

Dementia, Whipple's disease, 82 999

Demography

emergence/resurgence of bacterial infection.

B1 359-60

global population estimates, 81 360 (Fig )

Dendrit ic cell (DC)-specific intracellular

adhesion molecule-3 grabbing

nonintegrin (SIGN), 82 1184

Dendrograms, Bl 27 -8, Bl 27 (FiC )
Denitri l ication, 81 65, Bf 66

environmental problem, 81 200

Dental caries, Veillonella, 82 I3I4

Dental (odontogenic) infection, intracranial
abscess complication, Bl 582-3,
81 s84 (Tab )

Dental plaque, B1294-5

Fusobacteium, 82 1950

gram-positive anaerobic cocci, 82 910

Leptotrichia, 82 1952

normal microbiota, Bl 609 (Tab )
pathogen-related oral spirochetes,

82 1859-60

Dentistry

endocarditis after, Bl 527

HIV transmission, B1 382

Deoxyribonuclease production, 82.1351

Department of Environment, Food and Rural

Affairs (DEFRA), 81 330

v i r i c ides .  regu la t ions  fo r  ve ter inary  use .

8I,434

Dequalinium chloride, 81.428

Demabacter, 82 991

chemotaxonomic  charac(er is t i cs ,
82 978 (Tab )

identif ication, 82 979

Dermabacter hominis, Bl296 (Tab ), 82 991

biochemical characteristics, 82.993 (Tab )

disease associations, 82 981 (Tab )

habitats, 82.977-8

Dermacentor, Rickeltsia transmlsslon,
822037 8

D ermac ent or ande rs o n i, 82.17 53

Dermacoccus nishinomiyaensis, 81296 (Tab ),
81 304

Dermatophilosis, 82 1150-1

Dermatophilus, B.2113'7 8, 82 1150 1

diaminopimelic acid and sugars, 82 1145

Dermatophilrc chelonae, 82 1 150-1

Dermatophilus congolensis, 82 1 150-1

Dermonecrotic toxin (DNT), Bordetella,
82 1789 (Tab.), B.2779s-6

Descriptive analysis, epidemiological,

Bt.3lt-72

D esulfitobacterium de halo genans, Bl 67

Desulfomonas, BI207

Desulfomonas pigra, 81296 (Tab )

D e s ulf o t o maculum, Bl 201,

D e su lfoto maculum nigrifi c ans

canning process, 81.283

Desulfovibrio, Bl 66, Bf 201

Desuffovibrio desulfuricans, Bl 66

Deterministic models, B1 344

Developing countries

campylobacter enterit is, 82.1550

Chlamydia pneumoniae infectron, B2 2015

cholera, 82 1508-9

shigellosis, 82 7387-8

d'Herelle, F H, B1.9

Diabetes mellitus

Burkho lderia thailandensis infection,

B27626

diabetic foot ulcers see Osteomyelitis

melioidosis, 82.1629

urinary tract infection, Bl 673, 81.679

Diagnosis (bacterial infections), B1^.7 71-ZO

s ee also Inntnoserology; Serology/

serological diagnosis; individual species;

specific assays

Dialister ( B acteroides ), 82 791.3-1.4

D ialister ( B acteroides ) pneumosintes,

821.913 14,82.1929-30

Diamidines, BI 423 (T ab.), Bl 426

Diaminopimelic acid (DAP), B.2.7948,

B21953

Actinomycetes, aerobic, 82 1145

Clostidium, 82.7092

Diaminopyrimidines, Bl 491-2

mode of action, 81.492

dihydrofolate reductase inhibition,

Bt 492

pharmacology, 81 492

resistance, B1.492

spectrum of activity, Bl 491

structure, 81.491

toxicity/side effects, B1.492

see also specific types

Diarrhea

bloody , 82 1377 -9

causatlve organrsms

Arcobacter, B2 1557

Campylobacter, 82 7550

Clos tritlium perfringens, 82 1117 -78,

82 1118-19

Escherichia coll, diffusely adherent.
B2.1379

Escherichia co li, enLer oaggregativ e,

B.27378-9

Esch eri ch i a col/, enteropathogenic.

B.21.3734

Escherichia coft, enterotoxigeilc, 82.137 5

Es che richia colr', vero-cytotoxin-producing,

B21371

Providencia alcalifacierc, 82 745L

Salmonella, D.21426

Shigella, 821.387

child care centers, B1.361

infantile, 82.7373-5, 82 7378-9

salmonellosis, 82.1426

watery,82.1387

Dianhetic shellfish poisoning (DSP), 81280

Dibromopropamidine, B1 426
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Dichelobacter, 82 7930

DicheLobacter nodosus, 82 1930

Dichloramine, 81424

Dichloroisocyanuric acid (NaDCC), sodium

salts, 81 424

Dick test, 82 856

Dienes typing, B27445, 82 1445 (Fig ),
B27446

Diesel, bioremediation, B1 201

Dietary changes, bacterial infection

emergence, B1.360-1

Dietzia, 82 7751

isolation/identification, 82 114,t-5

staining properties, 82 1139-40

mycolic acids, 82 1146

Dietzia maris, 82 7157

Differential stains, Bl 713 (Tab )

Diffusely adherent Escherichia coll (DAEC)

see Escherichia colr, diffusely adherent
(DAEC)

Diffusion of solutes, simple (passive),

81 48-9

Dihydro [o la te  reduc tase inh ib i t ion

diaminopyrimidines, B1 492

trimethoprim, B1492

Dihydrolase reactions, Aeromonas
identif ication, 82 1532

Dilution plate count, B1 205

Dinger's discs, 82.1871-2

Dinitrogenase reductase-activating
glycohydrolase (DRAG), B1 63

Dinitrogenase reductase ADP-

ribosyltransferase (DRAT), B1 63

2,4-Dinitrophenol (DNP), 81.438

Dinoflagellates, toxins, 81 280

Diphasic variation, Salmonella H antigen,

B.27404

Diphosphatidylglycerol (DPG)

Brucella, 82 1724

Burkholdeia, 82 1673

Diphtheria,81.612 1.3

clinical manifestations, 82.98.1-'5
'bullneck appearance,' B.2.984-5

cardiac toxicity, 82 985

laryngeal, 82 984-5

neurologic toxicity, 82 985

pharyngitis, 81 611-12, 82.98+5

control, Bl 348 9

cutaneous, 82 985

role in spread of infection, 82 985

transmission, 82 985

diagnosis, B1 612

Elek immunoprecipitation test, Bl 612-13

screening tests, 81 612

toxigenicity tests, 81 612 13

epidemiology, B1 612

age-specific incidence, B1 348,

81.348 (Fig )

Russia, 81 364 (Fig )

immunity, B1 348

herd, 81 348

invasive disease, 82 985

laboratory worker immunization, 81.767

pathogenesis, B1 612

pathogenicity, 82.984

re-emergence, 81 364, Bl 364 (Fig.)

respiratory,B2984 5

toxin see Diphtheria toxin

transmission, 81.348

nosocomial spread, B1 378

theories, B1.337

vaccine effect on, 81 348-9

treatment, 82.985

vaccination, 82 985-6

diphtheria toxoid, B1 348, 82 986

effect on incidence/outbreaks, 81 348

Diphtheria antitoxin, 82.985

Diphtheria-tetanus-pertussis (DTP) vaccine,

8t646-:7

Diphtheria toxin, 82.980 1

fragmenrs A and B, 82 980-1

iron effect, 82 981

mechanism of action, 81 156 (Tab.)

production, 82.980-1

testing, B2.984

translation and elongation factor role,

82 980-1

Diplococci, 82.1270

Diplodia, fruit, Bl 282

Direct f luorescence antibody microscopy

(DF A), Le gionella, 82 I77 3

Direct immunofluorescence

Q fever diagnosis, B2.2077

syphilis diagnosis, 82 1843-5

Dirithromycin

Pasteure lla multocida, B.2.L655

structure, 81.486

Disasters, emergencehesurgence of bacterial

infection, 81 360

Discontinuous ('split ') genes, gene cloning,

B1126-7

Disinfectants

aerial, Bl 430

hands, 81 378

mode of action, 81 497

Q fever control, 82 2079

susceptibility/resistance

Brucella, 82 1733

Campylobacter, 82 1545

Closnidium, B.2.7095

Enterobacteriace ae, 82 1346

Legionella, 82 7777

Mycobacterium, 82 7T.6 17

Proteus, 82 7447

Disinfection, definition, B1 421

Disk diffusion, B1.717

antibacterial susceptibility testing, 81 498

DNA, 81 42

antibacterial agents, intercalation, 81 438

bacteriocins, 81 137, 81 138

base ratios, BL.73, Bl22 (Tab ), 81 25,

Bt32-3

bacterial classifi cation, B1.13

GC ratios, 81 13

biosynthesis, 81 46 8

Brucella classificarion, BZ 1721

Haemophilus, B.2.1693, B21697-8, BZ 7704-

6, 82 1706 (Fig )

hybridization, 8122 (Tab ), B125,81.32-3

discovery, Bl 13

Legionella, B21.771

hybridization assays see Hybridization assays

List eria, 82 9 55, 82.962

M y cobacterium, 82 11.86-9, B.2.17934

repalr

ionizing radiation, Bl 27 1, Bl 451.

ultraviolet radiation, Bl.45I2

replication, B1 46

origin (oriC), Bl46

regulation, B1 46-8

sequencing, B1-7324

Coxie lla burnetii, 82 2072

My cob acterium, 82 1L934

slow growing mycobacteria identification,

B.21.1934

see also Polymerase chain reaction

soil bacteria

analysis, 81 206

metabolism quantification, B1 206

Stap hy lo co ccus, 82 7 7 1-2

sterilization

dry heat, 81.449

freeze-drying, B1.450

ionizing radiation, 81 450-1

moist heat, Bl 448-9

ultraviolet radiation, 81 451, 81 452 (Fig.)

transduction, B1.142

DNA analysis

B urkholderia cepacia typing, BZ 7674-1.5

B u rkhol deri a hailqndc nsis ry ping.

B.2.L6234

pharyngitis diagnosis, B1 611

DNA deletions, 81.87

mobi le  e lements ,  B l  q5 .  B l  q6

transposable elements, B1.94

DNA duplications, 8187

transposable elements, 81 94

DNA endonucleases (restriction enzynes),

81.81, 81 119, 81 119 (Fig.)

plasmid genes, 81.115

DNA fingerprinting

characterization testing, 81.22 (Tab ), 81 25

epidemiological typing, B1 405

DNA gyrase (topoisomerase II), quinolones,

8I492

DNA-hybridization groups, Salmonella

nomenclature, 82 1.398-9

DNA inversions, 81.87

transposable elements, 81 94

Dna J chaperones, function, 81 47

Dna K chaperones, function, 81 47

DNA microarrays

Borreliq, 82 L826

Escheichia, B21.3772

DNA polymerases

DNA-direcred, B146

DNA probes, 81.725

antibacterial susceptibility testing,

81 498-500

B urkholderia thuilandensis typitg, B2.1.623

Enterococcus, B.2.887

Fus o b a ct erium, 82.I9 50

gram-positive anaerobic cocci, B.2.907

Le gione lla p neumo p hila, B2.177 3

syphilis diagnosis , 82 7852

DNase, Enterobacteriaceae identifi cation,

82.1319 (Tab )

DNA vaccines, mycoplasma, 82 79934
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Doctor's office tests, Chlamydia infection
diagnosis, 82 2019

Dogs

airborne endotoxin exposure, Bl 189

bites see Bites

kennel cough and tracheobronchitis,

82.1810

Domoic acid poisoning, 8L.280

Donovan bodies, Bl 665

Donovania granulomatosis see Klebsiella
granulomatis

Donovanosis, B1 665

Dose-dependency, aminoglycosides, B1 469-70

Dose-response, 81.316

Dose variation, antibacterial
pharmacodynamics, B1.469-70

Dosing interval, antibacterial
pharmacodynamics, 81 469-70

Double diffusion immunoprecipitation,

Co ry ne bacteri.um detection, Bl 756

Doxycycline

human brucellosis treatment, 82 l7 42-3

isolation/identilic ation, B ac i I I us anth r ac is,
82938

melioidosis treatment, 82 1631

Q fever treatment, B2 20'7 8

spectrum of activity, 81 499 (Tab )
Act i nobaci I I us ad inom ycerc mcom ituns.

B21664

Borrelia, 82 1831 (Tab )

E dw ar dsie llq, B2.I49l-z

Listeria, 82 957-8

structure, 81 a85 (Fig )
in syphilis, 82 1857-8

Drechslera, in cereals, B1 284

Dried food, B1268-9, B1 268 (Tab )
herbs and spices, 81 287 8

processes, B1.268-9

ingredients, 81 269

microbial numbers, 81 269

product integrity, 81.269

Drinking water

nitrate levels excess, 81.200

UV radiation disinfection use, 81 452

Drinks, bacterial infection transmission,
81  310

Drug efflux, antibiotic resistance mechanism,
Bt 440

Dry heat, 81 449

time-temperature relationships, B1 4a8 (Tab.)

uses, Bl 445 (Tab )

validation and monitoring, Bl a54 (Tab.)

Dry tng, Camp y lobacle/ susceptibility/
resistance, 82 1545

Duke criteria, Bf 536, 81 538

Dulcitol fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Duodenal tlcers, Helicobacter pylori, 81.365,
B27564

Duplications, mobile elements, B1 95-6

Dural tears, recurrent pneumococcal

meningitis, 8L.577, BI 572

D value

heat, 81.265 6, B1265 (Fig ), 81 a46,
81 446 (Tab ), 81.449

ionizing radiation, Bl 271, 81.446 (' lab )

Dyes

antibacterial, Bl 42'7 I

B ruc e lla ctltur e, B2.'i7 3 5

Dysentery, clinical manifestations, 82 1387

Dysentery, bacil lary

drug-resistance, 82 13924

treatment, 82 73924

see also Shigella dysenteriae; Shigellosis

Dysgammaglobulinemia, respiratory tract

infection, B1 626

Dysgonomonas

characteristics, 82 1679 (Tab )

habitats, 82 1649-50

as normal microbiota, 81296 (Tab )

see also individual species

D y s go nomo nas c apno cy t o p ha g oide s

antibacterial susceptibility/resistance,
82 76',78

characteristics, 82 1,678, RZ 1679 (Tab.)

habitats, 82 1649-50

identif ication, 82.1678

infections in humans, 821677 I

Dysgonomonas gadei, 82 1679 (Tab.)

Dysgonomonas rossii, R2 1679 (Tab )

Dyspepsia. H e I i cobact e r py lorl infection.

82 1580

Ear

anatomy, B1 607

external auditory meal]us, Staphylococcus,

B2.'77'l

infections, B1 617-18

intracranial abscess, B1 582, 81 584-5,

B1 s84 (Tab.), 81 585

subdural empyema! Bl 590, 81 591 (Tab.)

see a/so Otitis nedi4. irulividual species;

s p e cifi c di s e as e s/ di s o rde r s

skin biopsies, Borrelia infection, 82 1.828

Ebola virus (EBOV) infection, 81.400

risk categorization, Bl 7 62

Echoviruses

antibacterial agents, 81 440

nosocomial infection, 81 400

Ecological factors, emergence/resurgence of

bacterial infection, 81.362

Ectoparasites, Bqrtonella transmisslon,

82 1887

Ectopic pregnancy, Chlamydia trachomatis

infection, BZ 2071, B.2.2019-20

Education, antibacterial control, 81.468

Edw ardsie lla, 82 1.49L-2

antibacterial susceptibility/resistance,

827491 2

antigens, 82 7492

classification, 82 1491

culture, 82 1491

definition, 82 1491

Group GA 7752 see Edwardsiella ictaluri

habttats, 82 1492

infection, 82.1492

intestinal, 82 1347

pathogenicity, 82 1492

typing methods, 82.1492

see also individual species

Edwardsiella aerogenes, 82 7352 ('tab )

Edwardsiella anguillimortifera see Edwardsiella
tarda

Edwardsiella cloacae, B2.1352 (Tab )
Edwardsiella hoshinae, 82 1491

antibacterial susceptibilily/resistance.
B2L491-2

biochemical tests, 82 1319 (Tab )
p atho genicity, B2 1. 492

E dw ards ie lla ictaluri, B.2.749L

antibacterial susceptibility/resistance,
B2.L491.-2

biochemical tests, 82 1319 (Tab )
p atho genicity, B.2.1 492

Edw ardsiella tarda, B2.1491.

antibacterial susceptibility/resistance,
B.2.1.491.-2

intrinsic, 82 7352 (Tab.)

antigens,92.1492

biochemical tests, 82 1319 (Tab )
culture, 82 1491

pathogenicity , 82 1492

typing methods, 82 1492

Effective reproduction number (R), 81.340

vaccination campaign effects, 81 346

Effectors, 81.45-6

negative, 81 45-6
positive, Bl 45-6, 81 58

Effluent irrigation, airborne bacteria,
Br 186 (Tab.)

Eggerthelia lents, 82 1028-30

differential characteristics, B2.lO29 (Tab.)

pathogenicity, B2 1.029 -30

Eggs, 81.251,81278-9

ammonium sllfate, Bl 27 9

consistency, B1278-9

contamination, Bl27V9

transmission, 81278

heat treatment, B1.279

pasteurization, 81.269, B1.27 L, Bl 27 9

pH,Bl.279

refrigeration, 81 278

shell physical barrier, 81.278

spoilage, BI278-9

spray drying, B1 269

storage temperatve, Bl 278

uses, B1.278-9

washing, 8I.278-9

Ehrenberg, C G, 81.10-11

Ehrlich, P, 81.6, 81.155

Ehrlichis

antibacterial susceptibility/resistance,
82.2065-6

antibiotics, B.2.2065-6
physical stability and chemical

inactivation, 82 2065

antigens, B.22055J

diversity, B2.2053-5

classification, 82 2026, 82 2048-50, B2 2053

culture,B.22052
genome, 82 2053-5

gene cloning, B.22053-5

GToESL heat shock protein, B2.2055-6

habitats, hosts and diseases, 822049 (Tab.),
B.22050,1.

infections see Ehrlichiosis

isolation /identifi c ation, B.2.2052, 82.2057
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metabolism, 82 2053

microenvironment, B2 2051.

morphology, 82 2051

replication, 82 2052

staining procedures, B2 2057-2

surface_Ag 2 proteins, B.220554

ticks transmission, BZ 2066-:7

E hr li c h iq b o v i s, B.2.2049 -50

Ehrlichiu canis

anhgens

diversity, 82 2055

genes, 82 2053 5

MAPZ,B22056

classifi cation, 82 2026, 82 2027 (Fig ),
B22049-50

habitats, hosts and diseases, B.22049 (Tab ),
822050 1

identif ication and typing methods, 82.2057

infection, 82 2059

Ehrlichia chaffeensis

antibiotic sensitivity, BZ 2065-6

antigens, B22055-7

diversity, 82 2055

genes, 82 2053-5

M4P2,B.22056

habitats, 82 2049 (Tab )

hosts, 82 2027 (Fig )

isolation/identif ication, B2 2057

microenvironment and morphology,

Bz 20s1,B22052 (Fig.)

Ehrlichia chaffeensis infection, B1 362,
822049 (Tab),B220s7 9

characteristics, B2 2057-8, 82.2058 (Tab.)

diagnosis, 82 2,057 -8, 82 2063 5

culture-based assays, 82.2065

molecular diagnostic assays, 82 2064-5

patient samples, 82 2058-9

serological assays, 82 2063-4

specimen collection, 82.2063 -5

epidemiology and natural history, 82 2061-2

immunocompromised patients, 82 2058

hospitalization, 82 2058

pathogenesis, BZ 2058-9

tick testing as a predictor of disease,

B.22066-1

treatment, 82.2066

see a/so Ehrlichiosis

Ehrlichia ewingii

classification, BZ 2027 (FiC )

habitats, 82 2049 (Tab ), 82.2050-1

hosts, 82 2049 (Tab ), 82.2050-1

infection. 82.2049 (Tab ), 82 2050-1,
82.2058 (Tab ),822059

epidemiology and natural history,
B2.2061.-2

tick testing as a predictor of disease,
822066-7

treatment. 82 2066

isolation/identifi catton, 82 2057

surface antigen genes, 82 2053-5

Ehrlichia muris

habitats, hosts and diseases, B.22049 (^lab)

surlace antigen genes, 82.2053-5

Ehrlichia phagocytophila see Anaplasma
p hag o cy t op hilum ( E hrlichia
phagocytophilia)

Ehrlichia risticii

genome, 82 2053

microenvironment and morphology,

822051.,822052 (Fig)

Ehrlichia ruminantium

antigens, 822056-7

genes, 82 2053-5

M4P2,82.2056

classification, 82 2027 (Fig )

habitats, hosts and diseases, B.22049 (Tab.),

B.2.2050-L

identification and typing methods, 82.2057

Ehrlichiosis, 82.2049 ('l a6 ), B2 2057 -9,

82.20s8 (Tab )

clinical features, 82 2058 (Tab )

epidemiology and natural history,

B.22067-3

"ewingii" ( Ehrltchia ewingi), 82 2059

human, 81.362

human granulocytic see Anqplasma
p hagocytophilum ( E hrlichia
phagocytophilia), infection (hunan

anaplasmosis)

prevention, 82 2066

spec imen co l lec t ion  and d iagnos is .

B.22063-5

transmission, pathogenesis, and clinical

manifestations, BZ 2057 -67

Eikenella

classification, 82 1271

habitats, 82 1649-50

Eikenella coruodens,81.296 (Tab ), 82 1666-8

antibacterial susceptibil i ty/resistance,

82 1668

characteristics, 82 1668 (Tab )

culture, 82 1667-8

infection, 82.1667

clinical significance, 82 7667

endocarditis, B1 532

gingiviris, B1 614

isolation/identif i cation, B2 1667-8

taxonomy, 82 1666

virulence and pathogenicity , 82 1666

Elastase, Pseudomonas aeruginosa, 82.1600-1

Elderly

antibiotic-associated diarrhea, 82 1120

bacteriuria, B1 394

hematogenous infections of tbe spine,
81 684 5

nosocomial infections, B1 394-5

pneumonia, Bl 394

Electrochemical potential (6p), B1 6a

Electron acceptors

aerobic respiration, Bl 64

anaerobic respiration, Bl 65, 81 66, 81 67

carbon compounds, 81 67

halocarbons, B1 67

inorganic compounds, 81.65

organic compounds, B1.54

oxidized metals, 81 67

oxygen, 81 65

sulfur, 81 66

Electron carriers. in bacterial respiration.

8I,634

Electron donors, anaerobic respiration, Bl 66,

81.67

Electron microscopy, 81.714

Bartonella classification, 82 1887

soil bacteria analysis, 81 207

Tropheryma whippelii, 82 1002

Electron transport

chemotaxonomy, B1 24

photosynthesis, 81 67-8

Electroporation, artificial competence, Bl 100

Elek immunoprecipitation test, 82 984

diphtheria diagnosis, BI 612-1.3

Elementary body (EB), Chlamydia, 82.2007 -9,

82.2008 (Fig )

Elimination, of infectious disease, 81 345

ELISA see EnzymeJinked immunosorbent

assay (ELISA)
'emerging infections', 81.317, B1.355,

B1.359-67

antibiotic resistance, BI 3624

bioterrorism, 81 364-5

definit ions, B1 359

demographic changes causing, B1 359-60

ecological changes causing, B1 362

land use patterns, 81 362

microbial adaptation/change causing.

8r.3624

public health infrastructure, B1 364
're-emerging infection', 81.317

societal changes causing, B1.360 1

technology changes causing, Bl 361-2

travel and commerce role, 81 360

see also individual species/infections

Emetic syndrome, B1285

Empyema

diagnosis and treatment, 81.641--3

pneumonia complication, Bl 632, BI 64I-3

streptococcal, 8I244-5, Bl 632

Encephalit is, viral t ick-borne, 81.231

Encephalopathy

cat-scratch disease, 82.1892

hyperammonaemic, 82.1447

Endemic, definit ion, B1.310

Endocarditis, infective

acute, 81.525

Bartonella

B henselae infection, 82.1894

B quintana infection, 82 1894

HIV infection, 82 1894

blood cultures, Bl 517-72, Bl 537

negative, B1 533, B1.537

causative organisms, 81 528-33,

81528 (Tab.)

A ct i nobaci II us oct i n omycet emcomi I an\,

B27663

Bartonella see above

Curdiobacterium hominis, 82 1671-2

Eikenella cotodens, B2.1667

Enterococci, 81.528-31, B1 539

Enterococcus, B.2.896

Erys ipe lothrLx rhusiop athiae, B2 97 0-1,

B.2974

G o r donia s puti, B2.Il52

gram-negative bacil l i , 81 532

HACEK group, 81 532, B1 533, 81 537,

B1 540
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Endocarditis

causative organisms (Continued)

human brucellosis, 82 1738

Kingella kingae, BZ 7670

Nocardia asteroides, 82 1158

Pro pionibacte rium acnes, 82.1032

Q fever,Bl748,822O16

rapidly growing mycobacteria, B2 1249-50,
821.252, 82 72s5, 82.126l

Sqlmonella, Bl532

Staphyloccus aureus see Staphylococcus
qureus infection

Staphylococci, BI 531-2, 81 535, 81 539 40

S tenotrop homonas maltop hilia, B.2.\636-7

streptococci, 81.244-5, Bl248, Bl 528-
B l  531,  81  539

chronic, B1.525

classification, 81 525

clinical features, Rl 525, Rl 534,
BL.s34 (Fig ), 81 s34 (Tab )

peripheral manifestations, 81 528

complications, 81 534
'culture-negative', 81 533-41

clinical complications, 81 534, B1 535

fastidious organisms, Bl 533

previous antibiotics, 81.533

special isolation techniques, Bl 533

Tropheryma whippelii, 82 999

definition, Bl 524-5

diagnosis, B1 535-8

culture, Bl 537

echocardiography, 81 536 7

medical history, B1.536

molecular methods, 81 537 8

serology, B1 537

epidemiology, Bl 525-6

incidence, B1.525

intravenous drug users, 81.526, Bl 527,
81  531,  81  533

mortality, 81525

intracranial abscess complication, 81 583,
81 585

laboratory findings, B1.536
'malignant', 81526-7
'marantic, ' Bl526-7

medical history, 81 536
'mural, ' B1 526-7

native valve

community-acquired, 81 531-2

hospitaf acquired, B1.525-6

nosocomial, 81 526

pathogenesis, Bl 526-8

predisposing conditions, Bl 525-6, Rl 536

prevention, B1.541

prosthetic valve, 81 392, Bl 526,BI528,
81.531-2, B1 538

early, 81 538

features, 81 538

frequency, Bl 538

late, B1 538

mortality, 81.538-9

prevention, B1 541

right-sided, B1 535

subacute, 81 525,81 529

surgery, B1 540-1

treatment, 81 539 41

guidelines, B1 539

vegetations, 81 526-8, Bl 534, 81 536

Endometritis, Chlamydia trachomatis infection,

82 2070-77, 82 201 I (Fig )

Endonuclease, repair of UV-induced DNA

damage, Bl 451 2

Endophthalmitis, Bl 602-4

after intraocular surgery, Bl 386

clinical manifestations, 81 603

diagnosis, B1 603

Enterococcus faecalis, 82 896

post-traumatic, B acillus cereus, 82 94O

predisposing factors, Bl 602 3

treatment, 81604

Endoscopes, fibreoptic

decontamination, B1 380

nosocomial infections from, 81.380

organisms transmitted by, B1 380

Mycobacterium, 82I2l7

Endospores, Bacillus see Eacll/rq endospores

Endotoxin(s), 81 157 60

airborne dispersal, B1 189

Bordetella, 82 1796

Burkhokleria cepacia complex, B2 7677

Haemophilus tnfluenzae type b (Hib), B1 557

see also Lipopolysaccharide (LPS)

E-Endotoxin (crystalline protein), B

lhuringiensis, BI2034

Enoxacin, Listeria, 82 957 -8

Enoyl-ACP reductase, 8143G8, 81 441,

Bt.4434

Enrichment media, Bl 37-8

Salmonella culture, 82 1400

Enrofloxacin, spectrum of activity, 81 492

Enteric fever

immune response, 81744

Salmonella infection, 82 1424

Widal reaction, B1 744

Enteric group 7 see Escherichia vulneris

Enteric group 8 see Kluyvera

Enteric group 9 see Enterobacter sakazakii

Enteric group 70 see Escherichia Iergusonii

Enteric group 7'1, see Escherichia hemannii

Enteric group L5 see Cedecea

Enteric group 77 see Enterobacter asburiae

Enteric group 19 see Enterobacter

canceroSenus

Enteric group 40 see Ewingella amerrcqna

Enteric group 47 see Leclercia adecarboxylata

Enteric group 45 see Yokenellu regensburgei

Enteric group 46 see Moellerellu wisconsensis

Enteric group 47 see Klebsiella

Enteric group 5'7 see Leminorells

Enteric group 59, 82.1319 (Tab )

Enteric group 63, 82 1319 (Tab )

Enteric group 64, 82 1319 (Tab )

Enteric group 75 see Enterobacter homaechei

Enteric infection, Dysgonomonas

capnocytop hagoides, 82 1677 -B

Enteritis, infantile, Escherichia coli,

enteropathogenic, B2 L37 24

Enterit is necroticans ('Darmbrand'),

82.1118-19

Enteroaggregative Escherichia coll (EAggEC)

see Escherichia coli, enteroaggregative
(EAggEC)

Ent ero b act eL 92 1. 483-:7

antibacterial susceptibilityhesistance,

B.2.1484-6

antigens, 82 1486

biochemistry, 82 1484

capsules, 82 1343

characteristics, 82.1483, B.2.1484,

82 1a85 (rab )

classification, 82 14834

culture, 82 1484

morphology, 82 1345 (Tab.)

temperalure,82.1344

deflnition, 82 1483

fimbriae, 82.L342-3

habitats, 82 1486-7

infection

bacteremia, B1.521

inlestinal, B2 1347

intracranial abscess, B1.585

keratitis, Bl 601

nosocomial infection, 81.398 (Tab.)

isolation/identifi cation

biochemical tests, 82 1484

gelatin liquefaction, 82 L351

historical perspective, 82 1351

screening tests, 82 1349 (Tab.)

typing methods, 82 1486

morphology, 82.1484

normal microbiota, 81296 (Tab )
pathogenicity, B.2.L486-1

soil pathogens, 81.203

waterborne, Bl227-3

Enterobacter aerogenes, 82 7483

antibacterial susceptibility/resistance,

B.2L486

antigens, 82 1486

biochemical tests, 82.1319 (Tab ), 82.1484

characteristics, 82 1485 (Tab.)

infection

extraintestinal, 82 7346J

nosocomial, 81.398 (Tab )
pathogenicity, 82 1. 486-7

typing methods, 82.1486

waterborne, BI.2L7-72

Enterobacter agglomerans complex,

B2.74834

biochemical tests, 82 1319 (Tab.)

classifi cation/nomenclature, 82.1337

DNA-DNA hybridization, 82 1337

culture, pigment production, 82.1345

DNA 3, 82 1319 (Tab.)

DNA 13 see Pantoea agglomerans

Enterobacler amnigenus, 82 1483

biochemical tests, 82.1319 (Tab )

characteristics, 82 1485 (Tab )

Enterobacter asburiae, 82.1.483, 82 L484

biochemical tesrs, 82.1319 (Tab ), 82.1484

characteristics, 82.1485 (Tab )

Enterobacter cancerogena see Enterobacter

cqnceroSen6

Ente rob acter cancero genus, BZ 7483

biochemical tests, 82.1319 (Tab ), 82.1484

characteristics, 82 1485 (Tab.)



2120 lndex

Enterobacter cancerogenus (Continued)

classifi cation/nomenclature, 82 1337 -B

pathogenicity, 82 1487

Enterobacler cLoqcae, 82 1483

ant ibac le r ia l  \uscept ib i l i t y / res is lance.

82 1485

antigens, 82 1486

biochemical tests, 82 1319 (Tab ),B.21484
characteristics, 82 1485 (Tab )

DNA-DNA analysis, 82 1338

iniection

extraintestinal, BZ 1346 
'7

nosocomial infection, B1 398 (Tab )
pathogeniciry, 82 1486 7

typing methods, 82 1486

waterborne, Bl 277-72. Bl 220

Enterobqcter dissolvens, BZ 7483, BZ 1484

biochemical tests, 82 1319 (Tab )
Enterobacter gergoviae, 82 1483, 82 1484

biochemical tests, 82 1319 (Tab ), 82.1484

characteristics, 82 1485 (Tab )
Enterobacter hormaechei, 82 1483, 82 1484

biochemical tests, 82 1319 (Tab ), 82 1484

characteristics, 82 1485 (Tab )

Enterobacteriace ae, 82 l3l7 -59, 82 147 4-506

antibacterial susceptibil i ty/resistance, 81 442,
B213524

acquired, 82.1352

epidemiology, B2.1354

identincation, 82 1354

intrinsic, 82 1352, 82.1352 (Tab )
antibiotic susceptibil i ty testing, 82.1352-4

antigens, B.2.133944

cell envelope, B21340 I

cell wall, B.21340 1

enterobacterial common antigen,
B2t3434

F antigen, B.2133940

H antigens, BZ 133940, 82 I34Z

K antigen, 82 1339 .10, 82.1343

nomenclature, BZ 133940

O antigen see below

virulence effects. 82.1340

cell structure, 82 1.33944

capsules, 82 133940, 82 1343

cell walls, B21340-1.

fimbriae see below

fl agella, 82 133940, 82 1 342

morphology, 82 1 339

characteristics, 82 1513 (Tab )
culture, 82 1344-6

amino acid requirements, 82 1345

bile salts, 82 1345

liquid media, 82,1345

morphology, 82 1344-5, 82 1345 (Tab )
pigment production, 82 1345

preservation, 82 1346

solid media, 82 1344-5

temperature, 82 1344

vitamin requirements. 82 1345
'working cultures,' 82 1346

fimbriae, 82.] 339-40, BZ 1342-3

classification, BZ 1342-3

functions, 82 1343

sex pil i , 82 1312,B.27343

genetic organization, 82 13,14

bacteriophages, 82 1344

plasmids, 82 1344

habitats, 82.1346

historical perspective, B.2l3I8 31

infection, 82 1346-j

antibody detection, Bl 7 51.-z

bacteremia, 81 520-1

extraintestinal infection, 82 1346-7

hemolytic-uremic syndrome, 82 1347

intestinal infection, 82.1347

nosocomial infection, 81 397

otit is media, B1 617

risk categorization, Bl 7 62

urinary tract infection, B21346-7

information resources, 82 1354-5

isolation/identilic ation, 82 73 47 -52

biochemical tesrs, 82 1319 (Tab.),

82 1330 (Tab ), 82 1348

commercial kits, 82 1348, B27357-2

computer analysis, 82 1348

DNA hybridization, Bl 25

extraintestinal specimens, 82 1347

genetic definit ion, 82 1318

historical perspective, 82 1350 1

immunoserology, B1 757

intestinal specimens, 82 1347

microscopy, 82 1347

molecular definit ion see belov,

phenotypic definit ion, 82 1318

problem strains, 82.1348 50

screening tests, 82.1348, 82 1349 (Tab )

typing, 82.1352

LPS, 82 1340-1

as exotoxin, B2"1340 1

2-keto-3-deoxyoctonic acid, B2 1340

lipid A, 82 1340 1

molecular delinit ion, 82 1318, 82 1351

DNA-DNA hybridization, 82 1318,

82 1338-9

l65 r-DNA sequencing, 82 1318, 82 1338

motil i ty, 82 1342

temperature l imits, 82 1342

nomenclature/classifi cation, B2 1331-9

antigenic analysis, 82 
'1332

biochemistry, 82 1332
'coliform bacteria,' 82 1335

control of, B.21335-6

current status, 82 1335

decision by usage, 82 1335-6

evolutionary relationships, 82.1333 (Fig.),

82 1334 (Fig )

evolution of, 82 1333-5

International Committee on Systematic

Bacteriology, 82.1335 6

lactose fermenters, 82 1335

new species, 82 1339

nucleic acid hybridization, 82 1332,

82.1334 (Fig )

proposed changes, 82 1336-8

species, 82 1317, 82 1338-9

normal nasopharyngeal flora, B1 609

nutrition, B2 7344-6

O antigen, B.21.33942

bacteriophage receptor, 82 1341

rough variants, BZ 134L-2

species relationships, 82 1341

structure, 82 1341

virulence effecls, 82 7347-2

physical/chemical agent susceptibil i ty/

resistance, 82 1345-6

disinfectants, 82 1346

temperatures, 82 1.3454
'unculturable,' 82 1330 (Tab ),B.2.1337

vaccine developm enI, 82 L344

see also indivtdual genera; individual species

Enterobacterial common antigen

Enterobacteriace ae, 82 1343 4

E rw inia chry santhemi, B2 L3434

Plesiomonas, 82 73434

Enterobac ter ia l  repet i t i ve  in te rgen ic  consensus
(ERIC-PCR)

Aeromonss typing, 82 1535

Salmonella molecular typing, 82 1409,

B.21.47L

E nte ro b acte r interme dium, classifi cation,

B.21.336

Enterobacter intermedius, 82 7483, 82 7484

biochemical tests, 82 1319 (Tab )

characteristics, 82.1485 (Tab.)

Enterob acter nimipressuralis, 82 7483,

B.2."t484

biochemical tests, 82 1319 (Tab )

Enterobacter pyinus, 82.L483, 82 1.484

biochemical tests, 82 1319 (Tab.)

Enterobacter sakazakii, 82 7483

biochemical tests, 82 1319 (Tab.), 82.1484

characteristics, 82.1485 (Tab )

culture, pigment production, 82 1345

infection, milk powder, 81.247

pathogenicity, 82.1487

Enterobactin, B1 I51

Enterococci

canned cured meats, 81.275

glycopeptide antibiotic effects, 81.480-1

infection

endocarditis, BI 527, BI 539

nosocomial, B1.396, B2 8934, BZ 896

opportunistic, 82.895

urinary tract, 82 896

Enterococcus, 82 833-5, 82 882-97

antibacterial susceptibility/resistance, B1 433,

82 886, 82 891-3 , 82 892 (Tab )

acquired, 82.891., BZ 892

aminoglycosides, B.2.891-2, 82.892 (T ab ),
82 893

detection problems, BZ 893-4

highJevel, B2.892, B2 893

intrinsic, 82 891

patterns and mechanisms, 82.892 (Tab )

vancomycin see vancomycin-resistant

enterococci (VRE)

antigens, 82 886-7

bacteremia, 81.518, 82 896

bacteriocins, 82 894-5

bacteriophage, BZ 894-5

cell wall structure , BZ 886-7

classification, 82 882-5, 82.887 90

genus definition, 82 882-5

groups I-V, 82 888 (Tab ), 82.889
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Enterococcus

classification (Continued)

phenotypic characteristics, 82.883 (Tab ),
82 888 (Tab )

phylogenetic relationships, 82 882,
82.884 (Fig )

species, B2.88ut-5, 82 885 (Tab ), 82 887,
82 888 (Tab )

culture and morphology, B2 882, 82 8854

genetic mechanisms, 82 886

conlugative transposons, 82 886

plasmid exchange (pheromone-induced),

82 886, 82 896

habitars, B2 885

historical perspective, 82 882-5

identilication, 82 887-90

165 rRNA gene sequence analysis,
82 884--5, 82 890

API system, 82 889 90

DNA-DNA reassociation experiments,
82 884 5, 82 887, 82 890

DNA probes, 82 887

molecular methods, 82 890

SDS-PAGE analysis of WCP profi les,
82 890, 82 890 (Fig )

infection, nosocomial infection, 81 396

isolation, 82.890-1

metabolism and growth requirements,

B2.886

as normal microbiota, 81 296 (Tab.), Bl 303,
82 885, 82 895

pathogenicity, 82 895 :7

invasive properties, 82 897

translocation across intestine, 82 897

typing, 81 396

methods, B28934

virufence, 82 895-7

adhesins, 82 897

aggregation substance, 82 886. BZ 896 :7

hemolysin, B.289+7

neutrophil-resistance, B2 897

Enterococcus aslnl, 82 888 (Tab ), 82 889

Enterococcus avium

endocarditis, B1 530-1

phenotypic characteristics, 82 888 (Tab.),

82 889

Enterococcus canis, BZ 888 (Tab ), 82 889

Enterococcus casseliflavus, 82 885 6

infection, 82 895

bacteremia, B1.518

phenotypic characteristics, 82 888 (Tab ),
82 889

Enterococcus cecorum, 82.888 (Tab ), 82 889

Enterococcus columbae, 82 888 (Tab ), 82 889

Enterococcus dispar, 82 888 (Tab ), 82 889

Enterococcus durans

endocarditis, 81.530-1

isolation, 82 890-1

phenotypic characteristics, 82.888 (Tab ),
82.889

Enterococcus faecalis

antibacterial susceptibil i ty/resistance, B1 433,
81 438

antibiotic resistance, 82 891-3

quinolone resistance, 81 a93 (Tab )
classification, 82 8823, 82 888 (Tab )
conjugation, B1 104

habitats, 82 885

identif ication systems, 82 889-90

mannitol-negative variants, 82 889

phenotypic characteristics, 82.888 (Tab ),
82 889

infection, 82 895

bacteremia, 81 518

endocarditis, B1 530-1

endophthalmitis, Bl 603

nosocomial, B1 396

isolation, 82 884-5

metabolism and growth requirements,

82 886

quorum sensing, Bl 172

reclassilication, 82 882-3

virulence, 82 896-7

hemolysin, 82896 7

waterborne, Bl2234

Enterococcus faecium

antibacterial susceptibil i tyhesistance,

81 433

antibiotic resistance, 82 891-3

classification change, 82.882 3

habitats, 82 885

identif ication systems, 82 889 90

infection, 82 895

bacteremia, B1518

endocarditis, 81.530 1. 81.539

nosocomial, Bl 393, 81 396

neutrophil-resistance, 82 897

phenotypic characteristics, 82 888 (Tab ),
82.889

reclassification, 82 882 3

E nt e r o c o c cus galltnarum

bacteremia, B1 518

endocarditis, B1 530-l

phenotypic characteristics. 82 888 (Tab.),

82.889

Enterococcus gilvus, 82 888 (Tab.), 82.889

Enterococcus haemoperoxidus, 82.888 (Tab ).
B2.889

Enterococcrc hirae, B2,888 (Tab ), 82 889

Enterococcus malodoratus, 82 888 (Tab ),
82 889

Enterococcw moranviensis, 82 889

phenotypic characteristics, 82 888 (Tab ),
82 889

En I erococcus m u n dt i i, 82 885-6

phenotypic characteristics, 82 888 (Tab ),
82 889

Enterococcus pallens, 82 888 (Tab ), 82 889

Enterococcus phoeniculicola, 82 888 (Tab ),
82 889

Enterococcus pseudoavium, 82 888 (Tab ),
82 889

Enterococcus rffinosus

bacteremia, B1 518

infection, 82 895

phenotypic characteristics, 82.888 (Tab ),
82 889

Enterococcus ratti, 82.888 (Tab ), 82 889

Enterococcus saccharolyticus, 82 888 (Tab ),
82 889

Enterococcus sulfureus, 82 885-6

phenotypic characteristics, 82.888 (Tab ),
82 889

Enterococcus villorum, 82 888 (Tab ), 82 889

Enterocolit is

necrotizing, 81 395

postoperative, 82.1119

staphylococcal, 82 1119

Enteroinvasive Escherichia coli (EIEC) see

Escherichia coli enteroinvasive (EIEC)

Enteropathogenic Escherichia coli (EPEC) see

Escherichia coli enteropathogenic

(EPEC)

Enterotest, Helicobacter identification, 82.1574

Enterotoxigenic Escherichia coli (ETEC) see

Escheri chiq coli, enterotoxigenic

(ETEC)

Enterotoxins

Aeromonas pathogenicity, 82.1535-6

Shigella flexneri, 82 1390

Enteroviruses

mollusks, 81.280

nosocomial infection, 81 400

Entner-Doudoroff pathway see KDPG

pathway (Entner-Doudoroff pathway)

Entomoplasma

characteristics, 82 1958 (Tab.)

classification, 82.1967

metabolism, B2.1969

Environment

airborne bacterial survival, B1 188

antibacterial therapy, 81 466

leprosy epidemiology, BZ 1203

nitrates, B1 200

population immunity effects, B1.353-5

respiratory tract infection, 81 626

source of bacterial infection, 81 329

specimens, leptospires, 82.1879

Enzyme(s), 81 45 6

antibacterial interaction with, B1 438

characterization testing, 81.22 (Tab ), 81 24

constitutive expression, B1.70

coordinate induction, B1.70

effectors, 81 45-6

feedback inhibition see Feedback inhibition

inducible, B1 70

periplasmic, B145-6

reactions, 81.45-6

catabolic and anabolic, 81 45

kinetics, B1.45

see also specifc enzymes

Enzyme immunoassays (EIAs), 81 718,

81719,81749-50

Bartonellq, 82 7897

B ordete lla parapertussis, Bl 7 52

Borrelia,B1753

Campy lo bacte r j ej uni, 81 7 57-2

Clostidium, B1756

C. botulinum,81757

C. tetani,BL751

Co ry neb acterium, B1..7 51, Bl 7 56

Escherichia coli 0757 , Bl'751.

human brucellosis diagnosis, 82 l7 4O-1.

Le gionel la, Bl;7 52, Bl 7 58

L pneumophila, 82.1173, 82 17'7 4

M y coplasma pneumoniae, Bl 7 52, B.2.L995

Neisseria

N. gonoruhoeae,8175I

N. meningitidis,81751

staphylococci, 81.750
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Enzyme immunoassays (EIAs) (.Continuetl)

syphil is diagnosis, 81 663, 81746, R2 1849

tularemia diagnosis, B1 752

Enzyme-linked immunosorbent assay
(ELISA), 81 718

Bartonella, 82 1898

Bordetells pertussis, 82 1792

Borrelia, 82 7829 i0

botulinum toxin, 82 1063

Burkholderia, 82 7673

B cepacia complex, 82 1613

B thailandensis, 82 1621

Chlamydia infection diagnosis, B.2.2006,
B.22018

glanders diagnosis, 82 1633, 82 1634

Haemophilus, B.2I7l0

H elicobacte r identifi cation, 82 1 573

human brucellosis diagnosis, 8.2.173940

leptospires, B2 L861 , 82 1879-80

melioidosis diagnosis, 82 1627, 82 1 630

Streptobacillus moniliformis, R2 l9l7

Streptococcus pneumoniae antibodies, Bl 631

tularemia diagnosis, 82 1754

EPEC see Escherichia cor', enteropathogenic
(EPEC)

Eperythrozoon

classilication, 82 1964, 82 1968

genome structure , BZ 79734

Epicoccum, in cereals. Bl 284

Epidemic curve, 81 312-13, 81.312 (Fig )
Epidemic hypochlorrhydia, Helicobacter pylori

infection, 82.1579

Epidemic relapsing fever ( Borrelia), 82 1823

Epidemics

definit ion, 81.3I0

Hamer's theory, 81.336-7, RL342-3

historical aspects, B1 336-8

mathematical theories, B1.337-8

theories, 81 336 8

Epidemiology of bacterial infections,
81 309-34, 81 117-19, Bl 33s-s8

analytical methods, B1 313-14

case-control studies, Bl 315 16,
81 31s (Fig )

cohort studies, 81 314 15

experimental/intervention studies, 81 313,
81 31a (Fig )

prevalence/incidence studies, 81 313 14,
81 314 (Fig.)

statistical analysis, B1 316

basic principles, B1 338-53

chromosome analysis, Bl 1 17 19

concepts, 81.309-10, B1 338-53

communicabil ity, B1 310

host response, 81 310

incubation period, 81 310

inlection reservoir, Bl 309

occurrence, 81 310

source of infection, 81 309-10

transmission mode, B1 310

data-collection systems see Data-collection
systems

effective reproduction number, B1 340,
81346

environmental and social effects, 81.353-5

historical perspectives, 81.33GE

in individuals, 81 338-9

immunity development, 81.339

infection source, control, B1.328 9

mathematical models, 81.330 2, 8134L4

continuous time model, 81 337, 81343

deteministic model, B1 344

developing and using a model,

81 331 (Fig )

dynamic behaviov, Bl 342-3

Hamer-Soper model, 81.337, 81.343

Hamer's theory of epidemics, B1 33G7,

B1.342-3, 81 3a3 (Fig )

herd immunity and vaccination effect,

81.348

heterogeneity, 81.3434

history, B1.330

mass action model/assumption, Bl 337,

81.342

model structure, 81.331

model type, Bl331 2

Reed-Frost model, 81 337, Bl 343

reproductive rate (R6) (potential to

spread), 81 330-1

stochastic models, Bl 344

structure of model, 81 342 (Fig )

methods, B1 311-16

collection of observations, Bl 311

descriptive analysis, 81 311-13

experimental study design, B1.313,

81314 (F ig  )

interviews/questionnaires, B1.31 1

medical records, 81.311

sources of data, B1 311

surveys and analytical studies, B1.313-14

time/place/person, Bl 312-L3

variables, BI3L7-72

molecular, 81.735-6

outbreak control, Bl 327, Bf 328-30

persistence thresholds, 81.340 1

in populations, Bl 33941

basic reproduction number see Basic

reproduction number (R6)

effective reproductive number see

Effective reproduction number (R)

herd  immuni ty  see Herd  immuni ty

persistence thresholds, Bl 340-1

specifi c bacterial infections

diffusely adherent Escherichiq coli,

B27379

enteroaggregative Escherichia coli,

B27378-9

enteroinvasive Escherichia coli EIEC),

B213'74-5

enteropathogenic Escherichia coli,

B273724

enterotoxigenic Escherichta coli, B.2.137 5

legionellosis, 82 77 644

vero-cytotoxin-pr odtcing E s c he r ic hia co li,

B.27377-8

spread of infection, control, B1 329

strategies for disease control see Control of

infectious disease

surveillance see Surveillance,
epidemiological

Epididymitis, Chlamydia trachomatis infection,

B22012-73

Epididymoorchitis, human brucellosis, 82 1738

Epiglortitis, 81 613

causative organisms, B1 6L3

clinical features, B1.613

differential diagnosis, 81 613

epidemiology, B1.613

treatment, Bl 613

Epi-Info, 81 326

Epimerization reactions, 81 57

Episomes see Plasmid(s)

Epithelial cells, Bordetella invasion/survival,

82.1806

Epithelium, respiratory, B1 623

failure, B1.626

Epoxides, B1 438

Epsilometer test (E-test)

antibacterial susceptibility testing, B1 498

Helicobacter pylorl antibacterial resistance,

B.21.575-6

Eradication, of bacterial disease, B1 345

Ertapenem, spectrum of activity, Bl 478-80,

81 499 (Tab )

Erw ingella amerlcana, biochemical tests,

82 1319 (Tab )

Erwinia

characteristics, 82.1330 (Tab )
phytopathogenicity, 81- 202

see also individual species

Erw tnia caro tovora, Bl 287

E rw inia c hry s ant hemi, 82 1.3 434

Erwinia dissolvens see Enterobacter dissolvens

Erwlnia nimipressurlaris see Enterobacter

nimip ressuralis

Erysipelas

swine, 82.97G-3

vaccine,B.2974

see also Erysipelothrix rhusiopathiae,

infection

Erysipeloid, 82.971

see also Erysipelothix rhwiopathiae,

infection

Erysipelothrix

classification, 82 970

definition, 82 970

habitats, 82.970

Ery s ipe lothrix rhusiopathiae, B2.9704

antibacterial susceptibility/resistance,

B.2974

cell wall composition, 82 973

characteristics, 82 970, R2 972 (Tab.)

cu]ttre,B2.971 2

distribution, 82 970

habitats, 82 970

infection,B.2970--4

animals, 82.970-1

diagnosis, B.2.97 12, B.2.97 2 (T ab.)

endocardiris, 8I.532-3, 82 97V1, 82 97 4

epidemiology, 82 971

human, 82.971

prevention, 82.974

transmission, 82.971

treatment,B.2974

see also Erysipelas; Erysipeloid

isolation /identilic ation, B2 97 L -2

typing methods, 82 972

metabolism, B.2972-3

morphology, 82 973
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Ery sip elothrix rhusiop athiae (Continued)

pathogenicity, 82 9734

virulence factors, B2 97 34

Ery sipelo thrix tons illarum, 82 97 0, 82 973

Erythema migrans, Lyme borreliosis ,B2.1821,

Erythema nodosum leprosum (ENL), 82 1205

Erythritol fermentation, Enterobacteriaceae

identif ication, 82.1319 (Tab )
Erythromycin

BA treatment, 82.1899

pelliosis hepatitis treatment, 82 1899

Iesrstance

Chlamydia, 82 2020

Coxie lla bumetii, BZ 207'7 -8

Staphylococcus, 82.794 (Tab ), 82 803

Tr ep onema p al lidum, 82 1858

spectrum of activity, 81 485, Bl 499 (Tab )

Actinomyces, 82 1017

Bordetella, B.21'7934

Boruelia, 82 1831 (Tab )

Campylobacter, 82 7548

gram-positive anaerobic cocci, B.2.972

Haemophilus, B2.I70Z (Tab ), B.21704

Legionella, 8I.635 , 82 177 6-7

Listeria, 82 956 8

Mycoplasma, B.21992

M y c o p lasma p neumoniae, Bl 634

Streptococcus,B.2861 2

structure, 81 486

Erythromycin A, structure, Bf a86 (Fig )
Eschar, in anthrax, 82 932

Escherichia

ant ibac ter ia l  suscept ib i l i t y / res is tance.

B.2.t369-10

antigens, 82 7362-5

cell wall structure, BZ 1362-5

culture, 82 7362, 82 73654

delinition, 82 1360

fimbriae, 82 7342-3

genetics, 82 1362

habitats, 82 1360

infection, intestinal, 82 1347

isolation/identif ication, 82 1365 9

metabolism, 82 1362

morphology, B.2.1367-2

as nomal microbiota, B1.296 (Tab ),
827372

pathogenicity, 82 1369 (Tab ), B.27372-80,
82 1373 (Tab )

species,82.1360, 82 1361 (Tab.)

typing methods, B2 1370_2

conventional, 82 1370

molecular, 82 13702

waterborne, 81 221

Escherichia adecarboxylata see Leclercta

adecsrboxylata

Es c he r ic hia alb e rt ii, B.2.1360

characteristics, 82.1361 (Tab )

Esc he r tc hiq b lattae, 82.1.360

biochemical tests, 82 1319 (Tab.)

characteristics, 82.1361 (Tab )

habitats, 82 1361

Escherichia coli, 82 \360

adhesins, 81 67 4-6

aerobactin, B1.676

as airborne bacteria, 81.189

antibacterial susceptibility/resistance, B1.433,
81 436-8, 81 499 (Tab ), B.2-1370

antibiotics, Bl 440, Bl 444

mechanisms of action, Rl a72 Fig.)
phenol, 81 431 (Fig.)

quinolone resistance, 81 493 (Tab )
antigens, B.21.363-5

F antigens, 82 1365

H antigens, 82 1365

K antigens, 82 1364-5

O antigens, 82.1364

artificial competence, Bl 99

biochemistry/metabolism, 82 1362

ABC transport, Bl 49

acetate as carbon source, 81 53-4

catabolite repression, 81 73

energy charge, 81.40

glyoxylate bypass, B1 53

inducible transport system, B1 50

ion gradient-linked transport, 81 49

KDPG pathway, Bl 58-9

/ac operon, 81 70-1, Bf 71 (Fig.)

lactose, B1 24

nitrate reduction, B1 66

oxidative stress, 81 65
pentose fermentation, Bl 57

phosphoenolpyruvate phosphotransferase
system, 81.50

proteins, Bl 42
pyruvate dehydrogenase complex, 81 52-4

respiration, 81 64

starvation, 81 75

sugar fermentation, 81 115

superoxide dismutase, B1 65

capsules, B2 73 43, 82 136l -2

cell division regulation, 81 48

cell wall, Bl 434, 82 1.362-5, B2.1363 (Fig.)

characteristics, 82 1361 (Tab.)

classification

Pseudomonas vs , 82 7592-3

Shigella relationships, 82 1318

colicins see Colicins

covalent modification, 81 76

culture,82.1365 6

morphology, 82.1345 (Tab )
cytoplasmic membrane. Bl 4,[-5

cytotoxic necrotizing factor 1, 81.676

facilitated diffusion, B1 48-9

fimbriae, 82 7362

F1C, B1.675

P finbriae/receptors, 81.674 5,
81675 (Fig )

type 1 (mannose-sensitive), 8I.67 4, 81.67 6

type 2 (mannose-resistant [MR]), Rl6'75-6

flagella, 81 148-9, 81 151-2, 82 1361

type 1 (mannose-sensitive), 81 148-9

foods

in cheese, 81255-6

in cream, B1248

herbs and spices, 81 287

meat and meat products, B1273-5

in milk,Bl23942

nuts, 81 287

potltry,81.276

ger'etics, 82 7362

L-arabinose operon, B1 71-2

chromosomal replication, B1 46

constitutive mutants, Bl 70

genome sequence , 82 7344

glucose -6-phosphate isomerase negative
mutants, B1.57

lactic dehydrogenase mutants, B1.55

plasmids, 81 115

recombination discovery, B1 13

R plasmids, 82.1276

tryptophan operon regulation, 81 72

growth cune, death phase, 81 40

habitats, 82 1361

heat shock response, 81 74

hemolysin production, 81.48, Bl 67 6

historical perspective, 82 1360

iron-dependent repression, 81 165-6

iron scavenging, 81 151

iron siderophores, B1 676

isolation/identifi c ation, 82.1.365-9

biochenical tests, 82 1319 (Tab )
carcass testing, 81.289

historical perspective, 82 1350

problem strains, BZ 1.348-50

screening tests, 82.1349 (Tab.)

serology, Bl 757

typing methods, B.2.1370_2

LPS, 81 158

genetic loci involved in biosynthesis,
81 160

virulence, B1 158-9

morphology, B.2.1361-2

motility, 81.151-2, B2.842

in normal microbiota, 81296 (Tab ),
81302-3,B'21.372

pathogenicity, B.2.1369 (Tab ), 82.1372-80,
82 1373 (Tab.), 82 7376 (Tab )

pili, 81.44, 81 101 (Fig )
porins, Bl 43

sigma factors, Bl'7 4-5, Bl 440, 8I.448

signal transduction, 81 168-9

sterilization

freezing and thawing, B1.450

ionizing radiation, Bl 27 7, Bl 451.

moist heat, B1.rg8

UV radiation, 81.451

uropathogenic (urinary tract infections),
Br67+7

adhesion, 8I.674-6

antibacterial susceptibility/resistance,
8t679

colonization, 81 677

pathogenesis, 81 674-7

vaccine development, 81.680

virulence factors organization, B1.677

virulence factors

K-antigens, 81.154

LPSs, 81 158-9

plasmid deternination, 81.114

waterborne, Bl 212

lcsring,B1273,8t225

Escherichia coli diffusely adherent (DAEC),
82.1379

adhesins, B1 148-9

identification, 82 1369
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Escherichia co1l, diffusely adherent (DAEC)
(Cont i ru ted)

infection, 82 1379

inflammatory bowel diseases l ink,
81 148-9

Escherichiq coll, enterhemorrhagic (EHEC)

meat.81273-4

Shiga-like toxin, Bl 156 (Tab )
nomenclature, 82 1339

vegetables, B1 282

Escherichitt coli, enleroaggregative (EAggEC),

B21378 9

identif ication, 82 1369

inlection, B2 1378-9

Escherichia coli, enteroinvasive (EIEC),
B2 1314-5

identification, R2 1367, 82.1,367 (Fig )
infection, B.213'74-5

vegetables, B1 282

Escherichiq co1r, enteropathogenic (EPEC),

B213724

adherence, host specifi city, Rl 147 -8

adhesins, Bl 148 9

curli synthesis, B1 148-9

fimbriae, type IV, 81 148 9

flagella, adhesive properties, B1 148-9

identification, 82 1366-7 , 82 1367 (Fig )
infection, 82 73724

K-88 strain, 81 147-8

K-99 strain, 81 147 8

subversion of host cell signal transduction,
Bl 164-s, Bl 166 (Fig )

vegetables, B1 282

virulence factors, 82 1373 (Tab ),82 1374

Escherichia colr', enterotoxigenic (ETEC),

82 1375-7

heat-labile enterotoxin, Bl 156 (Tab.)

heat-stable enterotoxin, B1 157 (Tab )
identification, R2 7367, 82.1368 (Fig )
infection, 82 1375

vegetables, Bl 282

virulence factors, 82.1373 (Tab ), RZ 137 5J

Escherichia coli, O26:H11,81273 5

Esc herichia co li, 01,03, 81 27 34

Esc herichia co li, 0104, Bl 27 34

Escherichia co li, O1.I l, B1.27 3-4

Es che r ichia coli, 0157 :H7

antigens, virulence effects, 82 1340

bioterrorism, 81768

case-control study, B1 315-16

foods

egg products, 81 279

fruit, 81 283

hazard analysis, B1 288

mear,812734

vegetables, Bl 282

isolation/identif i cation

enzyme immunoassays, B1 751

screening tests, 82 1349 (Tab )
serology, Bl 757

outbreaks

childcare centers, B1 361

hamburger contamination, 81.361

Shig toxin/verotoxin production,

nomenclature difliculties, 82 1339

study on carriage, 81 320

waterborne, Bl ZIZ, Bl 278

Escherichia col/, uropathogenic (UPEC),

82 1379-80

adherence, 81 147-8

adhesins, 8I 747-8

Escherichia coft, verotoxigenic (VTEC),

Bl 23944, Bt 255 6, 82 13',7'7, 82 1378

in foods

cheese, 81 255-6

meat,B1273-5

milk, 81230-2, 81235 (Tab.), 81.23942

yogurt, Bl 249-50

infection, B2'13'77-8

isolation/identifi c ation, R2 1367 -9

nomenclature, 82 1339

serogroup Ol57:H7 see Escherichia coli,

01.57:H7

virulence factors, 82 1373 (Tab ), 82 1378

Escherichia coll infection, BZ 7372-80

acute-phase response, 81 740

avoidance of host immune defenses, 81.154

bacteremia due to, 81.520

bloody diarrhea

egg products, B1 279

meat,Bl2734

cheese, 81 255-6

endophthalmitis, 81 603

extraintestinal, 82 7346 7

hospital-acquired bacteremia, B1 393

intracranial abscess, 81.585

animal models, 81.583 4

mastit is, 81230

milk-borne, 8123942

neonatal meningitis, Bl 5'1 4-5

nosocomial, Bf 397, 81 398 (Tab )

bacteremia, B1 393

food-borne, Bl 377

pneumonia, Bl 637

yogurt, 81 249-50

Escherichia coli K-72

capsule composition, B1 44

protein synthesis, 81 47

Escherichia fergusonii, 82 7360

biochemical tests, 82 1319 (Tab )

characteristics, 82 1361 (Tab.)

habirats, 82 1361

Es c he ric hi a he mqnni| 82 1360

antibacterial susceptibility/resistance,
B21369-:70

intrinsic, 82 1352 (Tab )

biochemical tests, 82 1319 (Tab )

characteristics, 82 1361 (Tab )
habitats, 82.1361

Escherichia v ulneris, 82 7360

biochemical tests, 82 1319 (Tab )

characteristics, 82 1361 (Tab )

habitats, 82 1361

Esculin hydrolysis

En lerobac ter iaceae ident i f i  ca t ion ,
82 1319 (Tab )

Porphyromonas identification, 82 1924 (Tab )
P rev ote lla identifi cation, 82 1924 (T ab.)

E site, IRNA), 8147

Esophagus, normal microbiota, 81 302

Essential oils, herbs and spices, 81 287

Esters, 81 422

antibacterial, 81 423 (Tab )

Estuarine areas, bacteriology of, B1 216

E-test ree Epsilometer test (E-test)

Ethambutol (EMB), 81 481

Mycobacterium, 82l2l8

Mycobacterium tuberculosis, 82 1197 ,
821.2L8

Ethanol, 81.427

action of, Bl 438

fermentation, B1.56

formation by bacteria, 81 54

see also Alcohol(s)

Ethmoid sinus, respiratory tract, 81.606-7

Ethylenediamine tetraacetic acid (EDTA),

action of, B1428,B1436, 81.437 (Tab )

Ethylene imine, B1 439

Ethylene oxide, 81 429, 81 438, 81 439

sterilization, 81.445 (Tab )

thermochemical treatment, B1 454

validation and monitoring, 81 454 (Tab.),

81 455

Ethylene sullide, 81 439

Eub acte rium, 82 7027 -30

antibacterial susceptibility/resistance,

B2.L028

cell walls, Bl 424, 82 7028

classification, 82 904, 82 702&9

changes to, 82 7028, 82 1028 (Tab )

differential characteristics, 82 1029 (Tab.)

culture, 82 1027-8

genus definition, 82 1027

habiIaIs, 82 7027

historical perspective, 82 1027

infection

intracranial abscess, 8L.585

periodontitis, 82 1.029 30

isolation, 82 1029

metabolism, 82.1028

fermentation, 82.1027 , 82 7028

morphology, 82.1027

normal microbiota,81296 (Tab ), 81 301

in normal microbiota, 82 1029

pathogenicity, 82 7029-30

virulence factors, 82 1029-30

Eubacterium brachy, 82 1029 (Tab.)

pathogenicity, 82 \029 30

Eubacterium budayi, 82 7028

Eubacterium ce llulosolv ens, 82 1028

Eubacterium combesii, 82 1029 (Tab )
pathogenicity, BZ.1029 30

Eubacterium contortum, 82 1029 (Tab )
pathogenicity, 82 lO29 -30

Eubacterium cylindroides, 82.1029 (Tab )
pathogenicity, 82 1029 -30

Eubacterium limo sum, 82 7030

characteristics, 82 7029 (Tab ), 82 1030

isolation, 82 1030

metabolism, 82.1028

pathogenicity, 82 7029 -30

Eubacterium minutum, 82.1029 (Tab )

Eubacterium moniliforme, 82.1029 (Tab.)

Eubacterium multiforme, B.21,029 (Tab )

Eubacterium nodatum, 82.1029 ('lab.)

pathogenicity, B.2.1029 30
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Eubacterium rectale

differential characteristic, 82 1029 (Tab )
pathogenicity, B2.L029 -30

Eubacterium saburreum, 82 1029 (Tab.)

pathogenicity, B2.1029 -30

Euhacterium saphenum, 82 1029 (Tab )

E ub qct e r ium su lc i, 82 7029 (T ab.)

reclassification, 82 1946

Eubacterium tenue, 82 1029 (Tab )

metabolism, 82.1028

pathogenicity, BZ 1029 -30

Eubacterium unforme, 82 1028

Eubacterium xy lano p hilium, 82 7028

EUCALB, Borrelia deteclion, 82 1829,
82 1830 (Tab )

Eukarya, phylogeny, 81 30 1

Eukaryotes, 81 11

Europe

food-borne botulism, 82 1069

general practit ioner reporting system, B1 320

nosocomial infection control, B1 406

European corn borer, 812034

European Respiratory Society, pneumonia

treatment guidelines, B1 639 (Tab )

European Working Group for Legionella
Infections (EWGLI), 82 1776

Eutrophication, 81.200

Evoked interferon-y assays (EGIA)

hypersensitivity measurement, 81 747

tuberculosis diagnosis, 81 747

Evolution and origin, B1 30

controversy, 81 30 1

hierarchy for l ineage, 81 31

speciation, B1 30

see a/so Phylogeny

Ewingella, 82 1492-3

antibacterial susceptibility/resistance,

B.21493

biochemical Iests, 82 1492

culture, 82.1492

deflnit ion, 82 1492

habitats, 82 1493

pathogenicity, 82 1493

Ew ingella americana, 82 1492

antibacterial susceptibility/resistance,

B27493

intrinsic, 82.1352 (Tab )

biochemical Iests, 82 7 492

cu]ttre, 82 7492

habirars, 82 1493

as normal microbiota, 81296 (Tab )
pathogenicity, 82.1493

Excision repair

bacterial spores, Bl 452

nonsporulating bacteria, BI 451-2

Exiguobacterium, BZ 997 2

chemotaxonomic characteristrcs,

82 978 (Tab )

habitats, 82 978

Exiguobacte rium acety licum, B.2.9912

biochemical characteristics, 82 993 (Tab )
Exopolysaccharides, 81 153-4

Burkholderia cepacia complex, 82 1614

B urkho lderia thailandens is, 82 7622

Exotoxin(s), 81 155-7, 81 156 (Tab.)

attachment and entry into target cells,

Bl 155-7

A + B subunits, 81 155, 81 156 (Tab )

definit ion, Bl 147

genes for production, 81 157

Pseudomonas aeruginosa, 82 1.600

superantigens, 81 157, 81 157 (Tab )

see also specific toxins; specirtc rypes

Exotoxin A (ETA), Pseudomonas aeruginosa,

82 1600

Exotoxin S, Pseudomonas aeruginosa, 82 1600

Extracellular alarmones, 81.448

Extracellular enzymes, Burkholderia

t ha i landens i s, 82 1.624

Extracellular induction components, 81 448

Extracellular polysaccharide (EPS) production,

81 149-50, Bl 150 (Fig )

Extracellular sensing components (ESC),

81 448

Extracellular shne, Salmonella, 82 1343

Eye infections, 81 598, Bl 599 (Tab )

Bacil lus cereus in posttraumalic

endophthalmitis, B2 940

Capnocytophaga canimorsus, BZ 1674-5

My cobacterium chelonae, 82 7252

nosocomial, 81 386

Pasteurella multocida infection, 82 7654-5

see a/so Conjunctivit isi Endophthalmitis!

Keratit is

Eyes, normal microbiota, Bl 598, 81.599 (Tab )

FabI, FabK, FabL (enoyl-ACP reductases),

81.436-8, 81 441

Facil itated diffusion, Bl 48 9

Factor VIII, HIV contamination, B1 380-1

Facultative anaerobes see Anaerobic bacteria

F antigens

Enterobacteriace ae, 82 1339 40

Escherichia coli, 82 1.365

Farcy see Glanders

Farming see Agricultural settings/activit ies

Farr, W, 81 317

Fast-food, bacterial infections, 81 360-1

Fatty acid methyl esters (FAME), 82 945

Fatty acids

Fusobacterium, B2 7949

leptospire growth, 82 1870, 82.1881

Porphyromonas, 82 1924 (Tat: )

Prevotella, 82 7924 (Tab )

Pseudomonas, B2 1597

synthesis, Bl 61

Febris quintana see Trench fever

Fecal coliform bacteria test, B1 223

Fecal coliforms, Bf 186 (Tab )

Fecal-oral transmission, B1 329

Helicobacter pylorl infection, 82 7578-9

Fecal streptococci, airborne concentrations in

facil i t ies, 81 186 (Tab )

Fecal streptococci test, B1.223-4

Feedback inhibition, B1 75-6

branching biosynthetic pathways, Bl 75-6

concerted, 81 75 6

cumulative, 81 75-6

sequentia[, 81.76

Feline immunodeficiency virus (FIV),

B.27209

Femur infection, inflammatory responses,

81 689

Fentichlor, B1 438

Fermentation, Bl 54

B ifido b ac t erium, 82 1025 -6

definit ion, 81,t-5, 81 54

Eubacterium, 8.2.L027 , 82 L028

lood processing and preservation.

81268 (Tab.)

hjstorical aspects, B1.[-5

Fetus, syphilis see Syphilis, congenital

Fever, human brucellosis, B.2.1737 -8

Fever of unknown origin (FUO), cat-scratch

disease, 82.1892-3

F' formation, conjugation, 81.L02-3

Fibrobacter, 82 7930

Fibronectin

Staphylococcus aureus adherence, B1 687-8

Treponema pallidum, 81.L49, 82.1840-1

Fibronectin-binding proteins (Fnb's), 81 149

Field-inversion gel electrophoresis (FIGE),

B2894

Filamentous hemagglutinin (FHA), 82.1789,

82 1789 (Tab ), B.21192,82.1798,

821799-800

Filifactor alocis, reclassification, 82.1946

Filtration, B1.453

applications, 81 445 (Tab ), 81 453

mechanisms of action, 81453

types of filter, 81 453

uses, Bl 453

validation and monitoring, B1454 (Tab.)

FimA protein, 81.148 9

Fimbriae

B ar tone I la a ls at ica, B2.1887

Bartonella tribocorum, 82 7887

Bordetella, R2 1789 (Tab ),8.2.1799

Enterobacter, 82 1342-3

Enterobacteriaceae Jee Enterobacteriaceae

E s c heric hia, B2.1342-j

Klebsiella, B21342-3

Mormella,B.27305

M catathalis,82.1307

Protew,821446

S alm o ne lla, 82 1399, B.2.1 407

Shigella flexneri, 82 7342-3

FimH protein, Bf 148-9

Finegoldia, B2.913-74

classification, 82 905 (Tab )

identiflcation, B2.906-:7

Finegoldia magna, 82 973-14

antibacterial susceptibility/resistance, 82 911,

B2972

biochemical characteristics, 82 908 (Tab.)

classification, 82 904-5

definition/characteristics, 82 913-14

isolation and maintenance, 82 905

normal microbiot a, B2.91.0

as normal microbiota, 81 296 (Tab )

pathogenicity and virulence factors,

82.910-11

protein L, 82 911

Fimtcutes, B2 7028
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Fish and fish products, Bf 279 80

BaciLlus inleclion, 82 944

bacterial numbers on fresh produce, Bl 279

erysipeloid, 82 971

internal f lesh, 81 279

microbiology, Bl 21 9-80

ocean water temperature, Bl 279

pathogens, B1 279

safety assurance, B1 288-9

spoilage, B1 279

Flagella

Aeromonas, B2152'l-8

assembly, Bl 151-2

Bartonella, 82 1887

Burkholdeia cepacia complex, 82 1614

B urkho lderia thailande ns is, RZ 7622-3

composition, Bl 44, Bl.75l-2

Enterobacteriaceae, 82 133940, 82 1342

function. 81 151 2

functions, Bl 44

Helicobacter, 82 1576

Legionella, B21762 (Tab )

leptospires, 82 1868

protein export system, 81 48

Sqlmonella see Salmonella

Flagell ins, B1.14

Aeromonas, B2152'l-8

Bur kho lde ria p s eudomqllei, 82 1614

B u rkho lderis t hailande ns is, 82 1622-3

Campylobacter, BZ 1549

Salmonella, B.21404

Flash steri l ization, B1 447

Flat sour spoilage

Bacil lus,B.29234

food can bulging, 81 271, 81 283

Flavin adenine mononucleotide (FMN), B1 63

Flavins, 81.63

Flavobacterium

in foods

fish,B1279

milk, 81 233

nosocomial infection, 81 401 (Tab )
waterborne, BI 27L. Bl 221

Flavoproteins, B1 63

Fleas, Rickettsia transmission, RZ 2037 ,
B22040,B.22041

Fleroxacin, H aemop hilus, B.2.77 I0

Fle x ibacter, bioremediation, B1 21 2

Flinders Island tick typhus, 82 2039 (Tab ),
B22040

Flip-flop mechanisms, mutation, Bl 90-1

Florphenicol, development, Bl 4824

Flucoxacil l in

pharmacology, B1.475

structure, Bf 474 (Fig )
'Fluctuation test, ' spontaneous mutation,

81 82-3, 81 82 (Fig )

Fltigge, Bl 371

Fluorescein, 82 1596

Fluorescein-isothiocyanate (FITC)

Legionella pneumophila, R2 1773, RZ 7774

syphilis diagnosis, 82.7844-5, BZ 784'1 8

Fluorescence

Veillonella culture, 82 1314

Fluorescent amplified fragment length
polymorphism (FAFLP)

Escherichia, B2 7371

SaLmonella typing, 82 1408-9, 82 l4l1

Fluorescent antibody absorption (FTA-ABS)

test, in syphilis, BZ 1847-8

cerebrospinal fluid test, 82 1848

IgM, 82 1848

problems, 82 1850 1

Fluorescent antibody tests, Actinomyces,

82 1009

Fluorescent in situ hybridization (FISH), soil

bacteria, B1 206

Fluorescent microscopy, 81 713 (Tab.), 81 714

Fluorescent pigments, Pseudomonas, B2.1.596

Fluorescent resonance energy transfer (FRET)

probes, 81.727 (Fig ), 81 728

applications, 81728-9

Fluorescent-treponemal antibody-absorbed
(FTA-ABS) test, Bl 663

Fluorescent treponemal antibody test (FTA),

B1746

Fluoroquinolones

development, B1.492

plague, 82 1466

Q fever treatmenl, BZ 2078

resistance

plasmid resistance genes, B1 113

Staphylococcus, 82794 (Tab ), 82 804

spectrum of activity

A ct ino b ac i I lus ac t i no m y ce te mc o mi tans,
821664

Brucella, 82 ll4Z

Campylobacter, B2 1548

C apnocy to p haga, 82 1677

Cardiob acte r ium hominis, 82 1.672-3

Escherichia, 82 1.370

Legionella, B21.777

Pasteurellq multocida, 82 7655

T ro p heryma w hippe lii, 82 1002

Vibrio, 82 7514

urinary tract infection, 81.679

see also specific types

Foals, Actinobacillus equuli infection,

B2.r6654
Focal hepatitis, human brucellosis, 82 1738

Follow-up (incidence) studies, 81 314

Food(s), 81 263-92

airborne bacteria monitoring, 81 189-90

bacterial infection transmission, B1 310,

81 361

cook-chil l, B1 377

necrotizing enterit is, 82 1 1 I 8-1 9

nosocomial, B1.377

technology changes, 81 361-2

see also individual species

bacteriocins, B1.139

bacteriology of specilic food commodities,

81272-88

contamination, Bl 289

general principles, 81.263

hazard analysis crit ical control point

regulations, Bl 288-9

microbial growth influencing factors,
81263 7

antibacterial properties, B1 267

chilling effect, 81 264

extrinsic factors, Bl 266-:7

freezing effect, Bl 26+5

gaseous atmosphere, Bl 266

heating effect, Bl 265-6

nutrients, 81 267

other factors, 81.267

pH,Br266-7

redox potential, 81 267

temperature, 81264-6

water activity, 81 266

preservation and processing, Bl 267 JZ,

Bl 268 (Tab )

hurdle technology, 81272

temperature, B1 264

waterborne bacteria, Bl 2IZ, Bl 221

see also specirtc methods

safety assurance, 81 288-9

safety regulation, 81 289

see also specific foods

Food-borne gastroenteritis (bacterial),

S almone lla Enteritidis bacteriophage

type 4b,81322

Food chain, biomagnification of pollutants,

8 t207-2

Food poisoning, B1.310

case-control studies, 81 315-16

Clostridia, 81 203

cohort studies, 81.315

Food Standards Agency, Bl 330

Foot, mycetoma s€€ Mycetoma

Foot-and-mouth disease, disinfection,

B l 4 2 2 4 , B t 4 3 4

Formaldehyde, 81 426-7

action, B1.437 (Tab.), 81 438-40

formaldehyde-releasing agents, Bl 426-7

gas, 81.429-30

liquid state, Bl4Z6J

low temperature steam with formaldehyde,

Bt 429-30, 81 447-8, 81 454

applications, 81.445 (Tab )

Formic acid, 81 422

fermentation, 81 55, 81 55 (Fig )

Formolized yolk-sac antigen (FYSA),

B.2.7174

Formulary, antibacterial control, B1 468

Fosfomycin, B1481

Fowl cholera, 82.16534

Foxes, botulism, 82 1074

F plasmid see Conjugation, bacterial

Fracastoro, G, 81.4

Fracture fixation infection

causative pathogens, B1 690-1

epidemiology, 81 68.t-5, 81 686 (Tab )

reconstruction, B1 697

Fracture infection, inflammatory response,

81 689

Frame-shift mutations ree Point mutations

Francisella, 82 1752-8

biochemical properties, 82 I7 534

carbohydrate surface molecules, BZ 77534

culture, 82 1753

distribution, 82 1753

genomics, 82.1756

growth requirements, 82.1753

hrstory, BZ 7752
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Francis ella (Co ntinue d)

infection

immune response in humans and animals,
B.21.756-7

immune response in murine model,

B.2.1756-7

in immunocompromised, 82 1753

serology, Bl 7 57, BZ 17 54

see qlso Tularenia

intracellular growth, 82 1755

proteomics, 82 1756

Francise lla holarct ica, 82 17 52

Francisella nearctica, B2 1752

F rancise lla novicida, B.2.7'7 52

distribution, 82 1753

genetics, 82 1753

virulence, 82 1752, 82 1754

Francisella philomiragia, 82 7753

distribution, 82 1753

Franc isella tularensis

bioterrorism, B1 189

biovars, 82 1752

capsule, 82 1753, B2 1754

classification, 82 17 52-3, 82 2027 (Fig )
phylogeny, 82 77 52, BZ 17 53

proteomics, 82.1756

species and strains, 82 1752

colonial phase variation, 82.1754

distribution, 82 1753

as facultative intracellular bacteria, 82 1755

genetrcs

genomics, 82.1756

nucleic acid composition, 82 1729 (Tab )
variation, 82 1755-6

hosrs, 82 1753

infection see Tularemia

intracellular growth, 82 1755

live vaccine strain, 82 1755-8

LPS, 82 1753-4

morphology and growth, 82 1753

reservoirs, 82 1753

subspecies palaea rc tica, 82 17 52

virulence, 82 17 534

mutants, 82.I '755-6

Frankfurters, Bl 275

Freeze-drying, 81 450

food preservation, Bl 268 9

Freezing, food, B1 269-70

effectiveness, B1.270

freeze drying, 81 268-9

fruit, 81.283

integrity of food, 81 270

microbial growth effect, 81.26+5

microbial radiation resistance, 81 271

organoleptic characteristics, B1 264

process, B1 270

refrigeration vs, B1 269

timing, Bl 270

Yegetables, 81281.-2

see a/so Chilling food

Freezing and thawing, 81 450

Freshwater, Aeromonss habitats, 82 152,t-5

Frontal sinus, respiratory tract, Bl 606 7

Fructose-6-phosphate, B1 57-8

Biftdobacterium, Bl58

Fructose-6-phosphoketolase, B1 58

Fructose-6-phosphokinase
(phosphofructokinase), 81.51, B1 58,
81 59

Fruits, 81.280, Blz82 3

carbon dioxide in atmosphere, B1 283

handling, B1 282

hanesting, 81282

losses, Bl 282

importation and bacterial infection
emergence, 81 360

pH, 81 283

preservation

canned, Bl 283

dried, 81 283

freezing, 81 283

irradiation, 81 271

potassium sorbate treatment, B1 283

sulfite treatment, Bl 283

sorting and grading, 81.282

spoilage

fungal, 81.282, B1 283

molds, 81.282, 81 283

rots, 81 282

yeasts, 81 282, 81 283

storage, B1 283

temperatures, B1 283

water activity, 81.283

FtsY protein, 81.45

FtsZ,  8148

c-Fucosidase, B21924 (Tab )
Fumarase, 81 52-3

Fungemia, 81 516 (Fig )
blood culture, 81 512-13

causative organisms, 81 522

definition, 81 510, 81 511 (Tab )
Fungi

antibacterial agents, Bl 439

resistance, 81 444

fbod

cereal spoilage, Bl 284, Bl 285

fruit spoilage, Bl 282, Bl 283

nuts and seeds, 81.286-7

water activity, B1 266

infections
joint prostheses, 81 392

nosocomial, 81 374, 81 403

lichen formation, B1 201

nitrilication, Bl 200

plant associations, 81 197

biogeochemical transformations, B1 199

carbon:nitrogen (C:N) ratios, Bl 200

detection methods, B1 205
growing season and domination, 81 198

nitrogen cycling, Bl 200

Fungicides, 81 434

Fungistatic agents, 81.434

Furanocoumarin, fi sh, B1.281

Furazolidone, spectrum of activity, 81.495

Furfural formation, food, B1 267

fur gene, iron-dependent repression, 81 165 6

Fusarium

cereals, 81.284

fruit, B1.282

infection, nosocomial, B1 403

nuts and seeds, 81 286-7

peanuts, 81 286-7

Fus arium gramine ar um, BI 284

Fusidic acid, 81.488-9

mode of action, 81 488

pharmacology, B1 489

resistance, 81 488-9

spectrum of activity, 81 488, 81.499 (Tab )

Actinomyces, B.2101I

structure, B1 488, 81.488 (Fig )

toxicity/side effects, Bl 489

Fusion vectors, 81.125-6

Fus o b act er ium, BZ 194t56

antibacterial susceptibility/resistance,

B27949

antibiotics, 82.1949

antigens, B21.948-9

cell wall composition, 82 1948-9

classification, 82 1913, 82 1914, 82 1.946

coaggregation, 82 1950

clltve,B.2.1.947

media, 82 1949

definition, 82.1945

differential characteristics, 82 1950 (Tab.)

fatty acids, 82 1949

genetics, B.2.f94'7-8

habitats, B2.1946-7

historical perspective. 82 lg45

infection

in animals, 82.1945

bacteremia, B1 523

bone and joint infection, 81 690-1

endocarditis, 81 533

gingivit is, B1 614

intracranial abscess, 81.585

oral cavity abscess, 81 618

periodontal abscess, B1 614

intragenic heterogeneity, 82 1946

isolation/identification, 82.1949-50

DNA probes, 82 1950

LPS, 82 1948

metabolism, 82 1948

morphology, 82 1947

normal microbiota,Rl296 (Tab ), 81 301,

82 1950

mouth, 81 609

nasopharynx, B1 609

outer-membrane, 82 1948

pathogenicity, BZ 1.950-1

species, 82 1946

virulence factors, 82 1950-1

Fusobacterium alocis, BZ 7946

F w o b ac t e r i um c an ife lium, B.2.19 46

Fus obacterium equinum, 82.1.946-7

Fre ob ac t e r ium go nidiafo mans

differential characteristics, 82 1950 (Tab.)

habitats, 82 1946

morphology, 82.1947

F us o b act e rium mo r ti.ferum

classification, 82 1946

differential characteristics, B2 1950 (Tab.)

habirats, 82 1946

metabolism, B2.1948

morphology, 82.1947
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Fusobacteritm naviforme

differential characteristics, 82 1950 (Tab )
habitats, 82.1946

morphology, 82 1947

Fusobacterium necrogenes

differential characteristics, 82 1950 (Tab )
habitats, 82.1946

Fusobacterium necrophorum, Bl 629

cell wall and antigens, 82 1948

classification, 82 1946

culture, 82 1947

differential characteristics, 82 1950 (Tab )
habirars, 82.1946-7

infection, 82 1951

Lemierre's syndrome. Bl 618

leukotoxin. 82 1951

metabolism, 82 1948

morphology, 82 1947

subspecies, 82.1946

Fusobaclerium nucleatum, BZ 7945

cell wall and antigens, 82.1948-9

FomA and porins, 82 1948-50

classification, 82 1946

culture, 82 1947

differentiating characteristics, 82.1949 (Tab ),
82 19s0 (Tab )

genetics,B.27947 I

habitats, 82 194G7

infection

intracranial abscess, Bl 584 5

stomatit is, B1 614

isolation/identil ication, 82.1949-50

merabolism, 82 1948

morphology, 82 1947, 82 1949-50,
82 19s2 (Fig )

normal microbiota role, 82 1950

pathogenicity and virulence factors,
82 1 950-1

Fusobacterium perfoetens, 82 7946

Fuso b acte r ium p eriodont ic um

classification, 82 1946

habirats, 82 1946

normal microbiota role, 82.1950

Fuso b acte r ium p lauti-v ince nt i, R2 1945

Fus o b acterium po ly mo rphum, B2 1945

Fusobacteium prausnitzii, 82 1946

Fusobacterium russii

differential characteristics, 82 1950 (Tab )
habitats, 82.1946-7

Fusobacterium simiae, 82 1946-7

Fusobacterium sulci, R2 1946

Fuso bacterium ulce rans

classification, B2.1946

differential characteristics, 82 1950 (Tab )
habitats, 82 1946

Fusobaclerium varium

classification, 82 1946

differential characteristics, 82 1950 (Tab )
habitats, 82 1946

morphology, 82 1947

lc value, 81.270-1, 81 446

Galactose-6-phosphate, inducer in /ac operon,
Bt7L

a-Galactosidase

Porphyromonas identification, 82 1924 (Tab )

Prev o tella identifi cation, 82.1924 (T ab.)

p-Galactosidase, 81.70

Porphyromonas identification, 82 1924 (Tab )

Prevotella identification, 82.L924 (Tab )

testing for presence, 81 223

G allibacterium, 82 7658

classifi cation, 82 7658-9

genomospecies 1, 82 1658

Gallibacterium anatts, BZ 7658

animal infections, 82 1654

characteristics, 82 1652 (Tab )

classification, 82 1650, 82 1658-9

Gallicola,B.2914

classil ication, 829O4,BZ 905 (Tab )

Gallicola barnesae, 82 974

biochemical characteristics, 82 908 (Tab )

classilication, BZ 904 5

Galls, plant disease source, 81.202

Gamma radiation, Camp y lo bacte r, 82.1545

Gardnerella, BZ 994-5

chemotaxonomic characteristrcs,
82 978 (Tab )

urinary tract infection, B1 678

GardnereIIa vaginalis, 82.994 5

ant ibac ter ia l  suscept ib i l i l )  / res is lance.

metronidazole, B1.495

bacterial vaginosis, Bf 665-8

biochemical characteristics, 82 993 (Tab.)

disease associations, 82 981 (Tab.)

habitats, 82 978

normal microbiota,81296 (Tab ), 81 303

Gas gangrene, B1.203, 82 ILIT-1.6

associated infection, B2 7172, 82 7171

bacter io logy ,82 .1112

causative ^gents,B.2.1112, 82 lI14

clinical features, B.21114 15

diagnosis, 82.1115

experimental studies, 82 1113-14

historical aspects, 82 1111

incidence, BZI717 12

civilian practice, 82.I7l7-72

military during war, 82.1111

incubation period, B2 1114

pathogenesis, 82 lll2-13

clostridial toxins role, 82 1.11.3-14

tissue anoxia, BZ 1112, B2 1113

postoperative, BZ 777 I -1.3

prophylaxis and treatment, 82 1115

antibacterial agents, 82 1116

hyperbaric oxygen, 82 1115-16

surgery ,  82  1115

wound debridement, 82.1115

wound tissue anoxia and anaerobic growth,

B21112, B2.t7t3

Gas-liquid chromatography (GLC)

Fuso bacterium, 82 
-1950

rapidly growing my cobacteria, 82.1.242

Gas plasmas, steri l ization, B1 453

Gasteroenterit is, Aeromonas, 82.1535 6

Gastric biopsy, Helicobacter pylori infection

diagnosis, 82 1571 (Tab )
Gastric malignancy, Helicobacter pylori

infection, 82 1580

Gastric mucosa, Heltcobacter pullorum,

B.21.56+5
Gastric ulcers

Helicobacter pylorl infection, 82.1564,

82 1580

recurrence, 82 1574

Gastritis, Helicobacter pylorl infection, B1 365,
B27564

acute, 82 1-57 8, 82.1579

chronic, 82.1564-5, 82 L57 8, BZ L57 9

Gastroenterit is

herbs and spices, 81 288

Salmonella Paratyphi B, B.2.1421

viral, B1.400

Gastroesophageal reflux disease (GERD),

H el i cobart er py lori infection.

82 1580-1

Gastrointestinal diseases, Whipple's disease,

B2 999, R2 1001.-2, R2 1001 (Fig ),
B.27002

Gastrointestinal samples, Aeromonas isolation,

B21.53L-2

Gastrointestinal tract

decontamination, B1.390

normal microbiota, Bl 2934, Bl 302 3

antibiotic-induced changes, 82 l7I9-20

B actero ides I P r ev o te llal P o rp hy r o mo nas,

82 1933

Gastropods, B1.280

Gatifloxacin

Nocardia, 82.1765-6

spectrum of activity, 81 492

Gelatinase production, Legionella species

identiflcation, 82 7762 ('tab )

Gelatin hydrolysis, 82 1351

Enterobacteriaceae identification,

82 1319 (Tab )

Entero bacter identification, 82 1351

K lebs iella identilication, 82.1351

Proteus identification, 82 1351

Salmonella identilication, 82 1.35I, 82 7401.

Senatia identification, 82 1351

Gemella, 82.833-5

differentiating characteristics, 82 906-7

identifi cation, B.2.906-1

normal microbiota, 81 296 (Tab )

Gemella morbillorum

endocarditis, 81 528-9

as normal microbiota, B1303

Gemifloxacin, spectrum of activity, 81 492

GenBank, BLAST program, B1.177

Gene(s)

acquisit ion, Bl 99

Helicobacter sequence, 82 1567-8

probes, 81 225

therapy, cystic fibrosis, 81 651

Gene cassettes, B1 97-8

mode of action, 81.98

reversibility, B1 98

Gene cloning, Bl 11.9, Bl 7247

bacterial promoter genes, 81.126

bacteriophage cloning vectors, Bl119 21

Brucella, 82 7730

complementary DNA, 81 126-7

cosmids, 81 120 1

discontinuous ('split') genes, BI 726-7
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Gene cloning (Continued)

gene synthesis, 81 126

genetically modified plants, B1 127

plasmid cloning vectors, B1.1 19-24

Ara system, Bl.I22-3

broad host range vectors, 81 121

gene replacemenl, Bl 123

mechanisms, Bl 126

PCR amplicon recovery, 81.121

protein expression, 81.121,-3

shuttle vectors, B1.121

suicide vectors, Bl 1234

targeted gene modification, B1 123

subcloning, 81.126

vaccine developmenl, Bl 127

Gene conversion, Boruelia, 82 1826

Gene families, B o ruelia, 82.1.8234

GeneProbe.E, Chlamydia detection, 82.2019

General practitioners, reporting system,
81 320, 81.321 (Tab )

General Register Office for England and
Wales, 81 317

Genet ica l l y  eng ineered mic roorgan isms.  c rops
and insect resistance, B1.2034

Genetically engineered plants, 81.127

Genetic code, 81 13

discovery, Bl 13

Genetic factors, in population immunity,

81 355

Genetic manipulation, BI 119)7

fusion vectors, Bl 125-6

gene cloning see Gene cloning

transposition-delivery vectors, Bl 124-5

Genetics, 81.80-135

B o rr e lia taxonomy, BZ 1,827

chromosomes

replication, B1.81-2

size, 81 81

structure, 81 81

F us o b act e r i um, B2.19 47 -8

gene acquisit ion, 81.98-106

artif icial competence, B1.99, B1 100

conjugation see Conjugation, bacterial

natural competence, Bl 99-100

protoplast fusion, B1 106

transduction see Transduction

transformation, B1 99

genome analysis, B1 81

historical aspects, B1 12-14

historical perspective, B1 81

mobile elements, Bl 91-8

deletions, Bl 95-6

duplications, 81 95 6

insertion mechanisms, B1 94 5

insertions, Bl 95-6

insertion specificity, B1 94-5

see also specific types

pulsed-field gel electrophoresis, Bl 81

restriction endonucleases, 81.81

Genital tract infections, 81.657-8,

81 6s8 (rab )

see also Genitourinary tract infections;

Urinary tract infections; rpecrJtc

infections

Genital ulcer disease, Pasteurella bettyae

association, 82 1657

Genitourinary medicine (GUM) clinics,

81.320-1, 81 321 (Tab )

Genitourinary tract, normal microbiota,

81.303-4, 81 657

gram-positive anaerobic cocci, 82 910

protective role, 81.657

Genitourinary tract infections

mycoplasmas causing see Mycoplasma

Pasteurella aerogenes, 82 1656

Pasteurella bexyae, 82 1657

spirochaetes

non-pathogenic, 82 1860

pathogenic see Syphilis

women, Capnocy top haga, B2'l 67 4

see also Genital tract infections; Urinary

tract infections

Genome(s)

analysis, B1 81

bacterial pathogenicity, Bl l7'7 -8

Borrelia, seqrences, 82 1823, 82 182a (Fig.)

Brucella, 82 1729-30

maps,82.1729

Coxiella burnetii see Coxiella burnetii

Genomic grotps, Coxiella burnetii, 82 207 4

Genomic species, 81 29 30

Genomovars, Burkholderia cepacia complex,

82 L609, 82 767L-12

Genospecies, B1 29-30

Genotyping

B a rt one lla b aci l lif ormis, 82 1890

Chhmydia,B22018

Helicobacter, 82 7510

Gentamicin

gonorrhea treatment, Bl 662

joint prostheses, B1 392

PMMA beads delivery in bone and joint

infection, 81 700

resistance, Staplzy lococcus aureus,

82 77 9-80, B2;7 91, 82 7 94 (T ab.), Bz 804

spectrum of activity, 81 482, 81.499 (Tab )

Brucella, 82.Il42

Citobacter, 82 1476

E dw ards ie lla, 82 1 497-2

Ent e ro b acter, BZ 7 484-5

Ewingella, B.21.493

H aemop hilus, 82.11 02 (T ab )

Klebsiella, 82 L480

LecLercia, 82 1495

Listeria,B.2957 8

Moellerella, B.21496

serratia, 82 1488-9

Yokenella, 82 L498

structure, 81 483 (Fig )

tularemia treatment, 82 1755

Geobacillus stearothermophilus ( Bacillus

s t e aro t hermo p hilus ), 82 922-3

characteristics, 82 935 (Tab.)

food spoilage, B29234

see also Bacillus stearothermophilus
( G eobacillus stearothermop hilrc )

Geographical distribution

B qrtone llq bacillifomis, B.2'1888

Bartonella henselae, 82 1897

Borrelia, BZ 1.8L9-2L

botulism, 82.1066-10

bovine brucellosis, 82 7'722

Brucella abortus, 82 172L

Brucella canis, BZ 7722

B ruc e I la me lit ensis, 82 1721

B r uc e lla s ui s, 82.77 20, B.2.I7 22

Carri6n's disease, 82 1888

Chromobscterium v io laceum, 82 7679-80

glanders, 82 1633

human brucellosis, B.2.17 2L

leprosy, 82.1203

Lyme borreliosis, B2.7822

melioidosis, 82 1628

mycetoma, 82 1159-60

plague, 82 1459

Ric ke tts ia, 82 203I (T ab ), 82 2037,
82.2038 (Fig )

tularemia, 82 17 52, B2.1'7 53

Geriatric and long-stay facilities, nosocomial
infection, B1.394

'germ theory of disease', 81 4

G iardia, w aterbone, Bl 214, B1..2lU19

Giard.ia lambLia, fusidic acid effects, B1.488

Giardia murts, antibacterial susceptibility/
resistance, 81.434

Gibberella zeae,B1284

Giemsa stain, 82.2030

Bartonella bacillformts, B2 7889

Chlamydta, B.220'17

Gim6nez staining procedure, B2.2O3O

Gingival crevice

F w ob ac te riu m, B.2.1.9 46, B.2.1950

normal microbiota, 81609, 81.609 (Tab )
Gingival sulcus, gram-positive anaerobic cocci,

B.2970

Gingivitis, Bl613-14

causative organisms, B1 614

spirochaetes, B2.1859-60

clinical features, B1.673-74

historical perspective, 81.614

treatment, 81614

Girardi heart cell lines, 82 897

Glanders, 82 7633-5

clinical manifestations, 82 1633

control, 82 1634

diagnosis, 82.1634

ELISA, Il2 1633, 82.1-634

epidemiology, 82 1633

geographical distribution, 82.1633

reservoirs, 82 1633

transmission, 82 1633

historical aspects, 82.1633

mortality, 82.1634

outcome/follow-up, B2 1634

pathology/pathogenesis, 82 1633-4

histopathology, B2.1634

host immune response, 82.1634

treatment, 82 1634

Glomerulonephritis

endocarditis, 81 528

post-streptococcal, 8I.244

Gloves, surgeons', B1 388

Glucans, B1.444

endocarditis, B1 527

Gluconobacter, B1.60

Glucose

blood:cerebrospinal fluid ratio, Bl 558-9
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Glucose (Continued)

catabolism, B1 50-2

alternative routes, 81 58-60

repression, B1 72-3

dissimilation, Neisseria, 82 lZ7 4 5

fermentation, B1 55

acid production, 82 1319 (Tab )
alcohol, Bl 54

butanediol formation, 81.55

butanol, B1 55-6

butyrate, Bl 55-6

Enterobacteriaceae identif i cation,
82 1319 (Tab )

formic acid, 8155 (Fig )
gas production, 82.1319 (Tab )
homolactic acid, 81.54, 81.54 (Fig )
Po rp hyromonas identifi cation,

82 792a (Tab )
Prevotella identification, R2 7924 (T ab )
by Zymomonas,Bl60

phosphorylation, B1 50 1

pyruvate formation

hexose diphosphate pathway, 81.51,
81 sl (Fig )

KDPG pathway, Bl 58

Pseudomonas, 81.59
'glucose effect', B1.72-3

Glucose-6-phosphate

conversion to glyceraldehyde-3-phosphate,

81 .51

in hexose monophosphate pathway, B1 57-8

p-Glucuronidase, testing for presence, B1 223

B-Glucuronidase (GUS) marker gene, soil
bacteria analysis, B1 207

Glutamate

Fusobqcterium metabolism, 82 1948

transport, B1 49

Glutamine synthetase, covalent modification,
B T 7 6

Glutaraldehyde (GT A), Bl 427

action, 81 436, Br 437 (Tab.), 81.438

fungi, 81 439

spores, B1 439

viruses, 81 440

ultrasonic waves, Bl 454

Glyceraldehyde-3-phosphate

conversion to pyruvate, 81 54, 81.57

glucose-6-phosphate conversion to, 81 51

Glycerol

facilitated diffusion, 81 48 9

fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Glycocalyx (surface coat), Bl 432-3

functions, B1.688

resistance. Bl 443

Glycopeptide antibiotics, B1 480 1

mode of action, 81 480

pharmacology, B1 481

resistance to, 81 480 1

enterococci, 81.480-1, 82 892,
82 892 (Tab )

spectrum of activity, B1 480

structure, 81 480, 81 480 (Fig )
toxicity, B1 481

see also specifc types

Glyoxylate

bypass, Bl 53

cycle, 81 53

production, B1.53

Goats

Brucella melitensis infection, 82 1722

milk, 81.231-2

Goblet cells, 81 623 (Fig )

Gonococcal arthrit is, 82 1289

Gonococcal complement fixation test (GFFT),

Neisseria gonoruhoeae detection, B1 751

Gonorrhea, 81 658 62

bacteremia due to, 81 522

behavioural control, B1 354

causative agent, B1.658

clinical features, 81 658

fenale, 81.658, 82 1289

men, 81 658, B2 1289

oral, 81 658

oral manifestations, Bl 658

complications, Bl 658

diagnosis, B1 659-61

confirmatory, 81 659 60

enzyme immunoassays, 81.751

gonococcal complement fixation test,
81 751

presumptive, Bl 659

disseminated gonococcal infection, B1 522,
B1.658

endocarditis, B1 525

epidemiology and sociology, BZ 1289,
82 1289 (Fig )

immune response, blocking antibodies,
B27282

infection route, 81.658

prevention,B.21292 3

fteatment,82.1277

alternatives, 8I.661 -z

antibiotics, B1 661

uncomplicated gonococcal infection.

81 658

see qlso Neisseia gonorrhoeae

Gordonq see Gordonia

G ordonia, 82 "1137 -8, 82 1 151-3

antibacterial susceptibility/resistance,
B.2.1t45

classification, B2 1737 -8

identification systems and methods,
82 7744-5

lysozyme, 82.1144

microscopic morphology, B2.1.1.41-3

mycolic acids, 82 1146

staining properties, 82 1139-40

see also individual species

Gordonia aichiensis, 82 1157

Gordonia bronchialis, B2 1151.-2

Gordonia erythropolis, BZ 1,152, B.21,1,68

Gordonia rubropertincta, RZ 1752

G o r do nia s puti, B.2.1,1,52

Gordonia terrae, 82 1152-3
'Gordon' method, 82 11434, 82 716I

Gracilibacillus, 82 922 3

Grafts, intravascular, 81.392

Grahamella, classifi cation, 82 2026

Grain storage, airborne bacteria, 81 186 (Tab.)

Gramicidin. 81.497

Gram-negative bacilli

airborne concentrations in facilities,

81 186 (Tab.)

endocarditis, B1 532

nosocomial infections, B1 377

Gram-negative bacteria

airborne bacteria, 81.186 (Tab )

exposure and dispersal, B1.189

antibacterial susceptibility/resistance, Bl 433,

BI 436, BI.441 ('tab ), Br 442

cell wall, 81 188

diplococci, 82.1270

factors influencing colonization, B1 294

food

eggs, B1.278-9

fish, 81 279

freeze-drying, 81 269

fr ozen, Bl 264, Bl 269 -:7 0

ionizing radiation sensitivity, B1 271

ve getables, fr ozen, Bl 281 2

infections

bacteremia, 81 516 (Fig ),81.520,B1522-,
8t.523

nosocomial infection, 81 401 (Tab )
pneumonia, B1 637

iron scavenging, 81.151

see also individual species

Gram-positive anaerobic cocci (GPAC),

B.2903

antibacterial susceptibility/resistance, 82 907,
B2.9L1-12

capsules, 82 970-71

classification, 82 903-5

changes at genus level, B2 904

currently recognized genera, 82.905 (Tab )

currently recognized species, 82 906 (Tab )
new and recent species, 82 904-5

species awaiting description, 82 905,

B.2977

clinical importance, 82 91-0

culture, 82 905-6

p-Gal group, 82 905, BZ 908 (T ab.), 82 977

genera,B2.912-17

species descriptions, B2 912-17

growth requirements, 82 905-7

historical perspective, 82.903

identification, 82.906-7 , B2 908 (Tab )
165 rRNA probes, 82 907

biochemical characteristics, 82.908 (Tab )
DNA probes, 82.907

at genus level, 82.906-7

metronidazole sensitivity, 82.907

non-volatile fatty acid groups, 82 907

PCR,82.907

at species level, 82.907

typing methods, 82.911

Yolatile fatty acid groups, 82 907

infection, 82 910

clinical specimen s, 82.906-:7

therapy,B2972

isolation and maintenance, 82.905-6

nomal microbiota, 82 907 -L0

pathogenicity, 82 9L0-77

pro teo ly t i c  ac t i v i l y .  82 .910- l  I

synergistic action, 82 910-11
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Gram-positive anaerobic cocci (GPAC)
(Continued)

'trisimilis' group, 82 905, 82.908 (Tab ),
B.2977

virulence factors, 82 910-11

Gram-positive bacteria

airborne bacteria

concentrations in facilities, B1 186 (Tab )
dispersal, B1.189

drying and heat stress, 81.188

antibacterial susceptibility/resistance, Bl 433,
81 441 (Tab )

antimicrobial susceptibility/resistance,
Bl4412, B1 441 (Tab )

drug efflux, 81 440
possibly liked to biocide resistance,

8r4434

catabolite repression, B1.73-4

cell wall, 81 188

coccl

airborne concentrations in facilities,
81 186 (Tab.)

facultative anaerobes catalase-negative,
82 883 (Tab )

lbod

fish,Bl279

freeze-drying, Bl 269

t rozen,B l264,B l269 70

ionizing radiation sensitivity, 81 271

vegetables, ft ozen, BI 281-2

water activity, 81 266

infection

bacteremia, 81.393, 81 516 (Fig ), 81 5i7,

81 519-20

factors influencing colonization, B1 294

nosocomial infection, B1 401 (Tab.)

iron scavenging, 81 151

nonspore-forming, airborne dispersal. 81 189

ribosomes, B1.188

see also individual bacterial genera

Gram stain, Bl'773-14

bloodstream infection, 81.515-16

historical aspects, Bl 6-7

Veillone lla, BZ 1314-15

G r anulic qt e lla, B.2.862-3

endocarditis, B1 528-9

metabolism, 82 838

as normal microbiota, 81.296 (Tab )

Granulicatella adiacens, Bl 529, 81.533

Granulona inguinale, diagnosis, 82 1336

Granulomatosis infantiseptica, B1.243

Granulomatous response

Brucellq infection, Bl 1 47, 82 1737

Listeria monocytogenes infection, 81.741

M y cobacteium teft ae infection, Bl.7 4l
'Gray baby' syndrome, chloramphenicol,

Bl 485

Gray Lung 'virus' disease, 82 1964

Green fluorescent protein (GFP), soil bacteria

analysis, Bl 207

Green sulfur bacteria, Bl 68

sulfur oxidation, 81.201

Griffith, F, Bl 13

GroEL chaperone

C o xie lla bumetii, 82 207 6

lunction, B1 47-8

GroES chaperone, 81 47 8

GToESL heat shock protein, Ehrlichia,

82.2055-6

Groin, Staphy lococcus \nfection, 82'777
'Groove sign,' lymphogranuloma venereum,

B.2.2072
Ground beef, microbiology, B12734

Groundwater

bacteriology of , Bl 274-1 5, Bl 224

nitrate leaching, Bl 200

Group A Streptococcus Direct (GASD),

81 723 (Tab )

Growth (of bacteria), 81.3742

balanced and unbalanced, B1 38

culture, B1.37-8

continuous, Bl 41 2

liquid culture, 81.38

solid surfaces, B1 42

synchronized, 81 38

curve, 81 39-40, 81 39 (Fig )

batch culture, 81.39 (Fig )

death phase, 81 40

exponential (logarithmic) phase, 81 39-40

lag phase, Bl 39

stationary phase, 81 40

generations, B1 38-9

generation time, B1 38

measurement of cell number, 81 38

colony-forming units, 81 38

pour plate method, 81 38

spread plate method, 81 38

phases, B1.39-40

rate changes, B1 40-1

shift-up and shift-down, 81 40-l

rates, 81 38-9

in chemostats, Bl 41

Growth temperature, Borrelia culture, 82 1828

Guanosine 5'-diphosphate 3'-diphosphate
(ppcpp), Bl a0

biocide and antibiotic resistance, Bl 440

Guidelines, Chlamydia trqchomatis infection

therapy, 82.2021

Guillain-Barrd syndrome

Campylobacter infection, 82 1551

Campylobacter jejani associated, B1 365

M y cop lasma pneumo niae, 82 1983

Guinea pigs, l isteriosis, 82 963

Gynecological inf ection

Eikenella corrodens, 82 7667

see ako Genilal tract infections;

Genitourinary tract infections

HACEK group, endocarditis, Bl 532, B1 533,

B1.537, B1 540

Haeckel, E H, Bl 10 1

Haemobartonella, classification, 82 L964,

B2.1968

H aemobartone lla felis, 82 1.91 34

H a em o p h i lu s, B.2.169L7 l8

antibacterial susceptibility/resistance,
B.217024, B2 7710

testing,82.17034

antigens, B2I69V9

bacteriocins, 82 1706

cell composition, 82 L698-9

capsule, B2 1698

lipo-oligosaccharide, 82 1698

outer-membrane proteins, 82 1,698-9

pili, 82 1698

classifi cation, BZ 1692, B.2.1.699-:7 00

species, 82 1692

see also individual species

conjugation, 81 103

culture, 82 7694J, 82 1709-70

colonial morphology, 82 L696

growth factors, 82 1694-5

hemolysis, 82.1696-:7

physical requirements, B2.1695-6

preservation and storage, 82 1702

V factor, 82 1695

X factor, B.21.694 5

definition, 82.1692

genetics,82.1697 8

plasmids, 82.1697

population genetics, 82 1698

transduction, 82 1697

transformation, 82 1697

transposons, 82 1697

habitats, 82.1694

historical perspective, 82 1692

infection

hemolysis, 82 L696J

intracranial abscess, B1.585

urinary tract infection, B1.678

isolation/identification, 82 7700_2, 82 lTlO

biochemical tesls, B2 17 O1--2

preseruation/storage, 82 17 02

merabolism, 82.1697

morphology. B.2.16s4. BZ 1696

in normal microbiota, 81296 (Tab ),
81 301, 81 303, 82 1706-7

oral cavity, 81 609

pathogenicity, 82 77 07 -I1.

plasmids, 82.1697

typing methods, 82.71 04-6, 82 f7 n

animal strains, 82.1706

biotyping, B.2.1704 5

capsule typing, 82.1704

DNA-based methods, 82 17054

OMP typing, 82 1705

virulence factors, 82.1707-11

H ae mo p hilus ae gy pttus, 82 L693

classification, 82 1692

characteristics, 82.1693 (Tab.)

emergence, B1362-3

Haemophilus agni, 82 7694

H aemo p hilus ap hro p hilus, 82 16934

characteristics, B2 1693 (Tab ), 82.1699J00,
82.1.699 (Tab )

culture, 82 1695-6

infection, endocarditis, 81 532

morphology, 82 1696

in normal microbiota, B.2.1706, 82 L707

pathogenicity, B2.1708

Haemophilus avium, reclassification, 82 1650

Haemophilus duuey| Bl 663-5, 82 7709-7I

antibacterial susceptibility/resistance,
81.664-5, 82 r7lo

antibacterial susceptibility testing, B1 665
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H ae mop hilus ducrey i (C o ntinued)

characteristics. 82.1693 (Tab ). 82 1699-700,
82 1699 (Tab )

culture, 82 1695. 82 1709-70

colonies, 81 664

infection see Chancroid

isolation/identif i cation, 82 17 0I, 82 17 10

culture, Bl 664

microscopy, B1 664

molecular detection, 81 664

morphology. 82 1709

pathogenicity, B.2.1'7 10-11

typing methods. 82 1710

Haemophilus felis, 92 1694

characteristics, 82 1693 (Tab )

Haemophilus gallinarum, 82 1694

H aemop hilus haemo glo binop hilus

characteristics. 82 1693 (Tab ),
82.1699 (Tab )

morphology, 82 1696

pathogenicity, 82 1708

H aemo p hilus haemolyticus

characteristics, 82 1693 (Tab ), 82 1699 700,
82 1699 (Tab,)

culture, 82 1696-7

in normal microbiota. RZ 1706, R2 1707

H aemo p hi lus influ en zae, 82 1 693

acapsulate strains, B1 573

an( ihac ter ia l  suscept ib i l i t y / res is tance.
81 499 (Tab ).82.17024

ant igens ,B27698 9

capsulate strains, Bl 573

capsule, 82 1698, 82 1708

typing, 82 1704

cell composition, 82 1698-9

fimbriae, 81.627

Iipo-oligosaccharide, Bl 627 , 82 7698

pil i, 82 1698

characteristics, B2 1693 (Tab ),
82 1699 (Tab.), 82 1700

classification, B2.1692

Pittman types. 81.757

culture, 82 1694-6

preservation and storage, 82 1702

genetics,B27697 8

artificial competence, B1.99-100

natural competence, Bl 99

habitats, B1 608-9

hemocin, 82 1706

infection

airway adherence, 81 6a8 (Fig )

attached to airway mucus, 81 623 (Fig )
bacteremia, Bl 522, Bl 573

chronic bronchitis, Bl 648

conjunctivit is, Bl 598, 81.599, Bl 600

in cystic f ibrosis, B1.650

endocarditis. B1 532

epiglottit is, B1 613

keratit is, B1 601

keratoconjunctivit is, B1 386

Ludwig's angina, B1 614-15

otit is media, B1 617-18

pneumonia, Bl 636J , 81 640 (Tab.),
Bl 640-1

sinusitis, Bl 615, 81 615 (Tab )

virulence factors promoting, B1 627

iron-dependent repression, 81 165-6

iron scavenging, 81 151

isolation/identif i cation, 82.1700-1

biochemical tests, 82 1701-2

biotyping, B2.1704-5

serology, B1 757

typing methods, 8.2.1104-6, 82 1705 (Tab )
laboratory worker immunization, B1 767

morphology, BZ 1694, 82 169a (Fig.),

B.27696,82 1696 (Fig )

in normal microbiota, B21706-1

outer-membrane proteins, B2 1698-9

subtyping, 82 1705

pathogenicity, BZ 1707 -8

virulence factors, Bl 627, 82 1707 9

evolution within host, 817734

Haemophilus influenzae type b (Hib)

diagnosis, nasopharyngeal swabs, 81 560

endotoxin, Bl 557

infection

bacteremia, 8I.522, Bl 57 3

bone and joint infection, Bl 690

carriage rates, 81 556, 81 573

immune response, 81.573

meningitis see below

predisposition factors, 81 557

process, Bl 556

rates, 81 572 3

polysaccharide, Bl 573

resurgence of invasive infection, 81 574,

81 s74 (Fig )
vaccines, 81.574

conjugated polysaccharide, B1 574

epidemiological evaluation/surveillance,

Bt.323

impact, Bl 574

virulence, 81 556

Haemophilus influenzae type b (Hib)

meningitis, 81.555-6, BI 5724

clinical features, B1 573

epidemiology, B1.5721

farality rate, 81572 3

immunology, B1 573

infection route, Bl 573

management of contacts, B1 574

prophylaxis, 81 574

treatment, Bl.5'134

vaccines, B1 574

Haemophilus paracuniculus, 82 1694

characteristics, 82 1693 (Tab.),

82 1699 (Tab )
pathogenicity, 82.1708

H aemophilus paragallinarum, 82 1694

characteristics, 82 1693 (Tab ),
82 1699 (rab )

culture, 82 1695-6

morphology, 82 1694, 82 7696

pathogenicity, 82 1708

reclassification, B2.1650

typing methods, 82 1706

H aemop hilus parahaemo lyticus

antibacterial susceptibility/resistance.

82.1703

characteristics, 82 1693 (Tab ),
B2 1699 (Tab.), 82 1700

cdtve,B.2.l696J

in normal microbiota, 82.I7 06, B2.I7 07

H a em op hi lus p ar ainfl uen za e

antibacterial susceptibilityhesistance,

82 7703

biotyping, 82.1704

characteristics, 82 1693 (Tab ),B21.699J00,
82 1699 (Tab )

culture, 82.1695

infection

endocarditis, B1 532

epiglottit is, Bl 613

isolation/identification, 82 7700, 82 7701.

biochemical tests, 82.1701-2

typing methods, 82 17 04, 82 77 05,

82 1705 (Tab )

morphology. B.2.1694. 82 1696

in nomal microbiota, 82 1706, 82 1.707

pathogenicity, 82 1708

H aemoph i Ius pa raph rohaemol yt icus

characteristics, 82 1693 (Tab ),
821699 (Tab),B.27700

culture, 82 1695-6

infection, hemolysis, 82 1696-7

in nomal microbiota, 82 1707

pathogenicity, 82.1708

Haemop hilus parap hrophilus, 82 76934

antibacterial susceptibility/resistance,

B2.1703

characteristics, 82.1 693 (Tab.),

82 1699 (Tab )

culture, 82.1695-6

infection, endocarditis, B1 532

morphology, 82 1696

in normal microbiota, 82 1707

pathogenicity, 82 1708

Haemophilus parasuis, 82 1694

characteristics, 82 1693 (Tab ),
82 1699 (Tab )

culture, 82 1695

morphofogy. BZ 16c4. 82 16e6

pathogenicity, 82 1708

typing methods, 82 1706

H aemophilu pleuropneumoniae, 82 1694

genetics, 82.1697

reclassifl cation, 82 1-658-9

H aemo p hilus se gnis, 82 16934

characteristics, 82 1693 (Tab ),
82.1699 (Tab )

isolation/identification, B2 1701

morphology, 82.1696

in normal microbiota, 82 17 06, 82.17 01

pathogenicity, 82.1708

H aemo p hilus s o mnus, 82.169 4

Haemophilus suis, 82 1694

Hafnia, 82 14934

antibacterial susceptibility/resistance,

B2.1493

antigens, 82 1493

classification, 82 1493

culture, 82 1493

definition, 82 1493

habitats, 82 1493-4

identification

biochemical tests, 82.1493

screening tests, 82 1349 (Tab )
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Hafnia (Continued)

infection, intestinal, 82 1347

morphology, 82.1493

pathogenicity, 82 74934

Hafnia aLvei, 82 7493

antibacterial susceptibil i ty/resistance,

82 13s2 (Tab.)

biochemical tests, 82 1319 (Tab ),B.27493

culture, 82 1344

as normal microbiota, 81296 (Tab )
pathogenicity. B2.I 493 4

Hail, bacteriology of , Bl 213

Hairy cell leukemia, non-tuberculous

mycobacteria infection, 82 1206

Halazone,81.424

H alis comenobacter hy dross is, Bl.2l2

H alo bacterium saccharov o rum, Bl 7 0

Halocarbons, as terminal electron acceptors,
B l 6 7

Halogen-releasing agents, B1 423 (Tab )
Halophiles

food, Bl 266

metabolism, BI69-:70

Hamburgers, contamination, B1.361

Hamer, W H, 81336-7, 81..342 3

Hamer's model, 81 336-7, 81.342 3,
81 3a3 (Fig )

Hamer-Soper model, B1 337, 81.343

Hands, decontamination, 81 378

Handwashing

disinfectants, Bl 378

healthcare staff, 81 377 8

laboratory-acquired infection prevention,

B1.766-:7

surgeons, Bl 388

Hanseniaspora, B1283

H anseniaspora v alby ensis, B1.282

Hansen's disease see Leprosy

H antigens

agglutination tests, Bl 748

Enterobacteriaceae, 82.133940, 82 1342

Escherichia coli, 82 7365

Salmonella see Salmonella

Salmone lla Paratyphi A, 82 1. 4O4

Salmonella Typhi, Bl 744, B.21404 5

Salmonella Typhimurium, 82 1404

Haptens, 81 12

Haptoglobin, B1 151

Harvesting, airborne bacteria, B1.186 (Tab.)

Haverhill fever, 82.1909, 82 1.910, 82 l97l

Hawke's grorp G47752 see Edwardsiella

ictaluri

Hawkey, McCormick and Simpson medium,
B21436

Hayes, W, 81 13

Hazard analysis crit ical control point

(HACCP), B1 288, B1.289

Hazelnuts, Clostridium botulinum, Bl 287

Head and neck infection, Eikenella corrodens,

82.766',7

Heaf test, 81.746

Healthcare associated infection see
Nosocomial infections

Healthcare workers

handwashing, B1766-7

nosocomial infections spread by, B1377-B

resident and transient microorganisms on,

81 377-8

viral infections transmitted by, B1 382

viral infections transmitted to, 81 382

Health Protection Agency (HPA), B1 318

Health services, planning/costing, B1 323

Heart murmur, infective endocarditis,

Bl 534-5

Heart surgery, infections after, 81 385

N o cardia far cinic a, 82.L762

Heart transplantation, infections after

N o cardia asteroides, 82.71 56

Nocardia nova, 82.L162 3

Heart valves, prosthetic, infection, 81.392

Heat

B ruc e I la srsceptlbility/resistance, 82. 1 733

dry, 81 445 (Tab ), 81 446 (Tab.),

81 448 (Tab ), BI 449, 81 4s4 (Tab )

food preservation, 81 268 (Tab ), Bl.21Vl

aseptic packaging, B1 271

heat steri l ization in hermetically sealed

containers, Bl270-I

see also Canned products

microbial growth effect, Bl265-6,

81 26s (Fig )
pasteurization, 81 271

survivor curve, 81265 6, 81 265 (Fig.)

moist see Moist heat

Heating, ventilation, and air-conditioning
(HVAC), airborne bacteria,

81 186 (Tab )

Heat sensing mechanisms, Bl 448

Heat shock proteins (HSPs), 8174,BI448

Neisseria, 82.1285

rapidly growing mycobacteria, B.2.1244,

B2.12as (Fig )
Heat shock response, B1 74

Heat steri l ization, Bl 270-1.

Heavy metal derivatives, B1.a23 (Tab ),
81.428

action, 81 437 (Tab ), 81 438

resistance, B1 442

Hedaquinium chloride, B1 428

Helcococcus kunzii, B1296 (Tab )

H e I ic o b act e r, 82.1563-90

biochemistry, 82 1566 (Tab ),B21.567

cell walls/antigens, 82 1568-9

Lewis antigen mimicry, 82 1569

lipid A, 82.1569

LPS, 82 1568-9

outer membrane proteins, 82 1569

characteristics, 82 1563

classifi cation, BZ 75634

phylogenetic analysis, 82 1564

culture, 82 1566 (Tab ),B21567

microaerobic conditions, 82 1567

genomics, B.2.156'l I

general features, 82 1568 (Tab.)

gene sequence, 82 7567-8

plasmids, B.21.567-8

recA gene,82.7567-8

vacuolating cytotoxin gene, 82 L567-B

habitats, 82 1564.-6

gastric/intestinal mucosa, 82 1564

historical perspective, B2 15634

infection, 82 1564

metabolism, 82 1567

morphology, 82 1567

as normal microbiota, 81.296 (Tab )
pathogenicity, B2 757 6-a

adhesins, 82.1577-8

C a g A p atho genicily isl and, B.2.L 57 7

catalase, 82 1,576

flagella,B2.1576

Lewis antigens, B2 1577 -a

superoxide disnutase, 82.1576

urease, 82.1576

vasculating cytotoxin, B.2.157'7

species, 82 1564,BZ 1565 (Tab ),
B215874

typing, 82 1569-70

genotyping, 82 1570

multilocus sequence typing, 82.1570

phenotyping, 82 1570

Helicobacter acinonychis, 82 L587

Helicobacter auratL 82 1.582, B2.1583

H elicobacter b iLis, 82 L582, BZ 7583

infection, 82.L5654

Helicobacter bizzozeroni, 82 1565 (Tab ),
82 1581

morphology, B.2.1566 7

Helicobacter canadensis, 82 1565 ('tab.),
B27582

characteristics, 82 1566 (Tab )
infection, 82 1564

Helicobacter canis,B.2.1.565 (Tab ), 82.1583

biochemistry, 82 1567

characteristics, 82.1566 (Tab )
infection, B.2.1,5654

Helicobacter cholecystus, 82 7583

infection, B2 15654

Helicobacter cinaedi, 82 7563, 82 1565 (Tab ),
B.2L582-3

characteristics, 82.1566 (Tab )
c\ltlrre, 82 1572

infection, R2156+6

Helicobacter felis, 82.1565 (Tab ), 82.1581

biochemistry, 82 1567

infection, B.2.1564-5

morphology, 82 7566-1

Helicobacter fennelliae, 82.1565 ('fab ),
B.27582-3

characteristics, 82 1566 (Tab )
ctltve,821572

infection, 82 1564

Helicobacter ganmani, 82.1.565 (T ab ),
82 1583

Helicobacter heilmannii, B.21565 (Tab ),
82 1581

classification, B2 1564

infection, 82.1564

H elicobacter hep aticus, 82 L563,
82.1565 (Tab ), 82 1s83

characteristics, B.2.1.566 (Tab )
genomics, 82 1568 (Tab.)

gene sequence, 82 1568

infection, B.2.1565-6

Helicobacter mqmotae, 82 L565 (T ab.),
82 1583

H elico bacter mes ocricetorum, 82 1583

H elicobacter murtcola, 82.1,565 (T ab ),
82.1583
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Helicobacter muridarum, R2 1583

Helicobacter mustelae,B.21565 (Tab ), 82 1581

biochemistry, 82 1567

H elico bacter neme st rinae, 82 7581,

Helicobacter pametensis, 82 1565 (Tab.),

827584

Helicobacter pullorum, 82 1565 (Tab ),
82 7584

characteristics, 82.1566 (Tab )
culture, 82 1572

gastric mucosa, 82 1564-5

infection, 82.7564-6

Helicobactet pylori, B2 7563, 82.1565 (Tab ),
B2 r58Z

antibacterial susceptibility/resistance,
B2 r57s-6

netronidazole, B1 495

quinolone resistance, B1 493 (Tab.)

biochemistry, B2.1567

characteristics, 82.1566 (Tab )
culture, 82 157C_2,R21571 (Tab )

microaerobic conditions, 82 1567

selective media, 82 757 2

specimen transport, B2 1.571-z

genomics, 82 1568 (Tab )
historical aspects, 82 1563-4

tnfection see below

morphology, B2 1566 (Fig )
as normal microbiota, 81296 (Tab ),

B1.302

signal transduction, 81.167-8

transmission, by endoscopes, B1 380

virulence factors, evolution within host,
B11734

H e lico bacter py lori infection

clinical consequences, 82 1579-81

acute gastritis, BZ L57 8, 82 I57 9

chronic gasrriris, 81.365, BZ 7564 5,
B2.7578,B.21579

epidemic hypochlorrhydia, 82 1579

extragastric disease, 82.1581

gastric malignancy, 82 1580

gastric ulceration, 82 1580

gastroesophageal reflux disease,
82 1580 1

nonulcer dyspepsia, 82 1580

peptic ulceration, 81.365, 82 1580

polymorphonuclear infiltrates, R2 1,564-5

diagnosis, 82.15704, 82.1571 (Tab )
culture, 82 157C 2,R21571 (Tab.)

gastric biopsy, 82 1571 ('tab )
histology, B.2757-1, 82.1571 (Tab )
molecular tests, 82 1574

office-based tests, 82 1574

rapid urease test, 82 1571 (Tab),R27572

salivary antibody assays, 82 1574

serology, 82 157 7 (T ab ), 82 157 3

stool antigen test, 82 1571 (Tab ), 82 1573

string test, 82 1574

urea breath test, 82.1571 (Tab ) 82 1572-3

urine antibody assays, 82 1574

epidemiology, B2.!57 8-9

fecal-oral transmission, R2 157 8-9

interfamilial spread, 82.1578-9

prevalence, 82 1578

transmission. 82.I 57 8-9

waterborne transmission, 82 1579

as zoonosis, B2 1578

morphology, 82 1567 (Fig.)

prevention, 82 1576

vaccination, 82.1576

treatment, B2.L574-6

firsl-f ine therapy. 82 157+5

patient selection, 82 1574

second-line therapy, 82 1575

H elico bacter rappini, 8.2.1.584

Helicobacter rodentium, 82 1565 (Tab.),

B2 1584

H e lic o b acter s alo m onis, 82 1582

morphology, B2.1566-7

Helicobacter suncus,82.1565 (Tab ), 82 1582

Helicobacter trogontum, R2 1583, 82 1584

Helicobacter typhloniw, B.21565 (Tab ),
82 t584

Helicobacter winghamensis, 82 1565 (Tab ),
82 1584

biochemistry, 82 1567

characteristics, 82 1566 (Tab.)

infection, 82 1564

Hemagglutination

glanders diagnosis, 82.1634

Helicobacter lyping, 82 1,570

syphil is detection, 81.663, 82.1848

Hemagglutinin (HA\, Enterococcus, 82 897

Hematoxylin-eosin stain, H e licob act er p y lo ri
identif ication, 82 1571

Heme-scavenging systems, iron sequestering,
81  151

Hemocin, 82 1706

Hemodialysis, infection, rapidly growing

mycobacteria, 82.1247, B2.7258-9

Hemoglobin, Neisseria utilizing, B.2.1284-5

Hemolysin(s)

Burkholdeia cepacia complex, 82 1615

B urkho ldeia thailandensis, 82 
-l 
624

Enterococcus, 82 894-6

Escherichia coli protein secretion, 81.48

functions, Bl 153 (Tab )
Proteus, 82 1.446, 82 7447

Pseudomonas aeruginosa, 82 1600, 8.2.1.601.

p-Hemof ysin. Ae romonas pathogenicity.

B2.1535-6

d-Hemolytic species, Enterococcas, 82.885-6

p-Hemolytic species, Enterococcas, 82 885-6,
82 890-1

Hemolytic-uremic syndrome (HUS),

8I2734

causative organisms

Citro b acter fre un dii, 81.250

Enterobacteriace ae, 82 1347

Escherichia co li, BI 241-2, 81.249-50,

81.255-6, 82 1374-5, 82 1377

Shigella dysenteriae serotype I, BZ 1387

emergence and resurgence, refugees, B1 360

outbreaks associated with fast-food, B1 361

Hemopexin, 81.151

Hemorrhagic colit is, case-control study,
81  315-16

Hemorrhagic fever, B1 400

Hepadnaviruses, 81 435-6

Hepatitis

mollusks, 81280

Q fever,82.2076

Hepatitis A

antibodies, 81 353 (Fig )
control, by hygiene, 81 353

endemic disease, B1.353

mollusks, 81 280

vaccines, B1.353

Hepatitis A virus (HAV)

antiviral agents, Bl 434, B1.440

molecular detection, B1723 (Tab.)

quantification, B1.7224

Hepatitis B

healthcare staff immunization, B1 383

laboratory worker inmunization, 81.767

occupational exposure, Bl 767,
81767 (Tab)

Hepatitis B virus (HBV)

antiviral agents, BI 434, Bl 440

infection, risk categorization, Bl.7 62

molecular detection, B1723 (Tab.)

HBsAg, 81.383

hybrid capture assay, 81 731

nucleic acid sequencing, 817324
quantifi cation, Bl.7 224

specimen suitability, B1 724

nosocomial infection, 81 382-3

transmlsslon

blood transfusions, B1 380-1

endoscopes, B1.380
guidelines to minimize during surgery,

B1.383

viricides, Bl 435-6

Hepatitis C

epidemiology, B1 382-3

nosocomial infection, Bl 382-3

occupational exposure, 81 767,
R1767 (Tab)

Hepatitis C virus (HCV)

molecular detection, Bl 7 27, Bl 723 ('t a6.)

nucleic acid sequencing, 817324
quantification, BL7224

specimen suitability, B1 724

transcription-mediated amplification,
BI729-30

prevalence, 8I382-3

transmission, blood transfusions, 81 380-1

Hepatocellular injvy, Ehrlichia chaffeensis
infection, 82 2058-9

Herbs, 81 287-8

Herd immunity, Bl 347, BI 347 -53

concept, B1 341
genetic factors, B1 355

historical aspects, 81 337

origin of term, 81.337

vaccination programs, Bl 347 -53

Hereditary hemorrhagic telangiectasia,
intracranial abscess complication,
81.583

Hermetically sealed containers, heat
sterilization, 81.2654, 81.27 0-1., BI 27 5,
81.283

Herpetic whitlows, nosocomial infection,
B1.400

Heterolactic acid fermentation pathway, 81.58

Heterotrophic plate count test for water,
8122L-2,81222 (Tab )
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Heterotrophs, in water, B1221,-2,BI222 (Tab)

Hexachlorophane, action, B1.437 (Tab )
Hexokinase, 81 50 1

Hexose diphosphate (HDP) pathway, B1.50-2,
81 s1 (Fig )

glucose'6-phosphate conversion to
glyceraldehyde-3-phosphate, B1 51 2

glucose phosphorylation, Bl 50 1

g lycera ldehyde-3-phosphate  convers ion  lo
pyruvate, B1.51-2

intermediates, 81.57, Bf 57 (Fig )
pentoses conversion to, Bl 57

pyruvate dehydrogenase complex, B1.52

Hexose monophosphate (HMP) pathway,

81 57-u
Hexoses, oxidative pathway, 81 59-60

Hexylresorcinol, Bl 430

Hickman catheters, infection, B1 391

High efficiency particulate air (HEPA),

Bl 763, Bl 765 (Tab )
fi l ters, 81 453

High frequency of recombination (Hf6-110),

81 102-3

High performance liquid chromatography
(HPLC),B2t242-3

High temperature short time (HTST)
pasteurization, Bl 232, Bl 236,
81 236 (Fig.)

Hip joint infection, inflammatory responses,
81 689

Hippurate hydrolysis, Legionella,
821762 (Tab )

Histamine

poisoning, Bl 252

scombroid poisoning, B1.280

Histidine permease system, Salmonella
Typhimurium, 8149

Histopathology

Carri6n's disease, 82 1890-1

cat-scratch disease diagnosis, 82.1898

H istop lasma capsulatum, Rl 522

History (of bacteriology), 81 3

19th century, 81 8 (Tab )

20th century, 81.9 (Tab ), 81 10

classification/discovery, B1.8 (Tab ),
B l  9  (Tab ) ,  81  11 ,  81  13

Actinomyces, 82 1005-6

Arcobacter, BZ 75534

Campy lo bacter, 82 1 54I-z

Citrobacter, B.2.747+5

Clostridium, B2 1089-90

Edwardsiella, 82 749-l

Enterobacter, BZ 747 4-5

Escherichia, 82 7360

Klebsiella, 82 7477

Lactobacillus, 82.863

Legionella, 82 7761

Listeria, 82 953

Serratia, 82 1487

Shigella, BZ 1386

Stap hy lococcus, BZ 77 1,-2

Streptococcus, 82 833-5

communicable disease, Bl 3

culture, 81 6, Bl 9-1 1

definitions, Bl 10-1

fermentation and putrefaction, B1.4-5

filters, B1.8-9

genetics, B1 12-4

immunity, B17-8

macromolecules, B1 12

nonmedical applications, B1 9-10

pathogenic bacteria, B1 5-9

staining, 81.6 7

theory of infectious disease transmission,

81 336-8

see qlso individual diseases/disorders;
individual species

HIV

basic reproduction number, B1 340 (Tab )

description, Bl 435-6

inactivation

biocide sensitivity, Bl 434

UV radiation, 81451

molecular detection, 81721,81723 (Tab )

microarrays, B1 736

nucleic acid sequence-based amplif ication,
B1.729-30

nucleic acid sequencing, 81.7324

quantification, BI7224

specimen suitability, B1 724

transmission

blood transfusions, Bl 380 1

to healthcare staff, Bl 382

HIV infection

bacterial infections in see AIDS,
concomitant infections

epidemiology

case-finding, 81 347

modeling approaches, Bl 337 8

health services, planning/costing, 81 323

occupational exposure, 81.767, 81.767 (Tab )

gloves protection, 81.765

needle stick injury and risk, 81 767,

81767 (Tab)

pandemic, impact on tuberculosis, 82 1199

prevalence studies, 81 313 1a, 81 31a (Fig.)

routine serological surveillance, Bl 321.-2

seroconversion rates, cohort study, 81 314

Holoenzyme, B174

Homolactic acid fermentation, 81.54,

81 s4 (Fig )

Honey, infant botulism, B.21069 70
'Honeymoon per iods . '  vacc ina t ion  programs.

Bl 346, 81.346 (Fig )

Hop protein family, Helicobacter, 82 7569

Horizontal transmission, plasmid genes,

81  110

Horses

Actinobqcillus infections, 82 1.665 6

bites s€€ Bites

botulism, 82 1074

Hospital-acquired infection see Nosocomial

infections

Hospital Episode Statistics, 81.321

Hospitals, B1433

bacterial evolution, 81.30

data collection, 81 321

handwashing, B1766-1

Host-bacteria interactions

colonization

factors affecting, 81 294

disease or transient/prolonged colonization,

B1294

factors affecting, B1294-5

response to infection, 81 310

Host-specific tropism, bacterial adherence,

Bt1.47-8

Host tissues, bacterial inliltration, B1 152,

81  153

Hot-water heaters/systems, airborne bacteria,

81 186 (Tab.)

HPr protein, 81 50

HtrA stress-induced protein, 82 1736

Human anaplasmosis see Anaplasma
phagocy top hilum ( Ehrlic hia

phagocytophilia), infection (human

anaplasmosis)

Human cytomegalovirus (HCMV) infection,

nosocomial, B1 400

Human granulocytic ehrlichiosis (HGE) see

Anap lasma phagocytophilum ( Ehrlichia

phagocytophilia), infection (human

anaplasmosis)

Human papilloma virus (HPV), molecular

detection

hybrid capture assay, 81 731

nucleic acid sequencing, B17324

Human tetanus immunoglobulin (HTIG),

B.21.066

Humerus infection, inflammatory responses,

81 689

Humidifiers (portable), airborne bacteria,

B1.186 (Tab.)

Humoral immune response, Bl 7 4l-6

antibody course, B1.741 (Fig ), B1..7 a2-3

IgG,B l742,B l743

Igil/.,B1..742,BL.143

antibody'titers' definit ion, 81.742

discovery, 81.7

human brucellosis, 81 7 44-5, 82 1737

seroepidemiology, BL7 434

antibody functions, B1.743

antigen persistence, Bl 7 43

antigens vs immunogens, 81.743

antigen variety, 81.743

syphilis, B1 745-6

Hurdle technology, food preseruation, B1.272

Hyaluronidase

Clostridium perfringens, B2 1113

functions, 81.153 (Tab.)

Hybrid Captureo, Bl 723 (T ab.), Bl 737,

81.731 (Fig )

Hybridization assays

aerobic actinomycetes, 82 1L47

Brucella, 82.1729

Burkholderia, 82 1609

B ur kho lderia mallei, 82 1632

Buttiauxella, B.2.1338

Citobacter, B.2.7338

Enterobacter agglomerans complex, 82 1337

E nt er o b acter c loacae, B2.1338

Enterobacteriace ae, 82 1.378, 82.1338-9

Enterococcus, 82 88.t-5, 82 887, 82 890

P r ote w v ulgar is, B.2.1338

Rahnella aquatilis, 82.1338

Yersinia classiflcation, 82 1338

Hydrochloric acid, Bl 422
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Hydrogen peroxide, Bl 428-9

action. 81 437 (Tab )

on spores, 81/28-9, Bl 439

stress response, Bl 65

Hydrogen sulfide production, B1 201

Brucella, 82 1737

Enterobacteriaceae identif i cation,

82 1319 (Tab )

Hydrostatic pressure, steri l ization, 81 450,

81 454

5,6-Hydroxydihydrothymine, 81 451,
Bl a52 (Fig )

I-Hydroxyphenazine, Bl 650

8-Hydroxyquinoline, B1 428

Hygiene, disease control by, B1.353-a

Hyperammonaemic encephalopathy, 82 1447

Hyperbaric oxygen treatment, 81 701

Hyperemia, acute-phase response, Bl 739

Hyperpyrexia, human brucellosis, 82 1737-8

Hypersensitivity measurement, Bl 7 46-7

evoked interferon-y assays, 81.747

Hypersensitivity pneumonitis, 82 lI37 -8.

821110

Hypochlorites, 81.424

action, 81 437 (Tab )
Hypochlorous acid, 81 425

Hypoiodous acid, B1 425

Ice, bacteriology of, 81.213

Ice cream, microbiological quality of, B1 251

Ice cream, Bf 250-1
'Icythism,' 82 1038

Identif ication of bacteria, Bl 19-22, Bl 28,
B I 2 9

chemical composition, Bl 22 ('lab ), 8I.24,

81-32-3

classification vs , 81 20

enzyme tests, B1.22 (Tab.),81.24

fi ngerprinting, Bl 22 (T ab ), Bl 25

keys, 81 20

mathematical, 81.20, 8121 (Tab )

numerical, 81.20, 81 21 (Tab )
serology, Bl 22 (Tab ), Bl 24

see also individual species

Ileum, normal microbiota, 81 302

Ilizarov method, 81 698

Imipenem

melioidosis treatment, 82 163'1,

82 1631 (Tab )

spectrum of activity, 81.478-80,
81499 (Tab )

Cardiobacterium hominis, 82 1672 3

Entero b ac ter, B.2.148+5

Haemophilus, 82 7702 (Tab )
Klebsiellq, 82 7480

Listeria, 82 957 -8

Nocardia, B2.1165-6

structure, Bl a79 (Fig )
Imipenem-cilastatin, intracranial abscess,

B1.588

Immune response, Bl 775-7

acquired immunity, 81 177

anatomica l  bar r ie rs ,  B l  175-6

bacterial antagonism, B1 176

common pattern recognition, Bl 77 6J

development, 81 339

evasion see below

granulomatous response, Bl 7 41-:7

causative organisms, Bl 741

latent infections, B1 741

historical aspects, Bl 7-8

humoral see Humoral immune response;

specifc components

against infection vs against disease, Bl 339

innate immunity, Bl 175

iron-binding, B1 151

natural immunity, B1 339

nutrit ional restriction, B1 176

population, genetic factors, 81.355

privileged site infections, Bl 7 4l -8

virucidal activity, B1 435-6

ree a/ro Acute-phase response:

Immunoserology ; intliv i dua I infectio ns

Immune response evasion, Bl 153-4

bacterial pathogenicity, B1 153-5

Borrelia, BZ 7822-3, 82 1827

B r uc e I I a, B2.I7 36, 82.1.7 37

M y co p luma pathogenicity, 82 7989-9I

Inmunization

passive, Bl 329-30

see alsa Vaccines/vaccination

lmmunoassays

B artonella henselae, B2.1897

melioidosis diagnosis, 82 1630

pharyngitis diagnosis, 81.61 1

see c/so Immunoserology; individual

tmmunoassays

Immunoblotting

B o r r e lia detecrion, 82 7829

syphilis test, 82 1849-50

see also Western blot immunoassay

Immunochromatographic strip tests, syphilis

detection, 82 1850

Immunodeficiency

AIDS see AIDS; HIV infection

antibody, respiratory tract infection, Bl 626

complement deficiencies, B1 564

emergence/resurgence of bacterial infection,

BI362

hospital-acquired bacteremia, B1 393

pneumonia, B1644-5

Pseudomonas infection, 82 1593

rapidly growing mycobacteria, B2 1249,

B27259

Salmonella antibacterial susceptibility/

resistance, 82 1414

Immunodiffusion (ID) assays, 81.718

Immunoelectroosmophoresis (IEOP), 81.749

Immunofluorescence (IF) tests, B1.718, 81 719

Chlamydia, 82Z0I7-78

direct see Direct immunofluorescence

indirect see Indirect immunofluorescence

Legionella, B2"1773

melioidosis, 82 1630

Immunofluorescent antibody tests (IFATs),

B1.749

Le gionella detection, 81.752

Rickettsia detection, Bl'7 52-3

see also Indirect fluorescent antibody test

(IFAT)

lmmunoglobulin(s)

deficiency, respiratory tract infection,

Bt626

as host defence mechanism in lung, 81 624

see also Antibodies

Immunoglobulin A (IgA)

blocking by meningococci, 81 564

IgAl protease, 81 556

secretory see Secretory immunoglobulin A

(sIgA)

Immunoglobulin G (IgG)

avidity diff erence s, Bl.7 42

function in airways, 81 624

levels during infections, B1742, Bl 743

Immunoglobulin M (IgM)

levels during infection, 8I.742, 81743

syphilis

enzyme immunoassay test, B.21.849,

82 1850 (Tab )

fluorescent antibody absorption test,

82.1848

immunoblotting, B2 L849 -50

Immunohistochemical (IHC) techniques,

syphilis diagnosis, B2.184+5

Immunomodulators, in meningococcal disease,

8r.567

Immunoprecipitation assays, B1 749

double diffusion, Bl 749

Immunoradiometric assay (IRMA), Bacillus

anthracis endospore detection, 82.930

Inmunoserology, 81.738-59

advantages, 81 738

antibody detection, B1.748-50

applications, B1.750-4

see also individual infections

direct visualization, Bl 748 9

indirect visualization, 81.749-50

molecular assays vs, 81 738, 81.755-6

near-patient testing, B1 753-4

controls, B1 754

inappropriate use, 81.754

safety, B1 754

organism characterization, Bl 7 5+6

applications, 81 756-8

see also individual species

non cultural diagnosis, 8I.738, Bl 7 54

saliva testing, 81 753

see a/so Immune response; Immunoassays;

Serology/serological diagnosis; speclf c

assays/techniques

Immunosuppression

Carri6n's disease, 82 1888-9

reduced phagocytosis in, B1 626

Impingement samplers, airborne bacteria

monitoring, 81 190

Inactivation factor (IF), Bl 446

Incidence

cumulative, B1.310

rates, 81 310

Incidence studies, 81 313-14, 81.314 (Fig )

Inclusion conjunctivitis, B2 2Ol2-74,

82 2013 (Fig )

Incompatibility groups ree Plasmid(s)

Incubation period, B1.310, 81.338,

81.338 (Fig.)

India ink, B2.934-7 , 82 947
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Indian tick typhus, 82.2039 (Tab.)

Indirect fluorescent antibody test (IFAT)

Anap las ma p ha g o c y to p ht lum infection,
B.2.20634

Bartonella, B.2.1897

Bartonella bacilltfomis, 82 789O

Borreliq delection, 82 7829

Ehrlichia chaffeensis human infection,
B220634

LegioneLla pneumophila, 82 176I, 82 I17 4

see a/so Immunofluorescent antibody tests
(IFATs)

Indirect hemagglutination (IHA) test,
melioidosis, 82 1630

Indirect immunofl uorescence

melioidosis diagnosis, 82.1 630

Q fever diagnosis, 82 2077

Indium labeled white scan, osteomyelit is,
81 694

Indoles

Enterobacteriaceae identif ication,

82.1319 (Tab )
Porphyromonas identilication, 82 1924 (Tab )
Prevotella identification, 82 1924 (Tab.)

Providencia, 82 7451

Inducer exclusion, B1 50

lnducers (inducible promoters), B1.71

recombinant gene expression, 81 122

Industrial facil i t ies, endotoxin exposure,
81  189

Indwelling medical devices, B1.390-2

cerebrospinal fluid shunts, B1 392

infections associated, Bl 390-2

intravascular cannulae, Bl 391-2

intravascular devices

emergence of new bacterial infection,
81  361

endocarditis associated, BL52+5,
815254

intravascular grafts, B1 392

see also specifc types

Infants

bacterial colonization, B1 293

diarrhea

Escherichia col1, enteroaggregative,

B21318-9

Escherichia coli, enteropathogenic.
B.273734

Escherichia coft; enterotoxigentc, 82 737 5

enteritis, Escherichia coft, enteropathogenic,
B2.13724

meningitis, 81.557

Haemophilus influenzae type b (Hib),

Br.573
see also Children

Infection(s)

barriers, B1 294

chronic diseases due to, 81.365

course in populations, B1339-41

definit ion, 81.294

spreading factors, 81.152, 81 153 (Tab.)

stages, 81 338-9, 82 1953 (Fig )
transmission principles, 81.338-9

see also individual infections

Infection Control Committee, Bl 406

Infection Control Doctor (ICD), 81.406

Infection Control Link Nurse (ICLN),

Bl 407-8

Infection Control Nurse (ICN), 81 406

Infection Control Team (ICT), 81 404, 81 406

In fec t ious  D iseases  Soc ie l )  o f  Amer ica

(IDSA), pneumonia treatment
guidelines, 81 638, 81 639 (Tab )

Infective spondylit is, causative pathogens,

81.690

Infectivity, period, 81 338, Bf 338 (Fig )

Inliltration, bacterial pathogenicity, 81.L52-3

Inflammatory bowel disease

Chlamydia pneumoniae infection, 82 2Ol7

Escherichia coft, diffusely adherent link,

81 148-9

Influenza

basic reproduction number, 81 340 (Tab )

laboratory worker immunization, B1.767

nosocomial, 81 400

Infundibulum, respiratory tract, 81 606-7

Infusion fluid contamination, Bl 384

Inhalation, airborne bacteria, B1 188

lnjections, gas gangrene after, 82 1089,

82 7111, BZ 7113

Innate immunity, Bl 17 5J

anatomical barriers, B1.175 6

commensal bacterial antagonism, B1 176

common pattern recognition, Bl 77 6-7

mechanical removal, B1 176

nutritional restriction, B1 176

Inoculation, spread of infection, B1 380-4

accidental, B1 382

Insecticide pollutants, bioremediation, B1.201

Insects

bacterial pathogens, 8I.2034

mycoplasma pathogenicity, 82 1.964-6

spiroplasmas association, 82 1965

Insertionlike elements, mycoplasma, 82 1982

Insertion mechanisns, mobile elements,

B1.94-5

Insertion sequences (IS), 81 80, 81 91-4

classification, B1 93-4

historical perspective, B1 91

mobile elements, B1 95-6

size, 81 91

structure, B1.91

inverted repeat sequence, B1.91

typrng, Salmonella, BZ 1409, 82 1.410

ubiquity, 81 96-7

In situ bioremediation (ISB), 81 202

Institutions

gram-negative bacillary pneumonia, 81 637

M y coplasma p neumoniae pneumonia, B1.633

Instruments

nosocomial infections from, B1 379-80

steril ization, B1.388

Insulin injection, gas gangrene after, 82.1111

Integrative conjugative elements (ICE), 81.99

Integrons, Bl 97-8

transposon, 81 97-8

Interchromosomal recombination, B1 88 (Fig.)

Interfamilial spread, H elicobacter pylori

infection, B.2.1.578-9

Interference microscopy

soil bacteria analysis, 81 207

Interferon-y (IFN-7)

Burkholderia thailarulens is infection, 82.1625

human brucellosis, B2.L7 37

Intergenic suppression, base pair substitutions,

81 86-7

Interleukin-6 (IL-6), B urkholderla LPS effects,

B.27617

Interleukin-8 (IL-S), B urkholderia LPS effects,

B.27677

Interleukin-12 (IL-12), superantigen

stinulation, 81 157

International Antigenic Typing Scheme

(IATS), 82 i602

International Committee for Systematic

Bacteriology (ICSB), 81.15, 81.16,

B1.18

Enterobacteriaceae nomenclature/

classification, 82 7335-6

nomenclature changes, B1 32

International Journal of Systemic and

Evolutionary Microbiology (IJSEM),

B1.18

nomenclature changes, 81 32

International Journal of Systemic Bacteriology

(rJSB), 81 18

nomenclature changes, B1 32

International Union Against Tuberculosis and

Lung Disease (IUTLD), 82.1200

International Union of Microbiological

Societies, 81.18

Internet, nomenclature changes, 81.32

Interrupted mating experiments, conjugation,

B1102-3,81.102 (Fig )

Intervention studies, 81.313

Interviews, epidemiological, B1.311

In les t ina l  bac ter ia ,  Enterobac ter iaceae

infection, 82 1347

Intraabdominal infection, Pasteurella

multocida causing, 82.165,t-5

Intracellular bacteria

iron scavenging, 81 151

see also irulividual species

Intrachromosomal recombination, 8188 (Fig )

Intracranial abscess (brain abscess), 81.581-9

anatomical site, 81 582 (Fig ), 81.582 (Tab.)

bacteriology, B1.58,t-6, 81 584 (Tab )

causatlve organlsms

G o r dania t enae, 82 1L52-3

Nocardia asteroides, 82 1157-8

clinical presentation, 81 586, 81 586 (Tab )

contiguous spread, B1 582-3

developnent stages, 81 584

diagnostic methods, B158G7, 81.587 (Fig.)

epidemiology, 81 581-2

hematogenous spread, 81 583, 81 584 (Tab.)

pathogenesis and pathophysiology, B1 583-4

predisposing conditions, Bl 582-3

81 582 (Tab.), 81 584 (Tab ),
81 589 (Tab )

treatment, 81 587-9

antibiotics, 81.587-9, Bl 589 (Tab )

surgery, 81 589

see a/so Subdural empyema

Intradermal hypersensitivity test, human

brucellosis, 82 1741

Intra-uterine contraceptive devices

Actinomyces, B1669
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Intra-uterine contraceptive devices
(Continued)

bacterial vaginosis, B1 665

Intravascular cannulae

colonization, B1 391

organisms, B1 391

nosocomial infection, Bl 397-2

Intravascular grafts, infection, B1 392

Intravenous drug use

endocardiris, Bl 526, Bl 527

pneumonia in HIV infection, Bl 645

spinal epidural abscess, 81.592

tetanus association, 82.1065

Intubation, pneumonia after, B1 389-90

Invasins, B1 152

Invasion, bacterial, Bl l5Z 3

Inverted repeat (IR) sequence, insertion
sequences, B1 91

in vitro lefillization, Chlamydia trachomatis
infection, 82 2012

ln ulvo expression technology (IVET),
genomics and bacterial pathogenicity,

81  177,  81 .178

Iodine, B1.425

action, 81 437 (Tab )

Iodophors, hand disinfection, B1 378

Ion-exchange resins, in Clostridium dfficile
infection, 82 1123

Ion gradient-l inked transport systems, Bl 49

Ionizing radiation steri l ization, 81.450-1
Br 4s4 (Tab )

DNA repair, Bl 211, BI 451

food, Bl 268 (Tab ), Br 271 2, 81 289,
81  451

neat,81274

podt ry ,  B l2712,B1278

mechanisms of action, 81 450 1

microbial sensitivity, B1 450

public's perception, Bl 27 1 2, 81.289

resistance, B1.450

thermoradiation, Bl 454

uses, 81 445 (Tab ), 81 451

validation and monitoring, 81.454 (Tab )
see also Radiation

nlo-Iositol fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Iron

Bordetella growth, 82 1793

diphtheria toxin expression, 82.981

Neisseria acquisition proteins, B.2.1284-5

scavenging systems, 81 151

terminal electron acceptor, B1 67

Iron-dependent repression, bacterial sensory
pathway, B1 165-6

Iron regulated proteins, Yersinia enterocolitica,
82 7469

Irradiation see Ionizing radiation steri l ization

Isocitrate dehydrogenase, B1 52-4

Isocitrate lyase, 81.53-4

Isoenzyme patterns, Bifidobacte num
classification, 82 1026

Isoerythritol, Brucella ctltve, 82 7734

Isolation of patients, control of bacterial
infection, 81.328-9

Isoniazid (INH), 81436-8, 81481

biocide-antibiotic linked resistance, B1 443

Mycobacterium, BZ 1217-78, 82 TZZZ-3

M tuberculosis, B2 1197, 82.1.200,

B2.1211-t8

Isoprenoid quinones, Actinomycetes, aerobic,

82 ll45

Isopropanol, B1 427

action, Bl 438

Isopropyl alcohol exposure, glove protection

efficiency, 81765-4

Isoquinoline derivatives, 81.428

Isothiazolones, 81 423 (Tab ), Bl 427

action, B1 437 (Tab )

Isotope scanning, bone and joint infection

diagnosis, B1 694

Israeli spotted fever, clinical manifestations,

82 2039 (Tab )

Ivasin, Yersinia, BZ 7468

Ixodes

Anaplasma phagocytophilum transmission,

822062 3

increase of exposure, B1 362

life cycle, 82 1822

Ixodes pacificus,B1362

Ixodes persulcatus, 82 2050-1

Ixodes ricinus,B1362

Ixodes scapularis, Bl 362

Janeway lesions, infective endocarditis,

81 53.t-5, 81s34 (Fig )

Japan, food-borne botulism, 82 1067 -9

Japanese spotted fever, 82 2039 (Tab.),

B22040

Jarisch-Herxheimer reaction, early syphil is,

D27857

Jejunum, normal microbiota, Bl 302

Johne's disease (paratuberculosis), 82 7782

Joint infections see Bone/joint infections

Joint prostheses, infection, 81 392

reduction, 81.375, Bl 375 (Fig.)

J ones ia denitrificans, 82.958

Jordans tartrate, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Kanamycin

Brucella, 82 ll42

Enterobacter, 82 1484-5

Ewingella, B.2.1493

gonorrhea treatment, B1 662

Leclercia, B.2.1495

structure, Bf a83 (Fig )

Yokenella, B2 1498

K-antigens, B1 154

Enterobacteriace ae, 82 733940, 82.1.343

Escherichia coli, 82 1364-5

Kaposi's sarcoma, Mycoplasma penetrans

association, B2.1985

Kartagener's syndrome, 81 626

Kauffmann-White nomenclature, Salmonella,
BI.7 57, BZ 1.402, 82.L403 (T ab )

KDPG,  81  58

KDPG aldolase, 81.58

KDPG hexose cycle, Bl 59

KDPG pathway (Entner-Doudoroff pathway),

81 58-9, 81 59 (Fig ), 82 1274-5

Acetobacter, Bl 60

enteric bacteria, 81.58-9

nonmethanogenic archaea, B1.70

other aerobic bacteria, B1.60

Kennel cough, 82 1810

Keratitis, Bl601.-2

causatlve organlsms

My co bacterium chelonae, 82.1252

Nocardia asteroides, 82 1158-9

clinical manifestations, Bl 601

diagnosis, 8I 601-2

infecting agents, 81 601

predisposing factors, Bl 601

treatment, 81 602

Kera tocon junc t iv i t i s .  causat ive  organ isms.

81 386

2-Keto-3-deoxyoctonate (KDO), B1 160

Enterobacteriaceae LPS, 82. 1340

2-Keto-3-deoxy-6-phosphogluconate (KDPG),

81 s8-9, 81 s9 (Fig )

a-Ketoglutarate, B1.53

Ketolides, My cop lasma, 82.1992

KlD50, Proteus,B27447

Kidney stones, 82 1446
'Kil ler yeast' phenomenon, 82.1145

Kinetics, enzyme reactions, B1 45

King A medium, 82 1596

King B medium, 82 1596

Kingella

antibacterial susceptibility/resistance,

B2 1671.

classifi cation, 82 7668-9

clinical signifi cance, 82.L669 -7 0

culture and identification, BZ L67V7

habitats, 82.1649 50

normal microbiota, B1.296 (Tab )

taxonomy, B.21.668-9

Kingella denitrificans

ant ibacrer ia l  suscept ib i l i l y / res is tance-

B.2.7677

characteristics, 82.1668 (Tab ), 82L670 1.

classifi cation, B2 I66V9

clinical signifi cance, BZ 767 0

culture, 82 167G-1

Kingella indologenes

ant ibac ter ia l  suscept ib i l i l y / res is lance.

82 1671.

classification, 82 727 7, 82 1.668-9

Kingella kingae

antibacterial susceptibility/resistance,

B.21.67L

bone and joint infection, 81.690

characteristics, 82.1668 (Tab ), 82 1,670 7

classifi cation, B.2.7668-9

clinical significance, B.2.1669J 0

culture, 82 1670-1

identification, 82 1671

infection, 82.1669-10

endocarditis, Bl 532

taxonomy, 82.1668 9

Kingella oralis, 82 1668 (Tab.)

Kinyoun acid-fast stain, 82 1140

Kirby-Bauer test, B1 498
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Klebsiella, 82 1476-83

antibacterial susceptibility/resistance, B1.433
82.1480

quinolone resistance, B1 493 (Tab )

antigens, 82 1480-1

virulence effects, 82 1340

biochemistry, 82 
-I 
47 9-80

lactose fermentation, 81 115

nitrogen fixation, B1 201

capsules, 82 1343

characteristics, 82 1476

classification, 82 1477

to RaoultelLa genus, 82.1336

culfire,B27477-9

morphology, 82 1345

definition, 82 1476

fimbriae, 82l34Z-3

infection

bacteremia, Bl 520-1

intestinal, 82 1347

nosocomial see below

isolation/identil ication

gelatin l iquefaction, 82 1351

historical perspective, 82 1351

screening tests, 82 1349 (Tab )

typing methods, 82 1481

morphology, B.2.1477-8

non-motil i ty, 82 1342

as normal microbiota, 81296 (Tab.)

nosocomial infection, Bl 372, Bl 397,
81.398 (Tab )

food-borne, 81 377

spread by contact with staff, Bl 378

pathogenicity, 82 I 482-3

plasmids, 81 115

temperature susceptibil i ty/resistance,

821345-6

waterborne, Bl 212 13, Bl 220, Bl 227-3

testing, B1 223

Klebsiella aerogenes see Klebsiella pneumoniae

Klebsiella ascorbata, 82.1319 (Tab )

Klebsiella cryocrescens, 82.1319 (Tab )

Klebsiella etlwardsii see Klebsiella pneumoniqe

Klebsiella georgiana, 82.1319 (Tab )

Klebsiella granulomatis

antibacterial susceptibil i ty/resistance,

82 1480

characteristics, 82.1330 (Tab )

classification, 82 1336

changes in, 82 1336

pathogenicity, B.2.I 482-3

K le b s ie I la ( C aly mmat o b acte r ium )
granulomatis, Bl665

classification, B1 665

Klebsiella mobilis see Enterobacter aerogenes

Klebs ie lla omithinolytica, B2 1477

biochemical tesrs, 82 1319 (Tab )
Klebsiella oxytoca, 82 7477

antibacterial susceptibility/resistance,

82 1480

antigens, 82 1481

biochemical tests, 82 1319 (Tab),B.21.479

characteristics, B.2.1479 (Tab )

classification. B2 1477

infection

extraintestinal, 82 1.346-7

nosocomial, B1 398 (Tab )
pullunase secretion system, Bl 48

waterborne, Bl 220

Klebsiella ozaenae, 82 7477

antigens, 82 1480-1

biochemical tests, B2 1319 (Tab ),
82 L479-80

classification, 82 1477

K leb s ie I la p lant ic o I a, B2.I47 7

biochemical tesrs, 82 1319 (Tab),B.21.479

classification, 82 1477

K lebs iella p neumoniae, 82 1477

antibacterial susceptibility/resistance,

81499 (Tab ) ,B21480
p-lactamase resistance, Bl 472-3

intrinsic, 82 1352 (T ab )

antigens, 82 1480-1

K-antigens, 81.154

characteristics, 82 1479 (Tab )

classification, 82 1477

culture morphology, 82.1345 (Tab )

infection, 82 1346

epiglonitis, 81 613

extraintestinal, 82 1346-7

immune system avoidance, 81 154

intracranial abscess, B1 585

nosocomial infection, Bf 398 (Tab )

pneumonia, B1 637

isolation/identifi cation

biochemical tesrs, 82 1319 (Tab),B.21479

problem strains, 82 1348-50

pathogenicity, 82.1482

subspecies ozaenae see Klebsiella ozaenae

subspecies rhinoscleromatis see Klebsiella

rhinoscleromatis

virulence factors, 81 154

waterborne, Bl ZI7-72, Bl 220

Klebsiella rhinoscleromatis, 81.629, 82 1477

antibacterial susceptibility/resistance,

82.1480

antigens, B2 1481

biochemical tests, 82 1319 (Tab ),
B.2.L479-80

classification, 82 1477

infection, rhinoscleroma, 81 616

Klebsiella teruigena, 82 7477

biochemical tests, 82 1319 (Tab.)

classification, 82 1477

Klebsiella trev isanii, 82.1,477

Klebsiella variicloa, 82 1477

Kloec kerq ap iculata, frvt, 81 282

Kluyvera,B21494 5

ant ibac ter ia l  suscept ib i l i t y / res is tance.

B2.L494

biochemical tests, 82 1494

classification, 82 1494

culture, 82 1494

definition, 82 1494

habitats, 82 1494-5

pathogenicity, B.2.1494-5

species 3, 82 1494

Kluyvera ascorbata, 82 1494

antibacterial susceptibility/resistance,

82 L494

classification, 82 1494

pathogenicity, B.2.149 +5

Kluyvera cochleae, classification, 82 1336

Kluyv era cry o crescens, B.2.1494

antibacterial susceptibility/resistance,
82.1.494

intrinsic, 82.7352 (Tab )
pathogenicity, B2.1 49 4-5

Kluyv era ge or giana, 82.149 4

Kluyveromyces marxianus, fruit, 81 283

Koch, R, BI6,Bl7

Koch's postulates, 81 7

Kocuria, as normal microbiota, 81296 (Tab.),
81 304

Kovacs oxidase, 82 1319 (Tab )
Kupffer cells, Mycobacteium leprae, B.2.1204

Kytococcus sedentaius, as normal microbiota,
81.296 (Tab )

Laboratories, data reporting systems,
81.31920, 81.321 (Tab )

Laboratory-acquired infections

analytic phase/preanalytic phase testing,
B1760

brucellosis, 82 1727, 82 1'7 334

contaminated surfaces, 81.761

definition, 81 760

epidemiology of, 81 760-1

first account, B1.760

human factors, 81 761

laboratory department statistics, Bl 761

needlestick injury see Needlestick injury

prevention and control, B1764-5

imnunization, B1.767

see also Laboratory safety

transmission routes, 81.761

Laboratory Response Network (LRN),
Bt768

Laboratory safety, 81 760-8

aerosols

generation, B1.765

protection fr om, Bl 7 64-5

biological safety cabinets, B1..7 6+5,
81.765 (Tab )

bioterrorism, B1767-8

classification systems, B1 762-4

environments, Bl.7 62-3

organisms, 81.762

practices/behaviors, Bl 7 634

risk clarification, 81.760-1

see also below

clothing, B1.765-6

biosafety level 3, Bl 7 634

gloves, 81 765-6

masks, 81.764

respiratory protective devices, 81.76,1-' 5

handwashing, Bl766J

level 1 (BL1), B1.763

leve|2 (BL2),B1.763

level 3 (BL3), R1.7634

level 4 (BI-,1; maximum), B1763,B1.764

practices, 81 763

quality assurance materials, 81.761
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Laboratory safety (Continued)

quality managem ent, Bl 7 61-2

laboratory safety officer, 81.762

risk assessment, Bl76-1 2

Laboratory workers

botulism, 82 1076

clothing see Laboratory safety

handwashing, Bl766J

immunization, 81767

Lac operon, 81 80 1

Lacrimal duct, respiratory tract, B1 606-7

p-Lactam antibiotics, B1.47 1,-3

mode of action, Bl477. Bl 472 (Fig.)

Gram-positive vr Gram-negative, Bl-477

penicil l in-binding proteins, 81 471

pharmacology, t ime-dependency, Bl 470

resistance, Bl 471-3

Acineto b acter, 81.472-3

Aeromonas, Bl4'72-3

p-lactamases see p-Lactamases

Brucella, 82 7742

Burkholderia cepacia complex, 82 1610 11

Enterococcus, 82 891-2, 82.892 (Tab )
porin mutations, B1473

Staphylococcus, B2 793-802, R2 794 (Tab.)

Stenotrophomonas malto p hilia, B.2.1637
'tolerance,' B1 471

spectrum of activity

Actinomyces, B2.I0Il

Aeromonas, 82 1534

C a mpy lo b act e r, B.2.15 48

E dw ard s ie llq, B2.1 491,-2

Enterobacter, 82 748+5

Gram-positive vs Gram-negative, 81.477

Klebsiella, B.2l48O

Legionella, 82 1777

St ap hy lo co cc us, 82 7 93-802

structure, Bl 47 L, B1.47 1 (F ig )
toxicity/side effects, B1.473

see also specific types

p-Lactamase inhibitors, B1 478

structure, Bl.a79 (Fig )
p-Lactamases, B1471, 3

B acte ro ide s I P r ev ote I I a I P or p hy r o mo n as,
82.1930,82.1935

C ap no c yt op ha g a, 82 1 67 7

classification, B1 472

Eikenella corrodens, 82 7668

Enterococcus, 82 892

Legionella, 82 7762 (^tab )
Moruella (Branhamella) catarrhalis,

82.1307-8

N eis s eria menin gitidis, Bl 5 66

Pasreurella multocida, 82 1655

plasmid resistance genes, 81 111-13

Neisseria, 82.7271 , 82 lZ97-z

Proteus, 82 14414

SHV-I enzymes,B1472-3

TEM-1 enzymes,B1472-3

TEM-2 enzymes, Bl472-3

Yersinia enterocolitica, B.2.7465-6

Lactenin, food,81..267

Lactic acid,Bl.422

as aerial disinfectant, B1 430

formation from pyruvate, 81.54, 81.54 (Fig )

neat,Bl272

Lactic acid bacteria, 81.54

ve getables, fr ozen, 8t.287 -2

see also individual species

Lactic acid dehydrogenase, 81 54

Lactobacillaceae, 82 833

cereals, Bl 284-5

Lacto bacillus, 82 863-7

an l ibac ter ia l  suscept ib i l i t y / res is tance.

intrinsic anti-glycopeptide activity,
81 480

antigens, 82 865-6

applications

in cheesemaking, 81.252

as probiotic, B1 666-8

cell wall,B2.8654

classification, 82 866

culture, 82 865

genus definition, 82 863

habirats, Bl 657, 82 8634

meat and meat products, 81 273

historical perspective, 82 863

infection, endocarditis, Bl 532-3

metabolism, 82 865

nutritional requirements, 82 865

morphology, 8286+5

in normal microbiota, 81296 (Tab ), 81.301,

81 303, 82 867

oral cavity, 81 609

pathogenicity, B.2.866 7

physical/chemical agents susceptibility/

resistance, 82.866

pasteurization, Bl 232-3

species, 82 864 (Fig )

see also individual species

Lactobacillus acidophilus, 82 863

freeze-dried food, 81 269

habitats, 81 657, B.2.8634

S layer, 81 155

Lactobacillus brevis

catabolite repression, 81.50

cell wall, 82 865-6

habirats, 82 863 4

Lacto bacillus buchneri

cell wall, B.28654

histamine poisoning, 81.252

La c t o b aci I lus bul g aric us

morphology, 82 864-5

as yogurt starter, 81 249

Lactobacillus casei, 82 863

antigens, 82 866, 82 866 (Tab )

cell wall, B.2865-6

habitats, 82 863-4

morphology, 82 864-5

L ac to b aci I lus c e llo b i os us

cell wall,B2.8654

habirats, 82 863+

Lactobac illus coleohomtnis, 82 8634

Lactobacillus crispqtus, Bl 657 ,82.8634

Lqctobacillus delb ruec kii, 82.863

L ac to b ac i I lus fe rm entum

antigens, 82.866 (Tab )

cell wall, B28654

habitats, 81 657, B.2.8634

L acto b acil lus gass e ri, B2.863 4

Lactobacillus helveticre, 82.866 (Tab )

Lactobacillus hordniae, B2 864-5

Lactobacillus jensenii, BL 657 , 82 8634

Lactobacillw lactis

antigens, 82 866 (Tab )

catabolite repression, 81 50

morphology, 82 864-5

Lactobacillrc leichmannii, 82.864-5

Lac to b acillrc muco s ae, B.2.863 4

Lactobqcillus odontolyticus, 82 863

Lactobacillus paracasei, 82 8634

Lactobacillus plantarum, 82 863

antigens, 82.866 (Tab )

cell wall, 82 865-6

morphology, B.2.86+5

Lactobacillus reuteri, 82 8634

Lactobacillus rhamnosus, 82 8634

Lacto b acillus ruminis, B2 863 4

Lactobacillus salivarius, 82 8634

Lacto b acillw v a ginalis, 82 8634

Lacto b acillw v ir ides cens

canned cured meats, B1 275

cell wall, B.2865-6

Lactobacillw xylosus, BZ 864-5

Lactococcus, B2.833-5

antigens, 82.842

classification, 82 889

as nomal microbiota, 81296 (Tab )
phenotypic characteristics, 82.888 (Tab.),

B2.889

Lactococcus lactis

cheesemaking, 81 252

nisin production, 82 1046J

Lactoferrin, 81 430

in airway secretion, 81 623

innate immune response, 81 176

meningococcal requirement, 81 563

receptors, Neisseria gonoruhoeae, 82 7285

Lactoperoxidase (LP), B1 430

food, 81.268 (Tab.)

host resistance to baclerial infection,

81.176

Lactose fermentation

Enterobacteriace ae, 82 133 5

Enterobacteriaceae identifi cation,

82.1319 (Tab )

Klebsiella, B1.175

plasmids, B1.115

Porphyromonas identification, B2 1,924 Qab.)

Prev otella identiflcation, B.2.1.924 (T ab.)

Yersinia enterocolirica, Bl | 15

Lactose operon

Escherichiu coli, Bl70-I, B1.71 (Fig.)

repressor, B1.70-1

Staphy lococcus aureus, Bl 7 1

Lactose permease, B1 70-1

LacY, E. coli lactose transporter, 81.49

Lady Windemere's syndrome, B2.7207 -8

Lake waters, 81.21.4, 81.22L

Lamb(s)

B ordetella p arap eftussis, 82 1.81.0

Escherichia roli, O157:Hi reservoirs,

BI.274

LamB porin, 81.43

Laminar air flow (LAF) units, 81 453
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Lancefield, R, 81 12

Landfil ls, airborne bacteria, Bl 186 (Tab.)

Landsteiner, K, 81.12

Land use patterns, emergence/resurgence of
infection, B1.362

Lantibiotics, Bl 136-8

Large intestine, normal microbiota, Bl 302-3

Laryngitis, causative organisms, 81 629

Laryngotracheal infection, B1.629

Larynx, normal microbiota, 81.302

Lasiodip lodia theo bromae, 8I.286 :7

Latamoxef

development, B1 480

structure, 81.479 (Fig.)

Latent period of infection, B1.338,
81338 (F ig . )

Latex agglutination test (LAT)

B urkho lderia p seudomallet, 82 7679

melioidosis, 82 1630

syphilis detection, 82 1849

Laurolinium acetate, Bl 428

Lead, resistance to, 81.114

Leafhopper spiroplasma, 82 7985-6

Leafspots, plant disease source, 81 202

Lecithinases

Burkholderia thailandensis, B2],624

Clostridium perfringens, 82 7099,

B21.L73-74

functions, 81 153 (Tab.)

Leclercia, 82 1495

antibacterial susceptibility/resistance,

82 L495

biochemical tests, 82 1495

classification, 82.1495

culture, 82 1495

definition, 82 1495

habirats, 82 1495

pathogenicity, 82 1495

L ec le r c ia adeca r b o x y lata

biochemical tests, 82.1319 (Tab.)

pigment production, 82 1345

Lectins

food, 81 267

Heltcobacter typing, 82 1570

Lederberg, J, 81 13

Legionella, 82 1761-85

as airborne bacteria, 81 188 9

concentrations in facilities, 81 186 (Tab )

antibacterial susceptibility/resistance,

821776J

antibiotics, BZ 7776-7

antigens, 82 7770-7

somatic O antigens, B.21770-1

cell wall compositron, BZ 1770

chemical/physical agent susceptibility/

resistance, 82 1777

classiflcation, 82 f77 1, B2.1772 (Fig )

species, 82.1762 (Tab ), 82 777 4-5,

82 177s (Fig )

taxonomy, BZ 177 1., 82.177 2 (Fig.)

culture, 82 17 68, 8.2.\'77 L-3

colonies, B27768, 82 1768 (Fig ),
82.7169 (Fig.)

growth requirements, 82 17 68, B2.77 69

definition, B2 1761

flagella,B2.1777

genetics, 82 7769J0

DNA homology, 82 1769-:70

plasmids, 82.1770

habitats, 82 1766-7

isolation/identifi c atlon, R2 17 7 14

antibody detection, 81.752

culture, 82 1771-3

enzyme immunoassays, 81 752, 81.758,

82 1773

epidemiological typing, 82.1.77 5-6

immunofluorescent antibody tests, B1.752

immunoserology, B1.758, 82 7548, 82 1774

molecular nethods, BZ 1.7734

ribotyping, 82.1775

species identifi cation, 82 177 4-5

stains/staining, 82 1773

urinary antigen, 82,1773

LPS, 82.1770-1

metabolism, 82.1769

morphology, 82 7767-8

pathogenicity, B2 7777 9

PHB granules, 82 17 67, 82.71 61 (Fig )

physical/chemical agent susceptibility/

resistance, 82.1777

viable but nonculturable state, 82 \7 69

virulence factors, 82 177'7 -9

waterborne, 81.21.L, Bl.2Z0

analysis, B1.221

Legionella adelaidensis, 82 7762 (Tab )

LegioneLla anisa, 82.1162 (Tab )

identification, B2.177 5 (Ftg )

infection, 82 1765

Legionella beliardensis, R2 7762 (Tab )

Legtonella birminghamensis, 82ll62 (Tab )

Legionella bozemanii, B.21.762 (Tab )

classilication, 82 1771

Legionella brunensis, 82 1762 (Tab )

Le gionella b usanens is, R2 17 62 (T ab.)

Legionella cheruii,82.1762 (Tab )

Legionella cincinnatiensis, 82 1762 (Tab )

Legionella drozanskii, B.2.f762 (Tab )

Legionella dumoffi i,B.2"1762 (Tab )

classification, 82 1771

epidemiological typing, 82 177 54

Legionella erythra, 82 1762 (Tab )

identification, 82 I7 7 4-5, BZ 771 5 (Fig )

somatic'O' antigens, 82 1770

Legionella fairfeldensis, 82 7762 (Tab )

Legionella fallonii, BZ 7162 (Tab.)

Legionella feeleii, 82 1762 ('lat: )

infection, 82.1765

Legionella geestiana, BZ 1162 (Tab )

classification, 82 1771

identification, 82 1775

Legionella genomospecies \,B21762 (Tab )

Legionella gormanii, BZ 1762 (Tab )

classification, 82 1771

LegionelLa gratiana, B2 77 62 (Tab.)

Legionella gresilensis, 82 7762 (Tab )

genetics, 82 1769-:70

Legionella hackeliae, B2 1762 ('tab )

Legionella israelensis, B2.11 62 (T ab.)

Legione lla j amestownensis, 82.77 62 (T ab.)

Legionella jorrlanis, 82.17 62 ('lab.)

LegionelLa lansingensis, 82 I7 62 (Tab.)

Legionella lond.iniensis, 82 17 62 ('tab.)

Legionella longbeachae, 82.1762 ('tab )
pathogenicity, 82.1766

Le gio ne ll a ly tic a, B.2.17 62 (T ab)

Legtonella maceachernit, 82.17 62 ('f ab.)

classification, 82.1771

Legionella micdadet, 81.635, 82 1762 (Ta6.)

classification, 82 1771

culture, 82 1768

infection, 82.1765

Legionella moravica, R2 l7 62 (T ab.)

Legionella n&utarum, 82.17 62 (T ab )
Legtonella oakridgensis, 82.17 62 (T ab.)

ldentificatior, 82 1774

metabolism, 82 1769

Legionella parisiensis, 82 7762 (Tab.)

Legionella pneumophila, R2 7762 (Tab.)

as airborne bacteria, 81.188

concentrations in facilities, 81 186 (Tab.)

dispersal, 81.188

sampling, 81.190-1

antibacterial susceptibility/resistance,
Bt433

antigens, 82 1770-1

somatic'O' antigens, 82 1770

typeIY pili,B2.1779

cell wall composillon, 82 1770_1.

classification, B2 177 l, 82.2027,
R22027 (Fig)

taxonony, 82.1771-

culture, 81.635

colonies, 82 7768, 82 1768 (Fig.)

discovery, B1.634

genetics, 82 1769-70

DOT/ICM gene,B27779

MIP gene,82.1778-9

growth phase, 82.1778

habitats and sources, 82.1767

identification, B,2.177 7-6, R2.177 5 (Fig )
antibody level estimation, 82.1774

epidemiological Iy ping, B.2.17 7 5 4

molecular methods, 82 17734

organism or components demonstration,
B.21773

serogroup I antigenuria test, 81 635

urinary antigen EIAs, B.2.7773

infection

intracellular replication, 82 1778

serological diagnosis, 81.635

see also Legionellosis; Legionnaires'
disease

metabolism, 82 1769

morphology, B.2.17 67 -8, 82 17 67 (Fig),
82.1768 (Fig.)

pathogenicity, 82.1'7 66, 82 1777 -9

physical/chemical agent susceptibility/
resistance,B.2.1777

virulence factors, B1..627 -8, 8.2.1777 -9

genetic detemin ants, 82.I7 7 8-9

Legionella quarteirensis, 82.1762 (Tab )
Legionella quinlivanii, BZ 1762 (Tab.)

Legio nella row bothamii, B.2.17 62 (T ab.)

Legionella rubrilucens, 82 7762 (Tab.)

identifi cation, B.2.17 7 4-5

somatic'O' antigens, 82 1770
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Legionella sainthelensi, R2 7762 (Tab.)

somatic 'O' antigens, 82 1770

Legionella santicrusis, 82 1,762 (Tab )
somatic'O' antigens, 82.1770

Legionella shakespeari, B.2.7762 ('tab )
Legionella spiritensis, 82 7762 (Tab.)

Legionella steigerwaltii, BZ 7762 (Tab )
Legionella taurinensis, R2 1762 (Tab )

identification, B2 177 4-5

Legionella tusconensis, R2 1762 (Tab.)

Le gionella w adsw orthii, 82.71 62 ('l ab )
Legionella waltersii, B.2.I762 (Tab )
Legionella worsleiensis, R2 17 62 (T ab.)

Legionellosis

causative agents, 82 1766

epidemiology, 82.1764

nosocomial, BI 390, 82 1766

Leg ionna i res 'd isease.  B l  034 6

antibacterial susceptibil i ty/resistance,
81 635-6

clinical features, R1.634, BZ 17 64-5

control of source, 81 329

diagnosis, Bl 635, R2 177 1-6

epidemiology, 82 1765-6

emergence, Bl 362

outbreaks, Bl 635

history, 82.1761

mode of spread, Bl 188 9, 81375-6

nosocomially-acquired, Bl 375-6, 81640-1,
B.2.1766

factors associated, B1 375

pathogenesis/transmission, 81.63,1-5

prevention, Bl 636

treatment, 81 635 6

see also Legionella pneumophila

Legislation, on milk products, RL2334,
8t.236

Legumes

microbiology, Rl 286, 81.287

Rhizobium relationship, 81 197

Leifsonia, B.2.9924

chemotaxonomic characteristics,
82 978 (Tab )

habitats, 82 978

Leifsonia acquatica, 82 9924

biochemical characteristics, 82 993 (Tab.)

Lemierre's disease (necrobacil losis), 81.629,
BZ795I

Lemierre's syndrome, B1 618-1v

Leminorella, B.21495-6

ant ibac(er ia l  suscept ib i l i t y / res is tance.
B.2.1496

biochemical tests, 82 1495 6

classification, 82 1495

culture, 82 1495-6

delinit ion, 82 1495

habirats, 82 1496

as normal microbiota, 81 296 (Tab )
pathogenicity, B2.1496

Leminorella grimontii, 82 7495

biochemical tests, 82.1319 (T ab.), 82 7495-6

classification, B2.1495

culture, 82 1495-6

habitats, 82 1496

pathogenicity, B2.1496

Leminorella richardii

biochemical tests, 82 1319 (Tab )
classification, 82.1495

culture, 82 1495-6

Lemonnierin, 82.1597

Lenampicillin, B1.475

Lepidoptera (butterflies and moths),
Bl2034

Lepromin, 82 1185

Lepromin re^ction, B2 1221

early and late reactions, 82 1221

Leprosy, Bl 188, 82.1182, B.2lZO3-5

animals, B2 1.L82, 82 7204

borderline, 82 7204-5

causative organism see M ycobacterium
leprae

clinical features, 82.1204

erythema nodosum leprosum reaction,
82 7205

diagnosis, 82 1205

skin, 82.7205, 82 7221

epidemiology, 82 12034

case numbers, 82 1203

environmental factors, 81 188, 82 1203
genetic factors, 82 1203
geographical distribution, B2 1203

WHO estimates of prevalence, 82 1203

history, 82 1203-4

lepromatous, 82 7204, 82 1.205
prophylaxis, B.2.1220, R2 lZ27

chemoprophylaxis, 82 1221

reversal reaction, 82 1205

Ridley-Jopling classification, 82 1204
treatment, 82 1279-20

'cured' patients, 82 1203

dapsone resistance, 82 7203, 82 1220

multidrug therapy, 82 1203, 82.1220
WHO regimens, 82 1220 (Tab )

tuberculoid, 82 1204
Leptonema, 82 1865

definitions, 82 1865

growth, 82.1870

measurements, 82 1870

morphology, B.21867-8

Leptonema illini, B.2.787 8 (T ab.)
Leptospira, 82 1865-{4

antibacterial susceptibility/resistance,
82 1881

antigens, B2 1875-6

classifi cation, BZ 787 6-7

definitions, 82 1865

detection

complement fixation tests, B1 753

in environment, 82 1879

flagella,82 1867 (Fig ), 82 1868
glycolipoprotein, 82 1876
growth requirements, 82.1869-73
habitats, 82 1867

historical perspective, 82 1.866-7

LPS, 82 1875

microscopic appearance, 82 1867 (Fig ),
82.1868-9

molecular biology, 82 1873-5

CIRCE elenent,B2187+5
genetic analysis drawbacks, 82 1875

insertion sequence elements, 82.1874

plasmids, 82 1875

RNA genes, 82 1874

system developm enl, 82 187 5

morphology, 82 1867-9

non-pathogenic species, 82.1866, 82 1876,

B.2.1877 (Fig)

pathogenic species, 82 1866, 82 1876,

82 1877 (Fig )

virulence factors, 82 1881

species, 82 1866

transmission modes, waterborne, Bl 212

virulence factors, 82 1880 1

Leptospira alexanderi, 82.1878 (Tab )
Leptospira biflexa, 82 1865, BZ 7866

genome, 82 1.87 4, 82 1.81 5

growth, 82.1871, B2 1881

metabolism, B2.1873

serovars/serogroups, 82.1878 (Tab )

Leptospira borgpetersenii, 82 1.877, 82 1874

LPS, 82 1875

serovars/serogroups, 82 1878 (Tab )

Leptospiraceae, 82 1865, 82.18'l 6

Leptospira inadai, B.2.1.878 (T ab.)

Leptospira interrogans, 82 "1865

genome, 82 1874

growth requirements, 82 1871, 82 1875 (Fig )

selective media, 82 1872-3

LPS, 82.1875

mastit is, 81230

serovars/serogroups, 82 1878 (Tab )

Leptospira kirschnei, 82 1878 (Tab )

Leptospiral granules, 82 1868, 82.1868 (Fig )
Leptospira meyeri, 82 1873

Leptospira noguchii, 82 1878 (Tab.)

Leplosp ira pomona, 82 7867

Leptospira santarosa|B.27877, 82.1878 (Tab )
Leptospira weilii, 82 1878 (Tab )
Leptospires, 82 1865

antibacterial susceptibility/resistance,

82 1880

antigens, 821875 6,B.21877 (Fig)

LipL surface proteins, 82.1875-6, 82 1881

LPS,82.1876

biochemistry

fatty acids, 82 1870, 82 1881

glycolipoproteins, 82 1876, 82.1881

classification, B.2.187 6-7

genetic and species, 82 1876-7

non-pathogenic species, 82.1866, 82 1.876,
B.27877 (Fig ), 82.1881

pathogenic species see below

phenotypic typing methods, 82.1877

phylogenetic relationships, 82 1,876,
B21877 (Fis.)

serotypiag see below

culture, 82.1869-73

autoagglutination , 82 7871

growth requirements see below

indicator media, 82.78'72-3

liquid media, 82 1871

low-protein media, 82 1873

nedia,82.1872-3

oleic acid-albumin media, B.21.872

protein-free media, 82 787 3



lndex 2143

Leptospires
cdture (Continued)

semisolid media, 82.1871-3

serum media, 82 1872

solid media, BZ 7872, B2.1873

flagella, 82.1867 (Fig ), 82 1868

antigen typing, 82.1877

growrh, 82 1871-2

cell division, 82 1869-70

growth requirements, 82 1869-73

atmospheric conditions, 82 787 0-L

carbon sources, 82 1871

nitrogen sources, 82.1871

osmolarity, 82 1870

oxidation-reduction potential, 82 1870

pH, 82 1870

purine/pyrimidines, 82 1871

temperature, 82.1870

habitats, 82 1867

as normal microbiota, 82 1880

history, 82 1866-7

infection see Leptospirosis

isolation/identification, 82 1877-80

environmental specimens, 82 1879

microscopic agglutination test, 82 1879-80

PCR, 82 1879, 82 1880

restriction endonuclease analysis, 82.1880

serotyping see below

specimen types, 82 1879

typing of isolates ,82.7877 , 82.1879-80

metabolism, 82 1873

microscopy, 82.1867

appearance, 82.1867 (Fig ),82.1868 9

monoclonal antibodies Io, 82 1.877

morphology and visualization, BZ 1867-9

methods of obserYation, B2.L867,
82 1868-9

motility, 82 1869

OmpL1, 82 1875-6, 82 1881

pathogenic species, 82 1.866, B.2.L87 6,
82 1877 (Fig ) 82 1880-1

virulence factors, 82 1881

replicons, 82 1874

serotyping, B2.186'7, 82 1877

serogroups, BZ \877 , B2 1878 (Tab )
serovars, B2.7877, 82.1878 (Tab.)

structure

cell wall, 82 1867-8

flagella see above

lipid content, 82.1867-8

spheroplasts, 82 1868, 82 1868 (Fig )
virulence factors, 82 1875 6, 82 1880-1

Leptospirosis.  82.1866. 82 l88l

diagnosis, 81 524

economic losses, 82 1866

emergence, climate changes, B1.362

historical aspects, 82.1866-7

natural/acquired resistance, 82 1881

pathology and pathogenesis, 82 1881

Lep totrichia, B2 1945, 82 1951-3

antibacterial susceptibility/resistance,
B.2.1953

cell wall composition, 82.1953

classification, 82 1974, 82 f9L5, B.2.1952

culture, 82 1952-3

definit ion, 82 1951

differentiating characteristics, 82.1949 ('l ab.)

habitats, 82 1952

historical perspective, 82 1945, 82 L951.-2

isolation/identilication, 82 1953

metabolism, 82 7952-3

morphology, 82 1952

pathogenicity, 82.1953

Leptotrichia buccalis,81.296 (Tab ), 82 1945,

82L951-2

antibacterial susceptibilityhesistance,

82.t953

classification, 82 1952

differentiating characteristics, 82 1'949 (T ab.)

isolation/identifi cation, 82 1 953

morphology, 82 7952. 82. I 953 (Fig.)

pathogenicity, 82 1953

Lesions, melioidosis, B2 1629

Leuconostoc

intrinsic anti-glycopeptide activity, B1 480

as normal microbiota, 81296 ('tab )

Leukocyte-endogenous mediator (LEM),

B1.176

Leukocytes

in cerebrospinal f luid, Bl 558, 81 558 (Tab )

in M yropla:ma pneumoniae pneumonia.

8I634

in urine, 81 673

Leukopenia

Anaplasma p hagocyto philum infection,

B22060

Ehrlichia chaffe e ns is infection, B2 2051 -9

Leukoplakia, oral hairy, HIV infection,

82  1151

Leukotriene 84 (LTB4), 81 625

Levinea amalonatica see Citrobacter

amalonaticus

Levineq malonatica see Citobacter dtversw

Levofloxacin

formulations, B1.493

H aemo p hi lus, B2.1.1 0Z (T ab.)

spectrum of activity, B1 492

Lewis antigens

Helicobacter, 82 1569, 82 1577-8

LexA, repair of UV-induced DNA damage,

Bl 451-2

Lice,822027 30

Ric ketts ia transmission, 82 2037, BZ 2047

Lichens, formation, B1 201

Ligase chain reaction (LGR), 81 731,

81732 (Fig )

Chlamy dia diagnosis, BZ 2006, 82.2019

LightCyclerl lt, 81 723 (Tab ),R1725,81.728,
81729

Light-harvesting (LH) complexes, B1.67

Lignin-degrading enzymes, Bl 199-200

Limulus amebocyte lysate assays, 81.191

Limulus lysate test, 81559

Lincomycin

Actinomyces, B.2.1011'

structure, B1 a88 @ig.)

Lincosamides, Bl 487-8

mode of action, 81 487 8

pharmacology, Bl 488

resistance, B1.488

Staphylococcu, B2 794 (Tab ), 82.803

spectrum of activity, B1.487

structure, B1.a87, Bl 488 (Fig )

toxicity/side effects, 81.488

Linezolid, 81.489

spectrum of activity, 81.499 (Tab )

structure, 81 a90 (Fig )

Linnaeus, C, 81 11

Lipases

B urkholderia cepacia complex, 82 76L5

Burkholderta thailandensis, 82.L624

Enterobacteriaceae identification,

82 1319 (Tab )

Porphyromonas identification, 82 1924 (Tab )

Prevotella identification, B2 1924 (Tab )

Pseudomonas aeruginosa, B2 L6O1

Lipid A

Enterobacteriaceae LPS, 82 1340-1

Helicobacter, B2 7569

Lipids

analysis, 81 24

bacterial, B1.42

Borrelia metabolism, 82 1827-8

BruceLla, B21.724-5

B ur kholde ria cepacia conplex, 82 1613

Burkholde ria thailandensis, 82 1621'

synthesis, 81 61

see also specific types

Lipoarabinomannan (LAM), 82.1 184

Lipo-oligosaccharide (LOS), 81 157-8

Bordetella, 82 17 89 ('l ab ), 82 77 96

Haemophilus, 82 7698

H ae m o p hi lus infl ue n zae, 82 1'698

Neisseris, 82 1288

structure and function, Bl 158

Lipopolysaccharide (LPS), 81 a3

airborne bacteria

concentrations in facilities, 81 186 (Tab.)

drying and heat stress, 81 188

biosynthesis

genetic loci involved, 81 16U

definition, 81 147

discovery, 81 12

host resistance and common pattern

recognition, 81..176 7

regions, B1.158

release in gram-negative infection, 81 159

in septic shock, 81 159

specres

Aeromonas, BZ 7527 , 82 7535

B ac te ro i de s / P o r p hy ro monas, B.2.1936-7

Bordetella, 8,2.1789 ('tab ), 82 1796

B rucella, R2.1724-6, 82.1726 (FiD,

B2.1736,82.7737

Burkholderia cep acia cornplex, 82 1'613-

14,B.27617

B ur kh o lde ria mallei, 82.7632-3

B urkholderia thsilandmsis, 82 l9l-2

C hl amy d ia, B2 2008-9, BZ 2079

Coxiella burnetti, 82.2073, B.2.207 5

Enterobacteriaceae see Enterobacteriaceae

Escherichia coli see Escherichia coli

Frsnctsella tularensis, BZ 17534

Fusobacterium, 82 7948

H elicobacter, 82 1568-9

Legionella, BZ 7770-1.



2144 Index

Lipopolysaccharide (LPS)

species (Continuetl)

Leptospira, 82 I875

Moraxella ( Branhamella) catarrhalis,
B.2.1307

Neisseria meningitidis, 81 158, 81 564

Po rp hy romonas gingiv alis, B,2.1936-1

Proteus, 82 1444

Pseudomonas, B1.158-9

Salmonella see Sslmonella

Shigella, BI 158, 82 1390

Veillonella, B2 7374

Vibrio, R21511

Yersinis, 82 1461

structure, Bl 158, Bl 159 (Fig.)

as virulence factor, 81 157 60

Lipoproteins

in bacterial cell walls, 81 43

Brucella, B2.1724

Lipoteichoic acid (LTA), Bl 43

group D streptococci, 82 887

Liquid steri l ization systems, B1 453-4

Lister, J, 81.6, B1.370-1

Listeria, 82 953-65

antibacterial susceptibility/resistance, R2 957 -8

antigens, 82 956-7 , 82 957 (Tab )
biochemical properties, RZ 955, B.2.959-61

cell wall structure , R2 956-7

characteristics, 82.955, 82 959-61,
82 960 (Tab )

classifi cation, B2 953, 82 958

definit ion, 82.953

genetics, 82 955-6

plasmids. 82 956

transposons, 82 956

habirars, 82 954-5

in milk, Bl23l-Z

infection see Listeriosis

isolation/identilication, 82.958-63

genus, 82 959-61

nucleic acid-based methods, 82.962

selective techniques, 82 959

serotyping, 82 961

species differentiation, 82 961

typing methods, 82 961, 82.962

metabolism, 82 955

morphology, 82 955

in normal microbiota, 82 962

pathogenicity, 82 9534, BZ 962

virulence factors, 82 962

internalins, B1 152

Listeria grayi, R2 953

antigens, 82 957 (Tab )

characteristics, 82 960 (Tab.)

classification, 82 958

identif ication, 82.961

pathogenicity, BZ 954, R2 962 3

Listeria innocua, 82 953

antibacterial susceptibil i ty/resistance, 82 958

antigens, 82 957 (Tab )
classification, 82 958, 82 960 (Tab )
genetics, 82 956

isolation/identifi cation, B2 959

pathogenicity, B.2.954, 8.2.964-5

Listeria ivanovii, 82 953

antigens, B2 957, B2 957 (Tab )
characteristics, 82 955, 82 960 (Tab )
classification, 82 958

isolation/identification, 82 959, R2 967

pathogenicity, BZ 954, B2 962-5

Listeria monocy to genes, 82.953

antibacterial susceptibility/resistance, 82.958

antigens, BZ 956-7, 82 957 (T ab )
bacteriocin use in food industry, B1.139

biochemical properties, 82 955

cell wall structure , 82 956-'7

characteristics, 82 955, 82 960 (Tab )
classification, 82 958

in foods, 82 954

butter, B1 250

cheese, 81.254-5

hazard analysis, B1 288

ice cream, 81251

meat and meat products, B12734

milk, 81.230-2, Bl 235, Bl 242-3

poultry, B1.276

storage temperature, Bl 264

vegetables, 81 282

yogtr|81249

genetics,B.29554

growth

animal models, R2962-3

mammalin cell invasion mechanisms,
82.96+s,82.964 (Fig)

tissue culture, 82 963-5

habitats, 82 954-5

infection see Listeriosis

isolation/identification, B2 958-63

typing methods, B.2.961-2

metabolism, 82 955

in normal microbiota, 82 962, 81.296 ('I ab )
pathogenicity, I|2.962, 82 9534, RZ.96a (Fig ),

B2.96s (Fig )
virulence factors

ActA, 81.152-3, Br 15a (Fig )
l isteriolysin O, 81.152, 81 154 (Fig )

Listeria seeligeri, 82.953

antigens, 82.957 (Tab )
characteristics, 82 955, 82 960 (Tab.)

classification, 82 958

isolation/identif ication, 82.959

pathogenicity, 82 954, RZ 962 5

Listeria welshimeri, 82 953

antibacterial susceptibil i ty/resistance, B2.958

antigens, 82 957 (Tab.)

classification, 82 958, 82 960 (Tab.)

isolation/identification, B2 959

pathogenicity, 82 954, 82 962-3

Listeriosis, R2 9 53, B.2.962-5

animals, 82 953-4

experimental models, 82 962-3

bacteremia, 81520

bone and joint infection, 81.690-1

endocarditis, 81 532-3

endophrhalmitis, 81.603

food-borne

cheese, 81.254-5

ice cream, 81.251

milk.Bl.242-3

vegetables, 81.282

genital tract infection, B1 669

granulomatous response, B1.741

infiltration of host tissues, 81.1,52-3,
Br 1sa (Fig )

intracranial abscess, B1 585-6

mastit is, 81230

meningitis, B1.555

pathogenesis, 82 964-5

Listo ne lla an guillarum, 82.1507

Lithotrophy, B1 67

Liver abscesses, melioidosis, R2 1627,
82.1.627 (Fig)

Liver transplantation, Nocardia asteroides
infections, 82 1157

Lobsters, B1.279-80

Local hyperemia, acute-phase response!
BI739

Localized juvenile periodontitis (LIP)

Acti n obaci I Ius qctinomycetemcom i nns
infection, BZ 1662, 82 1663

Capnocytophaga infection, 82 1674

Lockean view, 81 13

Longitudinal (incidence) studies, 81.314

Loracarbef

development, 81.480

structure, BIa79 Fig)

Low temperature steam with formaldehyde
(LTSF), 81 429-30, B1.44s (Tab.),

8r.447 8,B1454

Ludwig's angina, B1 614-15

Lumbar puncture, 81 557 8

contraindications and hazards, Bl 557-8

Lungs

abscesses

causative agents, 81 644

diagnosis and treatment, 81 644

multiple, 81 644

pneumonia complication, Bl 6434

inflammation, B1 625

intracranial abscess complication, 81 583

normal microbiota, Bl 302

transplantation

in cystic fibrosis, 81 651

Nocqrdia asteroides infections, 82 1157

Lyne borreliosis, 82 1818

clinical features, 82 1821

bacteremia, 82 1828-9

cutaneous manifestations, 82 1828

meningitis in, 81.575

epidemiology, 82 7822-3

animal reservoirs, 82 7822 3

climate effects, 82 1823

geographic r ange, 82 1822

l xo de s life cy cle, 82.7822

history, 82.1818

identifi cation, 82 782812

PCR-based methods, 82 1829

samples, 82 1828

serology, BI 7 53, 82.1829-30

strain-specific pathology, 82.1821

transmission, B1 362

Lymphadenitis

cat-scratch disease, 82 1891

streptococcal, Bl 244



lndex 2145

Lymphadenopathy

chronic bilateral cervical, B.2.1249

erysipeloid, 82 971

regional, cat-scratch disease, 82.1891-2

Lymphangitis, erysipeloid, 82 971

Lymphogranuloma venereum (LGV) see

C hlamy dia trac homatis infection

Lysine, F usobacterium netabolism, B.2.1948

Lysine decarboxylase, Enterobacteriaceae

identif ication, 82.1319 (Tab )

Lysins, 81.42-3

Lysis centrifugation system (ISOLATOR),

B1.51s (Tab ), 81 516

Lysogenic conversion, Salmonella O antigen,

B.2L4024

Lysostaphin, B1.436

Lysozyme, B1.294, 81.430, 81.436, B1.a37 (Tab.)

in airway secretion, 81 623

B ruc e lla rcsistance, 82 77 234

food,Bl267, 81 268 (Tab.)

innate immune response, 81.175-6

M13 cloning vectors, site-directed mutation,

81 89

Macrococcus, 82 772

Macrolides, Bl486-7

cat-scratch disease treatment, 82.1898-9

mode of action, 81.487

pharnacology, B1 487

pharyngitis treatment, B1 611

resistance, B1.487

B acte ro id es I P r ev o te I I al P orp hy ro monas,

82 7937

plasmid-mediated enzymes, B1 487

Stap hy lococcus, 82 7 94 (T ab.), 82 803

spectrum of activity, 81 486-7

Actinomyces, BZ 7071

Borrelis, B.2.\830

Brucellq, 82 7742

Campy lobacter, B2.1548

Lactobacillus, 82 866

Legionella, B.2.1777

Mycob acterium av ium conplex, 82 1209,

827222

Mycoplasma, 82 7992

P as teur e llq mult o cids, B2.165 5

structure, 81 486, 81 486 (Fig )

toxicity/side effects, B1 487

see also specific types

Macrophage(s)

alveolar, 81.624-5

bacterial killing, 81 624-5

Brucella svviv al, 82 7736

Bur kholderis intracellular infection,
B.216L5 16

cytokines released, Bl 624

dendritic, 81 624

functions, 81 624

bactericidal activity, B1 624-5

human brucellosis, 82 1737

interstitial, Bl 624

intracellular organisms, B1.625

FranciselLa tularensis growth, 82 1755

intravascular. 81.624

pulmonary, B1 624

Macrop homia p has e o lina, Bl 286-7

Madura foot, 82 1159-60

see also Myceloma

Maggots, bone and joint infection, B1 701

MagNA Pure LC,BI725

Magnetic resonance imaging (MRI)

bone and joint infection, 81.694-5,

B1.69s (Fig )

CNS infections

intracranial abscess diagnosis, 81.586-7,

81.587 (Fig )

spinal epidural abscess, B1 594

subdural empyema, RI 591-2, B1.592 (Fig.)

Major facilitator superfamily (MFS), 81 440

Major histocompatibility complex (MHC) class

II antigens, superantigen binding, B1 157

Major outer membrane protein (MOMP),

Chlamytlia, 82.2007-9

serovars, 82.2018

Malabsorption, Mycobacterium avium complex

infections, 82 1209

Malaria

transmission, B1 354-5

theories, B1336-7

vaccines, 81 355

vector control, Bl 354-5

Malate, production, B1 53

Malate synthase, 81 53-4

MALDI-TOF mass spectrometry, Bl 25

Malignant external otit is, 81 618

Malinowski medium, 82 1436

Malleobactin, B urkholderia thaiLandensis,

B27624

Malonate utilization, Enterobacteriaceae

identif ication, 82 1319 (Tab.)

Maltose fermentation, Enterobacteriaceae

identil ication, 82.1319 (Tab.)

Manganese, terminal electron acceptor, B1 67

M annheimia, 82.1.653, RZ 7658, BZ 1658 (Tab.)

classifi cation, B2 
-l 

650, 82 L653

habirats, 82 1649-50

species, 82.1658, 82 1658 (Tab )

taxonomy, 82 1650-3

Mannheimia glucosida, 82 1658 (Tab )

classification, 82 1653

Mannheimia granulomatis, 82 1658 (Tab )

classification, 82 1653

Mannheimta haemolytica, 82 1658 (Tab )

classification, 82 1653

infections in animals, 82.1654

virulence factors, 82 1653-4

fibrogen-binding proteins, 82 1654

leukotoxin, 82.1654

Mannheimia ruminalis, 82 1658 (Tab )

classification, 82 1653

Mannheimia varigena, 82 1658 (Tab )

classification, 82 1653

D-Mannitol fermentation, Enterobacteriaceae

identif ication, 82 1319 (Tab.)

D-Mannose fermentation, Enterobacteriaceae

identif ication, 82.1 319 (Tab.)

Mannose-resistance and eluting

hemagglutinins (MREHA), 82.1399

Mantel-Haenszel method. Bl 316

M antigen, Brucella melitensis LPS,821725,

B'21726 (Fig.)

Mantoux test,Bl.746

Manufacturing practices

airborne bacteria, 81.186 (Tab.)

bioremediation, D1.207-2

Marantic endocarditis, BI 526-'1

Marburg virus infection, risk categorization,

Bt762

M a r inib ac i llus, BZ 922-3

Mass action model and assumption, 81337,

B1342

Mass culture, Coxiella bumetit, 82.207 4

Mastit is, 81.230, 81.239, Bl244-5

Arcobacter, 82.1557

Campylobacter, 82 1550

M ycobacterium sme gmatis, 82.'1.267

Mastoiditis, 81.617-18

acute, pathogenesis, 81 617

rapidly growing mycobacteria, 82.1253,

B.2.1.255

subdural empyema, 81.590, 81 591 (Tab.)

Mathematical Identification, B1 20,

81.21 (Tab )

Matrix-assisted laser desorption ionization-

time-of-flight (MALDI-TOF) mass

spectrometry, 8125

Mayonnaise, bloody diarrhea outbreak, 81.279

Measles

basic reproduction number, 81 340 (Tab.)

control

of outbreaks, B1.347

vaccines see below

elinination campaign, 81.346

epidemics

Hamer's theory, 81 33G7 ,B1.342-3,
81 343 (Fig )

historical aspects, B1.336-7

mathematical modeling, B1 342

epidemiology, mathematical modelling,

81.351-2

laboratory worker immunization, BI.7 67

serological surveillance, 81 351, 81.352 (Fig )

susceptibility/resistance, B1 351

transmission

age-specifl c, RI.352, B1.352 (Fig )

modell ing, Bl3512

vaccination, Bl 348

campaign effect, 81 352-3

effect on transmission, B1.352-3

strategy (EnglandiWales), 81 351-;3

uptake, 81.351

Measles, munps and rubella (MMR) vaccine,

B1324

adverse events, Bl 325-6

introduction and usage, B1.351

Meat and meat products, 8I.272-6

composition, 81272

cooked, 81 275

cved,Bl274-5

dried,Bl276

edible offal, 81.273

fecal contamination at production, B1.273,

81.274

fermented and acidulated sausages, Bt275-6
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Meat and meat products (Continued)

packaging, B1273-5

oxygen-impermeable fi lms, B1 273

per ishab le ,B1274 5

preservatlon

canned, B1 275

ionizing radiation , BI.27I-2, Rl27 4

pH,B l272

refrigerared holding, B1 273

salted, 81 274-5

smoking, 81274-5

production, BI2734

redox potential, 81 273

safety assurance, B1 288-9

government reforms, B1 289

slaughter process, 81.273-4

textve,81272

uncured, 81 275

see also Potltry

mecA gene (methicillin resistance), 81 111

Mecil l inam

pharmacology, B1 475

spectrum of activity, B1 475

structure, 81 a7a (Fig )

Medical records, in epidemiology, B1 311

Medicines Control Authority (MCA), Bl 32a

Mediterranean spotted fever, 82 203940,
822039 (Tab)

clinical manifestations, 82 2039 40,
82.2039 (Tab )

discovery, 82 2027-30

transmission and vectors, 82 2037 -8

treatment, 82 2043

Megacins, 87 736-7, Bl 139

Megacolon, toxic, B2 1127-2

Megasphaera, 82 7312

biochemical detection, R2 1372, RZ 1314-15

differential characteristics, 82 1313 (Tab )
habitats, 82 1313

historical perspective, 82 1312

possible infections, 82 1314

Megasphaera cerevisiae, B2 1373

Megasphtera elsdenii,81296 (Tab ), 82 1313

culture, 82.1314

Megasphaera micronuciformis, 82 1313

Melibiose fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Melioidosis, B.2.1626-32

clinical manifestations, 82 1626-8,
B21627 (Fig)

acute suppurative parotitis, 82 7628,
82 1628 (Fig )

latent infection, 82 1626

lesions, 82 1629

liver abscesses, 82 1627, R2 7627 (Frg.)

localized, 82 1627-8

mild infection, 82 1626

necrotizing pneumonitis, B1.644

septicemic meloidosis, BZ 1626-7

septic foci, 82 1627

subclinical infection, 82 1626

tuberculosis vs, 82.1,627 -8

control, 82 1631

vaccine development, 82 1,637

diagnosis, 82 1630

culture, 82 1630

ELISA, 82 7621,82.1630

immunoassays, 82.1630

indirect imrnunofluorescence, 82 1630

microscopy, 82.1630

epidemiology, B2 7628-9

animal hosts, B.21628-9

geographical distribution, 82 1628

reservoirs, 82 1628

surface water, 82 1628

transmission, B.21628 9

as zoonosis, 82.1628

immune response, anti-LPS antibodies,
82 t622

mortality, BZ 1626-7, 82 7632

as opportunistic disease, 82 1629

pathology/pathogenesis, B2 1629-30

bacteremia, 82 1629

in diabetes mellitus, 82 1629

histopathology, 82 1629

immune responses, 82 1629-30

treatment, 82 1631

acute phase, 82 1631

antibacterial s, B2 1631, 82 1631 (Tab )
outcome/follow-up, 82 1632

relapse prevention, 82 1631

supportive, 82 1631

Melons, 81283

Membrane-active agents, Bl 436-8

Membrane filters, B1 453

Membrane-fusion protein (MFP), B1.440

Membrane potential destruction, bacteriocins,
81 137_8

Membranes, leakage, 81 436 8

Menaquinones, B2 1915

Actinomycetes, aerobic, 82 1145

Meningitis, Bl 555-80

anthrax, 82.931

causative agents, B1 555

Entero bacte r sakazqkL Bl 247

Escherichia coli, Bl 574-5

gran-positive anaerobic cocci, 82 910

Haemophilus, B.2.1708

Haemophilus influenzae type b (Hib) see
Haemophilus influenzae type b (Hib)

memngrtls

l isteriosis, B1 243

Lyme borreliosis, 81 575

M y cob acteium tub erculosis s ee b e low

Neisseria meningiditis see below

Stap hy lococcw aureus, Bl 57 4

streptococcus, B1.244-5

streptococcus group B, Bl 574

Streptococcus pneumoniae, pneumococcal

meningitis

syphil it ic, B1 575

clinical features, 81 557

diagnosis, 81.557-60

biochemical analysis, 81.558 9

cerebrospinal fluid, B1 557-9

culture, 81 559

immunoassays, B1.559

lumbar puncture, Bl 557-8

microscopy, 81 559

nasopharyngeal swabs, B1 560

PCR, 81.559

peripheral blood, 81.559-60

serology, 81 560

fungal, 81.555

clinical features, Bl 557

imnunoserology, B1..7 57 -8

intracranial abscess complication, 81 583,
8r 585-6

meningococcal see Meningococcal disease

miscellaneous types, B1.575

mortality, 81.555

neonatal, 8I 574-5

causative organisms, 81 574

rates, 81.574

pathophysiology, 81 555-7

acquisition, B1.556

exposure, B1 556

meningeal invasion, Bl 556-7

mucosal invasion, 81.556

respiratory viral infections role, B1 556

pneumococcal see Pneumococcal meningitis

predisposing factors, B1.557

subdural empyema, 81 590, B1 591,
Bl .59l  (Tab )

tuberculous, 81 558-9, Bl 57 5, B2.1202

incidence, 81.575

symptoms and diagnosis, 81 575

treatment, 81 575
'Meningitis belt" Bl 562, 81 562 (Fig )
Meningococcal disease, B1 555, B1 560-9

age-specific incidence, 81 563 (Fig ), Bl 565,
82.1.289

immunity relationship, 81 339,
81339 (Fig )

carriage, 81- 5634

affecting factors, 81 563 4

age-specific incidence, B1 563

clinical features, Bl 565 6

pneumonia, B1 637

septicemia, 81.565-6

skin lesions/rash, B1 565-6

epidemiology, 81 561 3, B1 569 (Fig ),
B.2.1289

'meningitis belt,' 81562, Bl 562 (Fig.)

seasonal variations, Bl 562

temperate climates, 81.562-3, 81.563 (Fig )
historical perspective, 81 560-1

immunity, 81564-5, 81 56a (Fig.)

age-dependence, Bl 565

blocking IgA antibodies, 81.564

host factors, 81 564 5

immunoglobulin A, 81.564

N eis s e ria lactamic a, Bl 564

management, B1.561, 81.566-7

antibiotics, B1.566-7 ,81.566 (Fig ),
B.2.1291.

novel therapies, 81 567

secondary cases and clusters, 81.567

steroids and immunomodulators, B1 567

mortality, Bl565-7

nosocomial infections, 81.374

notifications, 81322-3, 81 561 (Fig )
in UK, 81.560-1, 81 565 (Fig )
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Meningococcal disease (Conttnued)

prevention, 82.1292

chemoprophylaxis, B1 567

vacc\ne see beLow

secondary cases/clusters, B1 567

vaccine, 81.567-9

serogroup B, B1.568-9

serogroups A+C, 81 568, 81.568 (Tab )

UK national program, 81.322-3

Meningococcemia, antibiotics for, B.2.1291,

Meningoencephalitis

amebic, 81.575

anthrax, 82 931

Men who have sex with men (MSM), syphil is,
B.2L841

Mercaptides, 81438

Mercury, 81.428

action, 81 437 (Tab ), 81.438

resistance, Bl 114, Bl 442

Pseudomonas, B11.74

Staphylococcus, B.2.794 (Tab.), 82 804-5

Meropenem, 81.478-80

Cardio bacte rium hominis, B.2.7672-3

Haemophilus, B2 1702 (Tab )

Klebsiella, B.21480

melioidosis treatment, 82.1631

structure, B1 479 (Fig.)

Mesh pili, Burkholderia, B.21,674

Mesophiles

Aeromonas strains, 82 1529

temperature range for growth, 81 264

Mesoplasma

characteristics, 82.1958 (Tab )
classification, 82 1967

merabolism, 82 1969

Mesosomes, 82.1594

Messenger RNA (mRNA), 8142

Metabisulfites, B1.429

Metabolism (bacterial), Bl 37-79

aerobic respiration, 81.63-5

anaerobic respiration see Anaerobic
respiration

Archaebacteria, 81.68-70

biosynthetic reactions, 81 60-3

amino acids, 81.60

fatty acids and lipids, 81.61

nitrogen fixation, 81 63

one-carbon compounds incorporation,

81 61-3

purine/pyrimidines, B1.60-1

small molecules, B1 60-1

TCA cycle intermediates, 81 61

carbohydrate catabolism in genus

Pseudomonas, Bl 59-60

catabolic and anabolic pathways, 81.45

catabolic pathways, 81.50-60

acetate as carbon source, 81 53-4

alternative routes of carbohydrale

catabolism, 8158-60

ethanol fermentation, 81.56

glucose fementations, 81.54-6

hexose diphosphate pathway, 81.50-2,
81 s1 (Fig.)

pentoses fermentation, 81 57-8

propionic acid fermentations, B1 56

tricarboxylic acid cycle, 81 52-3

DNA synthesis, 8146-8

positive control, 81 71-2

regulation see below

soil bacteria, quantification, 81 205-8

structure and organization of the bacterial

cell, 81 42-6

Metabolism (bacterial), regulatory mechanisms

biosynthetic operons, 81 70-2

catabolic operons, 81 70

cell division regulation, B1.48

covalent modification, Bl- 76

DNA synthesis, 81.46-8

enzyme action alterations, 81 75-6

enzyme activity, 81 75-6

global control networks, 81 72-5

cyclic AMP role, 8173

o factors, 81 74-5

two-component signal transduction, Bl 75

negative control, Bl 45-6

physiological processes regulation, 81.70-2

protein folding, 81 47-8

protein secretion, 81.48

protein synthesis, 81 46-8

RNA synthesis, B146-8

Metachromatic granules, 82 981 (Fig )

Metalloenzymes, Burkholderia thailandensis,

B.2'1624

Metalloproteases

Burkholderia, 82 1615

EDTA-sensitive, in Proteus, 82 7440

Metchnikoff, E, 817

Methane

bacterial carbon source, Bl 62

methanol formation, 81.62, Bl 63

methanol reduction, B1 68-9

production see Methanogenesrs

Methane mono-oxygenase (MMO), 81 62

M ethano b acterium, Bl 69

M e t hano b ac t erium the mo auto t r o p hicum,

8t.44

M ethanob revibacter ruminantium, Bl 44

Methanogenesis, Bl 68-9

energetics, B1 69

first step, Bl 68

Methanogens

carbon dioxide fixation, B1 199

metabolism, 81 63, 8168, Bl 69

Methanol

adverse reactions, BI 325-6

sodium hypochlorile, Bl 432

Methanosarcina, Bl69

M ethano s arcinac e ae, Bl 44

Methanotrophs, 81 62

Methicillin, structure, 81474 (Fig )
Methicillin-gentamycin resistant

Stap hy lococcus aareas (MGRSA),

8t.442, 82 77 9-80, B.2.7 91,

82794 ('tab ), 82 804

Methicillin-resist ant Stap hy lococcw aureus

(MRSA), Bt.44Z, B.2.7 93-802

bone and joint infection

clinical manifestations, B1 685 (Tab.)

device-related, B1 690

epidemiology, 81 685

epidemiological surveillance, 81 323

evolution, 81.30

identification, B2 807-8

EIA detection, 81.756

infection

bacteremia, B1.517-18

bone and joints see above

endocarditis, Bl 526, B1.539-40

intracranial abscess, 81 585, 81 588-9

nosocomial see below

molecular detection, R1.723 (Tab)

cycling probe technology, BI.731.:Z

nasal carriage eradication, B2.814

nosocomial infection

bacteremia, B1.3934

pneumonia, 81 389

prevention/control, 81.396

transposons, 81.111

vaccine investigation, 82.815-16

Methicillin-resist ant Stap hy lo co ccrc

epidermidts (MRSE), 82.801

Methyl bronide, 81430

Methylenomycin production, Streptomy ces

coelicolor, 81 113-14

N-Methylisothiazol-3-one (MIT), B1 427

Methylmalonyl-CoA-pyruvate

transcarboxylase, 81.56

Methyl mercaptan, 82 7936

M ethy lo b ec teium, 81.603

Methyl red, Enterobacteriaceae identification,

82 1319 (Tab.)

4-Methylumbellif eryl- p-D-glucuronidase

(MUG),8r223,8r22s
Metronidazole

bacterial vaginosis treatment, 81 66G8

CNS infection

intracranial abscess, B1 588-9,
B1.s89 (Tab )

subdural empyema, Bl 591 (Tab.)

gas gangrene, 82 71.15-76

gingivitis treatment, 81.614

periodontal abscess, 81.614

pharmacology, B1.495

resistance, 81 495

B act ero ides, 82.1931, B2.1935

Helicobacter pylori, BZ 7575

spectrum of activity, 81 495, 81.499 (Tab.)

Actinobacillus actinomycetemcomitans,
B.21.664

Actinomyces, 82101I

Clostridium, 82L064-5

C lo s tridium diffi cile, 82.1.123

gram-positive anaerobic cocci, B.2.907,
B.2.9L1.,B.2.912

H e lico b acter py lo r i, B.2.157 4-5

T re p o ne ma p allidum, 82 1.839 40

structure, 81495 (Fig.)

in tetanus, 82.1066

Mezlocillin

Pasteurella multocida, 82 7655

structure, 81.47 4 (Fig )
M'Fadyean stain, Bacillus anthracis, 82.93+7.

B2.947

Mice

Actinobacillus muris ir,fection, BZ 7665-6

epidemic studies, 81 337

listeriosis in.82.963
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Michaelis constant (Km), B1.45

Michaelis Menten kinetics, Bl 45

Microaerobic conditions, Helicobacter pylori
culture, 82 1567

Microaerophilic bacteria, meat and meat
products, B1 273

Microagglutination. tularemia diagnosis.
B27754

Microarrays, B1 736

Microbacterium, 82 992

biochemical characteristics, 82 993 (Tab )
chemotaxonomic characteristics,

82.978 (Tab )

disease associations, 82 981 (Tab )

habitats, 82 978

Microbial surface componenls recognizing
adhesive matrix molecules
(MSCRAMM), Bt 749, Br s27

Microbiology, 81 3

pure and applied, 81 3

see also individ.ual species; ind.ividual subjects

Microbiota, normal, 81.296 (Tab )
blood/cerebrospinal fluid/body fluids, 81 305

body tissues, B1.305

colonization prevalence estimation, 81 295

disruption effects, 81.293-4, B1 305

factors affecting, 81 294

environmental/nutritional, B1.294

host factors, 81 294

microbial factors, B1 294

f unction, Bl 2934, Bl 305

gastrointestinal tract see Gastrointestinal
tract

general considerations, B1.293-5

genitourinary tract s€€ Genitourinary tract

respiratory tract,81295-30\ B1 609, Bl 628

skin see Skin

species, 81 296 (Tab.)

see also ind.ivid.ual species

transient and prolonged colonization,
81294-5

Microcins, B1 136-8

Micrococcaceae, 81.28+5

Micrococcus,B.2777 2

airborne bacteria, 81 189

habitats, 81.211

normal microbiota, 81296 (Tab.)

pasteurization, 8I.232-3

waterborne, B1 221

Micrococcus foetidus, 82 903

Micrococcus luteus, Bl 304

Microhemagglutination assays, Treponema
pall idum,B.27848

Micromonas, 82 974

classincation, 82 905 (Tab )
defi nition/characteristics, B2 914

i dentifi cation, B2.906-7

M icro monas micros, 82.91 4

antibacterial susceptibility/resistance, B2 911

biochemical characteristics, 82 908 (Tab )
classilication, B2.904-5

clinical importance, 82 910

identification, 82 907

isolation and maintenance, R2 905, R2 906

as normal microbiota, BlZ96 (Tab),82.910

pathogenicity and virulence factors, 82.910-

1 1

M icr omo nos p o ra, B2.1.1 43

M icroscilla, bioremediation, B1.212

Microscopes, development, 81 3

Microscopic agglutination test (MAT),

leptospires, 82.1879-80

Microscopy, B17134, 81713 (Tab )

applications, B1772-73, Bf 713 (Tab )
B artonella classifi cation, 82.1887

Chlamydia infection diagnosis, 82.2017

gonorrhea diagnosis, Bl 659

melioidosis diagnosis, 82 1630

soil bacteria analysis, 81 207

darkfield microscopy see Dark-field

mrcroscopy

electron Jee Electron microscopy

fluorescent, 81 713 (Tab.), 81.714

interference see Interference microscopy

morphology, BlZ2-3, 81.23 (Fig )

re€ ,/so Morphology, bacterial

phase contrast microscopy see Phase-contrast

mrcroscopy

MicroSeqr ,81733

M icrothrix parvicel/a, bioremediation, Bl 272

Microwaves, food processing and preservation,

81268 (Tab.)

MIC titrations, antibacterial susceptibility

testing, 81.498

Middle ear, anatomy, 81 606

MIF tests, Chlamydia detection, 82.2019

Miksuokella muhiacidus, 81 296 (Tab )

Mitk,Blz29

associated infections/outbreaks, Bl 234-

81245

microbiological investigation, Bl 236-7

cows' milk, 8I229-3I

ewes'milk, BI.23I-Z

goats 'mi lk ,  B I23 I -2

heat treatment, 81.232-3, 81 236 (Fig )
pasteurization, Bl 232-3

steril ized, B1.233

thermized, B1 233

ultra-heat treated, B1 233

legislation, 8L230, Bl 236

quality control tests, 81 233-4

unpasterized milk restrictions, Bl 234

powdered, B1.245-g

see also individual bacterial species

Milk powder, BL245-B
'Milky-spore disease,' 81 203-4

MinC, B148

MinE, 8148
'Minimal cell '  concept, 82 1975

Minimum bactericidal concentration (MBC),

Bl 497-8

Minimum inhibitory concentration (MIC),

B1 497-8

Mink, botulism, 82.1074

Minocycline

Nocardia, B21.165-6

resistance, 81 485

structure, 81 485 (Fig )
Vibrio, 82 1514

Mip protein

Q fever pathogenesis, BZ 2077

Mis-sense mutations Jee Point mutations

Mites, Rickettsia transmission, 82.2037

Mitochondrial respiratory chain, B1 63-4

Mitsuda reaction (lepromin reaction), 82.7221,

Mixed acid fermentation, 81 55

MLS antibacterials, Enterococcus resistance,

82 892 (Tab.)

M6arboxylase test, Aeromonas identification,

B.27532

mob genes,BI1L0

Mobile elements, deletions, B1 95-6

Mobiluncus

bacterial vaginosis, 8t.665, 91.666

normal microbiota,Bl.296 (Tab ), 81303

M o b tluncus cur tis ti, 81.666

M o b iluncus mulie ris, Bl 666

Modified atmosphere packaging, 81.281,

Bt282
Moellerella, B.21,496

antibacterial susceptibility/resistance,

B.27496

biochemical tests, 82 1496

culture, 82 1496

definition, 82 1496

habitats, 82 1496

non-motil i ty, 82 1342

pathogenicity, 82 1496

Moellerells morganii, 82 1319 (Tab.)

M oellerella w iscons ensis, 82.1A96

biochemical resrs, 82 1319 (Tab),B.21496

culture, 82 1496

habitats, 82.1496

as normal microbiota, 81296 (Tab )

pathogenicity, 82.1496

Mogibacterium, B.21028

Mogibacterium timidum

differential characteristics, 82.1029 (Tab )
pathogenicity, B.2.L029-30

Moist heat, Bl445-9, 81 454 (Tab )

mechanisms of action, Bl44&9

resistance to,Bl449

terminology, BI445-6

time-temperature relationships,

81448 (Tab.)

types of process, B1.446 8

uses, 81 445 (Tab.)

validation and monitoring, 81 454 (Tab )

Molds

antibacterial agents, B1 433-4

cereal spoilage, 81 284

fruit spoilage, BI 282, B1- 283

herbs and spices, 81 287

Molecular assays, 81.721-2, B1.723 (Tab.)

benefits, B1.721-2

identification, 81.22 ('t ab.), 81.25-6,

Bt.32-3

Aeromonn, 82.1532

Enterobacteriaceae, 82 7351-

inhibitors presence, 81 724

performance, B1.'7224

precision and accuracy measurements,

8 t722

quantitative standardization, B1.7224

specimen suitability, B1 724

see also specific techniques
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Molecular beacon probes, 81727 (Fig.),

B1.728

applications, Bl72&9

Molecular epidemiology, Rl 7 35-6

Mollicutes (class) see Mycoplasma(s)

Mollusks, B1.280

harvesting, 81 280

hepatit is A outbreaks, Bl 280

primary septicemia, B1 280

purif ication, B1.280

seafood-associated i l lness, 81 280

toxins, 81.280

Vibno,B1280

viruses, 81 280

wound infection, 81 280

M onascus b is p orus, Bl 283

Monensin, B1 497

Monitoring procedures, hazard analysis critical
control point system, 81 288

Monke l  pox .  labora tory  worker  immuniza t ion .
8r.767

Monobactams, B1480

structure, 81471 (Fig ), 81a79 @ig )
Vibrio, B21574

see also specific types

Monoclonal antibodies, B1 754-5

Bacillus anthracis, 82 937

septic shock treatment, 81 393

Tropheryma whippelii, 82 7002

Monte-Carlo simulation models, 81.331-2

Moraxella, B2.1305

antibacterial susceptibil i ty testing, 82 1306

characteristics, 82 1303 (Tab ), 82 1305

classification, BZ 727 1, B2 1302

clinical signifi cance, 82.1306

colony characteristics, 82 1305

fimbriae, 82 1305

in fish, Bl 279

infection

conjunctivit is, B1 599

keratit is, B1 601

in meat and meat products, 81 273

microbiology, 82 1305

natural competence, B1 99

in poultry, 81.277-A

species, 82.1305

animal-associated, BZ 1306

minor, 82 1306

taxonomic delination, 82 1302

waterborne, B1.221

see also individual species

Moraxella atlantae, 82 1306

Moraxella bovis, 82 1306

Moruella canis, B.21306

Moruella caprae, B2 1306

M o r u e I la ( B ranhame I la ) catar rha I i s, B2 127 1,,
82 1306-8

antibacterial susceptibility/resistance,

82 1307-8

p-lactamase, 82 1307-8

characteristics, 82 1303 (Tab ),B.21306-7

classification, 82 1277, B2 1307

colony characteristics, 82 130G7

epidemiology, 82.1307

Iimbriae, 82 1307

hema gglutination, 82 1.307

infection

chronic bronchitis, B1 648

clinical significance, 82 730'7

conjunctivit is, 81.599

nasopharynx colonization, 81.295-300,

B.21307

otit is media, B1 617-18

sinusitis, 81 615, 81 615 (Tab )

therapeutic options, 82 1307-8

LPS, B2 1307

microbiology, 82 7306-7

morphology, 82 1306

normal microbiota, B1296 (Tab.)

outer membrane proteins, 82 1307

pathogenic factors, 82 1307

pil i, 82.1307

virulence, 82 1307

Moraxella caviae, 82 7306

Moraxellaceae, 82.1301

M o raxe lln cun iculi, 82 1306

Moraxelln equi, 82 "1306

Moraxella kingae, 82 7668-9

Moraxella lacunata, 82 1305-6

Moraxella lincolnii, 82 7306

M oraxe lla nonliquefaciens, 82 L305

M oraxe lla oslo ens is, 82 1.306

Moraxella ovis, B.21306

Morbidity, reporting system

GPs, 81 320

laboratory, B1 319

Moredun Bordetella medium, 82 1791

Morganella, B21447-50

biochemical characteristics, 82 7448-9

characteristics, B2.1435

definit ion,B21447 8

general properties, 82 1448-50

infection

intestinal, 82.1347

nosocomial infection, 81.398 (Tab )

motil i ty, 82 1448

nomenclature and classification, B2.L447 -8

culture and hemolytic strains, 82 1448

screening tests, 82 1349 (Tab )

type species, 82 1448

Morganella morgani| Bl 296 (Tab ),
82 1448-50

antibacterial susceptibilityhesistance,

B27449-50

intrinsic, 82.1352 (Tab )

biochemical tests, 82 1442 (Tab ),82.1448-9
in feces, 82.1449

infection, 82 7449-50

kerarit is, B1 601

subspecies, 82.1448

stbsp mo r g anii, BZ 7448-9

subsp slbonlr, 82 1448-9

typing, 82 1449

biogroups, 82.1448-50

biotyping, 82 1441

Morphology, bacterial

microscopy, Bl 22-3, 81.23 (F i g.)

see also individual species

Mortality data, 81 319

Mortuary, airborne bacteria, 81 186 (Tab )

Mosquitoes, Bacillus pathogenic strains,

B.2929

Most probable number (MPN) estimates,

Bt204

Motility, bacterial

Enterobacteriaceae identifi cation,

82.1319 (Tab.)

pathogenicity, B1.1.572
'runs' and tumbling', B1.44

swarming, 81.152

see also Fimbriae; Flagella

Motor axonal neuropathy, Campylobacter

infection, 82 1551

Mouth see Oral cavity

Moxofloxacin

Nocardia, 82 7L65-6

spectrum of activity, 81 492, 81 499 (T ab.)

M proteins

adhesion, B1 149

historical aspects, B1 12

MS2 bacteriophage ( Leviviridae), Bl'J.40

Mucate fermentation, Enterobacteriaceae

identification, 82 1319 (Tab )

Mucociliary clearance, BL623

defects, B1.626

Pseudomonas pigments effect, 81.650

M uc o r, v egetables, B1.282

Mucosa-associated lymphoid tissue (MALT)

lymphomas, Helicobacter pylori

infection, 82 1580

Mucous membranes, bacterial infection

barrier, 81 176

Mucus

goblet cells secreting, 81 623 (Fig )

respiratory tract, B1.607-8, 81 623

Mueller-Hinton agar, B2.77 934

Campy lobacter, B.2.L548

Multidrug and toxic compound extrusion
(MATE), efflux pumps and antibiotic

resistance, B1 440

Multidrug efflux pumps, 81443

Multidrug resistance (MDR), 81 566, 81.571

tuberculosis, B1.399

Multilocus enzyme electrophoresis (MLEE)

Bu rkhol deria cepacia. B.2.l 6l 5

Enterococcus, 82 894

Escherichia, B.2.137'l

Legionella, 82.1771

rapidly growing mycobacteria, BZ 72444

Sqlmonella, B.21.407

S slmone lla Agona, 82 1. 476-77

Salmonells Choleraesuis, 82 1417

Sqlmonella Dublin, 82.1418

Salmonella Paratyphi A, 82 1420_L

Salmonella Paratyphi B, B2 1421

Salmonella Typhimurium, 82.1407

Multilocus enzyme studies

H aemop hi lus, 82 1698, B.2.17 04

Listeria, 82 962

Vibrio, 82 L576

Multilocus restriction typing, Burkholderia

cepacia, B2 L61-5

Multilocus sequence typing (MLST), 81 736

B u rk ho lde ria r h a i I a n d e ns i s typing.

B.276234

Escherichia, 82 1.371



2150 lndex

Multilocus sequence typing (MLST)

(Continued)

Helicobacter, B2 1570

Helicobacter typing, 82 1570

Salmonella, B.2.1407

Multinucleated giant cells, Burkholderia
thailandensis infection, 82 1625

Multiple organ dysfunction syndrome
(MODS) ,  B l  511 (Tab )

Multiplex polymerase chain reaction, syphil is
detection, 82 1852-3

Mumps

laboratory worker immunization, 81 767

vaccines, B1 348

see a/so Measles, mumps and rubella
(MMR) vaccine

Mupirocin, Bl 490

structure, 81 a90 (Fig )

topical application, 81 490

Mural endocarditis, Bl 526J

Muramic acid, 81 42 3

Murein polypeptides, B1 24

Murine typhus see Typhus, murrne

Musculoskeletal infection see Bone/joint
infections

Musculoskeletal symptoms, infective
endocarditis, B1 535

Mussels. 81.280

Mutagens, 81 82. Bl 83

alkylating agents, B1 84-5

nitrous acid, Bl 84-5

proflavine, B1 85-6

Mutation, 81.82-91

definition, 81 82

fl ip-flop mechanisms, Bl 90-1

induction, 81.82

macrolesions, 81.87

microlesions, Bl 84-6

base substitution suppression, 81 86 7

see also Point mutations

mutagenesis, 81.83-4

detection, Bl 83-4

measurement, B1 83

replica plating, B1 84

milator (mut) genes, 81 89

replication errors, 81 87, 81 88 (Fig )
site-direcred, 81.89-90

M13 cloning vectors, 81 89

PCR, 81 89-90, Bl 90 (Fig )

spontaneous generation, 81 82-3, 81 89
'fluctuation test, ' 81 82 3, 81 82 (Fig )

ultraviolet l ight, B1 87-9

lr{utalor (mut) genes, 81 89

Mycetoma

etiologic agents

Actinomadura, 82 1150, 82 1159 60

N ocard ia brasiliensis, B2. I 159-60

Streptomyces somaliensis, 82 7169

geographical distribution, 82 1159-60

treatment, 82.l l59-60

Mycobacteria

antibacterial susceptibility/resi stance, Rl 427
81 433, 81 436, 81 447, 8I 441 (Tab.)

quinolones, 81 492

blood cultures. B1 524

infection

bacteremia, 81 524

nosocomial infection, Bl 399-400

Mycobacteria (slow-growing)

antigens, 82 I 185 6

tuberculins,82.1185

cell-wall structure and components,

82 1183-5

lipids, 82 1183-4

lipoarabinomannan, 82 1184

mycolic acids, 82.1184

mycosides, B2.1184 5

trehaloses, 82.1184

characteristics, 82.1181

chemical/physical agent susceptibility/

resistance, 82 1276-77

classification, 82 1181

culture, 82 7790, BZ 1\9I-2

growth conditions, 82 L792

liquid media, 82.1.197 2

so l id  med ia ,  82  1191

definit ion, 82 Il81-2

genetics, 82 118G9

habirars, 82 I 182

identilication, 82 Ll89-97 , 82 1L92-5

acid-fast smear microscopy, 82 1190

biochemical tests, 82 1192

direct amplif ication tests, 82 1194

DNA sequencing, B2 71934

genotype, B271.934

mycolic acid analysis, 82 1192

PCR,  82  1193

phenotypic tests, 82 1192

restriction enzyme analysis, 82 1193

metabolism, 82 7182-3

carbon sources, 82 1182

iron acquisition, B2 1L82-3

nitrogen sources, 82 1182

pathways, 82 1183

morphology, 82 1181

mycolic acids, 82 1192

nutritional requirements, 82 L182-3

specimen collection, 82 1190

see also individual species

Mycobacteria, rapidly growing (RGM),

B2123649

anlibacterial susceptibil i ty testing, 82 1246

clinical signilicance assessment, 82 1246

culture, 82 1237

definit ion, 82 1236

habitats, 82 1236

identif ication, B2.1236, BZ 1238 (Tab ),
B21240 3

arylsulfatase, 82 1240

carbon utilization , 82 fZ40

chromatography, 82 7242-3

colonial morphol ogy, 82 7240

growth rate, 82 1241

iron uptake, 82 1241

MacConkey agar without crystal violet,

B27241-

molecular methods, 82.12434

nitrate reduction, B2 1247

phenotypic, 82 1240-2

pigment producti on, B.2.1247

polymyxin B inhibit ion, B2.1241

sodium chloride tolerance, BZ \24L-2

staining, 82 1239-40

strain typing, 82 1.244-6

temperature studies, 82 1242

isolation, 82 1237

pathogenicity, 82 7237

phylogenetic relationships, 82 7237-9,

B.21239 (Fig.)

species,B2.1237 , 82.1238 (Tab.),

82 1239 (Fig )

accounts, 82 1246-62

taxonomy, B.21.237-9

see also individual species

Mycobacteria non-tuberculous (NTM),

B.27205J

classification, 82 1182

colonization vs infection, 82 1206

slow-growing, B2 1206 (Tab )

see also individual species

Mycobacteria non-tuberculous (NTM),

infection, 82.7205'7, BZ 
-i,206 

(Tab.)

AIDS patients, 82.1205 6

colonization vs , 82 1206

extrapulmonary, 82 1222-3

immunocompetent hosts, 82 1206

pseudoinfection, 82.1216

pulmonary, 82 1206-:7, B2.1222

treatmenl,821222

species frequently involved, 82.1206 (Tab )
B.21207-73

species rarely involved, 82 1206 (Tab ),
821213" t6

transmission, 82 7206_7

transplant patients, 82 1206

treatment, B.2.1221.-3

see also individual species

Mycobacterium

as airborne bacteria, 81 188

sampling, B1 190-1

antibacterial susceptibility/resistance

menaquinones, 82 1145

mycolic acids, 82 7745-6

quinolone resistance, 81 493 (Tab )

bacteriophage, 82.1189

cell walls, 81441

chemical/physical agent susceptibility/

resistance, 82 7216-77

classification, 82 1137 -8

definit ion, 82.1181

fast growing see above

infection

bacteremia, Bl 524

keratit is, B1 601

nosocomial infections, 81.399+00

isolation/identifi cation

microscopic morphology, B2 11.41.-3

molecular methods, 82 7146J

staining properties, 82 1139-40

nitrification, B1.200

non-tuberculous Jee above

plasnid, 82 1188-9

slow growing see above

see also individual species
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Mycobacterium abscessus, 82 1238 (Tab ),
B2.124',7-50

ant ibac ter ia l  suscept ib i l i t yhes is lance.

B.21250

classifi cation, 8.2.1237 -9, B2 1246-7

genet ics ,82 .1188

identification, BZ 1,1934

colonial morphology, 82 7240

molecular methods, 82 1243, 82 1247

polymyxin B inhibition, 82 1241

infection, 82 7247-50

pathogenicity, BZ 7237

strain typing, 82 7244-6

M yco b acte rium africanum

genetics, 82 1187

habirars, 82 1182

identifi cation, 82 1794, 82 7f95

Mycobacterium aichense, 82 1238 (Tab ),
B27251e-1

classification. BZ 1237 9

Mycobacterium alvei, B.21238 (Tab ), B2.I25l

classifi cation, B2 1237 -9

M y cob acterium asiat icum, 82 lZ73-74

Mycobacterium aurum, 82.1238 (Tab ),
B2"1251

classiflcation, 82 1237 9

M y c o b ac t er ium aus tr o afr ic a n um,
82 1238 (Tab ), 82 I25r

classifi cation, 82 1 237 -9

M y co bacterium avium complex, B.2.1207

airborne bacteria, B1 188

antibacterial susceptibility/resistance,

B.2.7222
ethambutol, 81 481

cell wall, barrier to antibacterial agents,
B.2.1222

cell wall structures, 82.1185

colonies, 82 7207, 82.1207 (Fig )
environmental prevalence, 82.1207
genetics,82..1188

growth conditions, 82 7792

habitats, 82 1182

identilication, 82 1193

isolation/identification, 82 1 193, 82 1195
blood cultures, 81 524

serotypes, 82 1207

typing, 82 1195

smooth domed, 82 1207

smooth transparenl, 82 1.207

subspecies, 82 1207

susceptibility/resistance to heat, R2 7276

M yco b acterium avium complex, infection,
B27207-9

in AIDS, BZ 7205-6, 82 1208-9

disseminared, B2.1.208, B2 1208 (Fig ),
82 1209

entry and infection route, 82 1208-9

epidemiology, 82 1208

immune response , B21209

risk factors, 82 1209

treatment, 82 1209

animals, 82 1207

cervical lymphadenitis, 82 1208

chest X-rays, 82 1208 (Fig )
clinical features, BZ 7208-9

Lady Windermere's syndrome, 82 7207 -8

disseminated, Bl 524

epidemiology, 82 1208

humans, 82 1207-9

in immunocompromised hosts (non-AIDS),

82 1208

keratit is, Bl 601

lung diseases associated, 82 1207 -8,

82 1208 (Fig )

nosocomial, 81 399-400

sources/transmission, 82 1207

rreatment, B.2.1.209, 82 1222

M y c o b a c t er ium av ium- in tr ac e I lulare complex

(MAC) ,  81427,  81433

M ycobact eri u m ovi u m - M ycohact eri um

intracel Iulare- ll4 ycobacterium

scrofulaceum (MAIS complex), B2.1207

Myc o bacterium b o hemicum, B2 121.4

Mycobacterium bonickei, 82 1237-9

Mycobacterium bovis

carbon source, 82 1182

cell wall structure, 82 1 185

colonies, 82 1198 (Fig )

genetics, 82 1 187

habitats, 82.1182

identification, 82 1194, 82 1L95

in milk, Bl 230

susceptibility/resistance to heat, 82 1276

Mycobacterium bovis infection, Bl 229,

82 1200

cattle,82.1200

eradication, 82 1200

epidemiology, 82 1200

human, 82 1200

mastit is, 81.230

Mycobacterium braruleri, B2 1274

genet ics ,82 .1188

M ycobacterium brumae, 82 1238 (Tab ),
B27257

classification, B2.1237 9

Mycobacterium caneltii

genetics, 82 1187

hab i ta ts ,82 .1182

identif ication, 82 1195

Mycobacterium celatum, BZ l2l4

genetics, 82.1188 9

Mycobacterium chelonae, 82 1238 (Tab ),
8.2'1251 3

antibacterial susceptibility/resrstance, B1 427,

B1433,821253

classification, 82 1237 9, BZ 1257

genetics, 82 1188

identilication, B2.11.93 4

chromatography, 82 1242

colonial morphology, 82 1240

molecular methods, 82 1243

polymyxin B inhibit ion, 82.1241

sodium chloride tolerance, B2.124L-2

staining, 82 1239 40

strain typing, 82 1244-6

infection, 82 lZ57-3

keratit is, B1 601

nosocomial, B1 399-400

pathogenicity, 82 1237

susceptibilityiresistance to heat, 82 1216

Mycobacterium conJluentis, 82 1238 (Tab ),
B.21253

classifi cation, B2 \237 -9

M y c o b ac t e r ium c o ns p icuum, 82 127 4

Mycobacterium elephantis, 82.1238 (Tab ),
B.21254

classifi cation, B2 7237 -9

M ycob acter ium fallm, 82 1238 ('l ab.),
B.21.254

classifi cation, B2.1237 -9

Mycobacterium farcinogenes, 82 7238 ('lab.),
B.2.7254

classifi cation, 82 7237 -9

molecular identification, 82 1243

Mycobacterium flavescens, 82.1238 (Tab ),
B.2.t254

classifi cation, 82.1237 -9

M y cobacterium fo rtuitum, 82 1254-6

antibacterial susceptibility/resistance.
B.21.256

characteristics, 82.1238 (Tab )
classification, R2 1237 9, BZ 1.246-7

genetics, 82 1188

identification

chromatography, 82.1242

molecular methods, R2.Da5 Fig)
polymyxin B inhibition, 82 1241

staining, 82 1239-40

strain typing, BZ 1244-6

infection, 82 7254-6

keraritis, 81 601

nosocomial, B1.399 400

pathogenicity, 82 1237

susceptibility/resistance to heat, BZ 1276

third biovariant, 82.7256J

antibacterial susceptibility/resistance,
B.21257

characteristics, 82 1.238 (T ab.)

polymyxin B inhibition, 82 1241

Mycobacterium gadium, 82 1238 ('lab.),
827257

classification, 82.1237 9

Mycobacterium gastri, 82 1274

genetics, 82 1188

habitats, 82 1182

identifi cation, B.2.1 1.93 4

Mycobacterium genavense, 82 7182,
82.1209-70

infection, 82 1209-70

in AIDS, 827209-10

iron acquisition, 82 1782-3

Mycobacterium gilvum, 82.1238 (Tab ),
82 t257

classifi cation, 82 1237 -9

Mycobacterium goodii, BZ 1238 (Tab ),
B21.257

classifi cation, 82 123'7 -9

identification

molecular methods, 82.1243

pigment production, 82 7247

Mycobacterium gordonae, 82 12L4

genetics, 82 1188

habitats, 82 1182

identification, 82 1193

infection

keratitis, B1 601
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Mycobacterium gordonae

infection (Continued)

nosocomial, B1 399-400

M y c o b acte rium haem o p hilium

antibacterial susceptibil i tyhesistance,
82.7278,B2.1.222-3

growth conditions, 82 7192

infection, 82 1210

iron acquisition, 82.7182-3

nutrit ional requirements, 82 1182

Mycobacterium hassiacum, 82 1238 (Tab.),

B2125'7

antibacterial susceptibil i ty/resistance,
82125'7

classifi cation, R2'1237 -9

temperature stu dies, B2.1242

Mycobacterium heckeshornense, B2 l2l4

M y cob acterium he ide lb erge ns e, BZ 1214,
82 121s (Fig )

Mycobqcterium hodleri, 82 1238 (Tab ),
B21257-8

classification, 82 7237 -9

Mycobacterium holsaticum, 82 1238 (Tab ),
B21258

classification, 82 fZ37 9

Mycobacterium houstonense, BZ 1237 -9

Mycobacterium immunogenum, 82 1238 (Tab ),
82 1258

classification, 82 1237 9

polymyxin B inhibit ion, 82 1241

M yc o bacterium inte rj e ctum, R2 1214

M y co bacterium inte rme dium, R2 l2l5

M y co bacterium int race I I ulare

complex inclusion, 82 1207

genetics, 82 1188

identif ication, 82 1193

infection, in AIDS, 82 1207

susceptibil i ty/resistance to heat, 82-1216

M y cobacterium kansas ii, R2 1270-77

antibacterial susceptibility/resistance,
82 1218-t9,82 7222

cell wall structures, 82 1185

colonies, 82 1210

genetics, 82 1188

habitats, 82 1182

identification, B2'11934

infection, 82.12L0_7I

AIDS patients, 82 1211

immunocompromised patients, 82 1206

Ireatment, 82 1222

susceptibility/resistance to heat, RZ 1216

Mycobacterium lacus, B2 7275

Mycobacterium lentiflavum, 82 7275

Mycobacterium leprae

airborne bacteria, 81 188

in animals, 821182, 82lZ04

an l ibac ter ia l  suscept ib i l i t y / res is tance.

B2 1218

cell wall structure, 82 1183, 82 1185

classification, 82 1181

genetics, 82 1186_8

habirats, 82 1182

human reservoir, 82 1204

infection see Leprosy

metabolism, 82 1183

nutrit ional requirements, 82 1182

tests for, 82 1185

transmission, 82 1204

breast milk, 82 1204

nasal secretions, 82 1204

M y cobacterium lep raemurium, B.2.1204

M y cobacterium mage ritense, 82 1238 ('l ab.),

82 1258

classification, 82 1237 -9

polymyxin B inhibirion, 82 1241

Mycobactertum malmoense, 82 \211.

an t ibac ter ia l  suscept ib i l i l y / res is lance.
82 12L8,82 1222-3

habirats, 82 1182

infection, 82 1211

treatment, B.2.1222-3

Mycobacterium marinum, 82 7277-72., B.21258

antibacterial susceptibility/resistance,

B27278-\9

cell wall structures, 82 1185

classifi cation, B2 1236-9

genetics, 82 1188

growth conditions, B2 1192

habirats, 82.1182

identification, 82 71934

infection, 82 7271-72, 82 1.212 (Fig )

t rea tment ,827222 3

susceptibility/resistance to heat, B2.7276

Mycobacterium microti

genetics, 82 1187

habirars, 82 1 182

identification, B2.L194, 82 1195

M y co bacte rium morio kqense, 82 7258

characteristics, 82.1238 (Tab )

classifi cation, BZ 1237 -9

Mycobacterium mucogenicum, 82 1238 (Tab ),
B27258-9

classifl cation, BZ 1237 -9

identif ication

colonial morphology, B2 1240

molecular methods, 82.12a5 Gig.)

polymyxin B inhibit ion, 82.1241

sodium chloride tolerance, B2 1247-2

Mycobacterium neoaurum, 82 1238 (Tab.),

B2't259

classifi cation, B2 7237 -9

Myco bacterium nonc hromo g enicum, 82 11.82

Mycobacterium novocastense, 82 1238 (Tab ),
B27260

classifi cation, B.2.1237 -9

Myco bacterium obuense, 82 1238 (T ab.),
B2 7260

classification, 82 f237 -9

Mycobacterium palustre, 82 1215

Mycobacterium psrafortuitum, 82 1238 (Tab ),
B21.260

classifi cation, 82 lZ37 -9

M y cob acterium paratube rculosis, B.2.1212

genetics, 82 1188

habitats, 82 1182

infection,B.2.7272

animals, 82 1182

milk-borne, B1243-4

in milk, 81243-4

nutrit ional requirements, 82 1182

Mycobacterium pereginum, 82.1238 (Tab ),
B.27260

classification, B2.123'7 -9, B.2.1246-7

identification, molecular methods, 82.12.14

polymyxin B inhibition, 82 1241

Mycobacterium phlei, 82.1238 (Tab.), 82.1260

classifi cation, 82 1.237 -9

susceptibility/resistance to heat, 82 7276

temperature studies, 82 1242

My cobacterium rho desiae, 82.1238 (Tab.),

B.2.1261

classifi cation, B2.1237 -9

My cob acterium scrofulaceum, 82 1275

genetics, 82.1188

habitars, 82.1182

susceptibility/resistance to heat, B.2.1216

My co b acterium sene galense, B2 7238 (T ab ),
B.2.1261.

classifi cation, 82 1237 -9

molecular methods of identification, 82 1243

Mycobacterium septicum, 82 1238 (Tab.),

B.2.1261.

classifi cation, 82 7237 -9

My cobacterium s himoidei, 82 7215

identifi cation, B.2.1.1.934

M y co b ac ter ium s imiqe, 82 l2I2

habitats, 82 1182

infection, 82 lZlZ

M y c o b act ertum s me gmatis, 82 1267

antibacterial susceptibility/resistance

biocide-antibiotic linked resistance,

814434

triclosan action, 81 436-8

characteristics, 82 1238 (Tab )
classification, 82 1237 -9

genetics, 82 1188, 82 1189

identification

molecular methods, 82 1243

pigment production, B2.1241

iron acquisition, BZ 7782-3

mycobacteriophages, 82 1 189

pathogenicity, 82 1237

plasmids, 82 1188

Mycobacterium szulga| 82 IZTZ

genetics, 82 1188

infection, 82 1212

treatment, 82 1222-3

Mycobacterium tetae, 8.2.1215, 82 l2l5 (Fig ),
B2 t26t

airborne bacteria, 81 188

classi{ication, 82 1236-9

infection, granulomatous response, B1 741

M y c o b ac t er ium t he rmore s is tib le,

B2 1238 ('t ab.), 82.7262

classification, 82 1237 9

susceptibility/resistance to heat, 82 7216

temperature studies, 82 1242

M y cobacterium tip lex, 82.1.21.5-1.6

Mlcobacterium triviale, 82 71934

M y c o b acter i um t ub erc ulos is

airborne bacteria, 81 188

dispersal, Bl 188

antibacterial susceptibility/resistance, 8L 433,

8143G8, B2.r2r7-1.9
aminoglycosides, B1 482

chromosomes, 81.113
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M yco b acterium tuberculosis
antibacterial susceptibility/resistance

(Continued)

rifamycins, B1.494

antigens, 82.1 185-6

cell wall structures, 82.1184

classification, 82 1181

colonies, 82 1198 (Fig )
culture, 82 1191 2

media, Bl 524, B.21191 2

specimens for, 82 1190
genetics, B.21186 9

habitats, 82.1182

Hsp 60, 81 690

identification, 82 -1189 
97

acid-fast staining, 82.1190

biochemical tests, 82.1192

within complex, 82.1194

direct amplification tests, 82 1194

handling precautions in the laboratory,
82 1189

laboratory, 82.1 189 -97

microscopy, 82 1190

molecular detection/typing see below

typing methods, BZ LI92-5

iron acquisition, 82 L182-3

iron-dependent repression, Bl 165-6

metabolism, 82 1183

molecular detection/typing, Bl7Z3 (Tab ),
B27194-5

PCR, 82 1195

RFLP,82.1194

spoligotyping, 82 1195

transcription-mediated amplification,
8r729-30

plasmids, 82 1188-9

subspecies caprae, 82 7195

tryptophan aspartate-containing coat
protein, 81.152

typing methods, B2.71.92-5

UV radiation susceptibility, 81.L88, B2.121'7

virulence factors, 81.152

see also Mycobacterium tuberculosls complex

M yco b acterium tuberculos is complex

antibacterial susceptibility/resistance,
B27277

cycloserine, Bl 481

isoniazid, B1 481

testing, 82.1195-7

culture, 82.1191-2

media, 82 1191-2

specimens for, B2 1190

identification, 82 1189-90

biochemical tests, 82 1792

direct amplification tests, 82 1194

genotypic markers for species within
complex, 82.1194

genotyping, 82 17934

molecular typing, 82.1194-5,
82 1196 (Tab )

see also Mycobacterium africanum;
M yco bacterium b ov is ; M y co bacterium
tuberculosis

My co bacterium tuberculo sis infection

bone and joint infection, 81 68,t-5, 81 690-1

histology, B1 696

CNS infection

intracranial abscess complication, 81 586

spinal epidural abscess, B1 593

subdural empyema, Bl 591

conjunctivitis, B1 598-600

immune evasion mechanisms, B2.1202

infi ltration of host t issues, 81.152

kerariris, B1 601

nosocomial, B1 188

otit is media, 81.617

risk categorization, 81 762 3

suppurative parotit is, Bl 619

see a/so Tuberculosis

Mycobacterium tusciae, 82 12'16

M y cobqcte rium ulce rans, B2 121.2-73

environnental changes and buman exposure,

Bt.362

growth conditions, 82 1192

habitats, 82 1182

identification, BZ 1L934

infection, 82.7212 13, 82 7273 (Fig )

tests for, 82 1 185

Mycobacterium vaccae, 82 1238 (Tab ),
82.1262

classilication, B.2.1237 9

Mycobacterium wolinskyi, 82 1238 (Tab ),
827262

classification, 82.7237 9

Mycobacterium xenopi, 82 7273

antibacterial susceptibility/resistance,

82 rZ2Z-3

genetics, 82 1188

growth conditions, 82 L192

habitats, 82.1182

infection, 82 1213

treatment, 821222 3

susceptibility/resistance to heat, B.2.1276

Mycolic acids, B2.1184

Mycoplana dimorpha, B21729 (Tab.)

Mycoplasma, B.21957 , 82 1958 (Tab )

antibacterial susceptibility/resistance,

B21.992

cell culture contaminants, B2 1964-5

cell division, 82 L967-2

cell membrane proteins. 82 1970

classification, R2 1957, 82 1964, B2.1967,

82 L970

cytoskeletal elements, 82 1960 (Fig )

genetics, B2.1967

adhesins, 82 7986-7

comparative genomics, B2.L97 5-7

extrachromosomal elements, 82 1974

genome sequencing and gene annotatron,

B2.1974

genome structure, 82.19734

proteome and transcriptome analysis and

bioinformatics, BZ 1977 -8

rRNA sequencing, 82 1961

transcription and translation, 82.1.979,

82.1980

habitats, 82 196+6

infection

diagnosis, 82 7994-l

endocarditis, B1.533

human colonization, 82 1965,

82 1965 (Tab ), 82.1.983, B.21.991-2

lreatmenl,B.2.1992

metabolism/biochemistry, 82 1969, B2.I9754,
B.27994

energy-yielding pathways, 82.1971

membrane lipids, 82 1970-1

morphology, B.21957 ,82.1958 (Fig ),
B2.19se (Fig )

motility, 82 1960

as normal microbiota, Bf 296 (Tab ),
81 303-4

pathogenicity, B.2.7982-97

adhesins, 82 1986

antigenic variation, B.2.1987 -9

clastogenic and oncogenic effects,
82.1985

disease manifestations, 82 1983

immune system modulation, B2.7989-91

intracellular location, 82 1984-5

molecular basis of, 82 1983-6

oxidative damage and membrane fusion,
B.2L9834

pathogenicity, adhesion to host cells,
82.1986-7

see also individual species

Mycoplasma(s)

cell division, 82.19612

characteristics, BZ 7957, 82.1958 (Tab.)

classification, 82.1957, 82.1.964, 82 1966-7 0,
82 1966 (Fig )

cholesterol requirement, B.2.1969J 0

conserved genes, 82 1967-8

intraspecies genetic heterogeneity,
B2.7968-9

metabolism, 82 1969-:7 0

phylogeny, 82 1966-7

serology, 82 1969

taxonomy, 82 1967

taxonomy with phylogeny, 82 1970

unculturable organisms, 82 1964

cultivation, 82.19624

co-cultivation with cell culture, 82 1963-4

media,B2.1963

cytology, 82 1.957

cell division, BZ 7961.-2

cellular morphology/structural elements,
821957-60

motility, 82 1960-1

ecology,B.2196+6

genetic analysis, BZ 1973-82

comparative genomics, 82.1.97 5-:7,
R2.1.977 ('tab.)

DNA replication and repair, 82.1978-9

extrachromosomal elements, 82.1974

gene transfer see below

genome sequencing and gene annotation,
B21974-5

genome structure, 82.\9734

proteome and transcriptome analyses and
bioinf ormatics, B2.L97 7 -B

IRNA sequencin g, 82.1967, 82 7969

gene transfer, B2.1.980-2

chromosomal rearrangements, 82.1982

insertion-like elements, 82 1982

restriction/modifi cation, B.2.1981. -2

transposition, 82.1981
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Mycoplasma(s) (Continued)

habitats, 82 1958 (Tab ), 82 19644

animal colonization, 82 1965

cell culture contaminants. RZ 196+5

host and tissue specil icity, 82 1964

insects, B2 1965 6

plants, 82 1965 5

infections see below

metabolism/biochemistry, 82 1970 3

cell membrane proteins, 82.1970

cholesterol requirement. 82.1969-1 0

energy-yielding pathways, 82 197 1-3

membrane lipids, B2 1970-l

transport, 82 1973

motil i ty, 82 1960

pathogenicity. RZ 1982-91

animal, 82 1965, 82 1983

human, 82 1965. 82 1983

plants, 82 1985-6, 82 1991

transcription and translation, 82 1979-80

codon usage, 82 1980

ribosomes, 82 1980

transcription signals, 82 1979-80

transter RNAs, 82 1980

vaccination, 82 19924

DNA vaccines, B2 19934

protein vaccines, 82 1993

whole cell vaccines, B.21992-3

Mycoplasma(s), infections

clinical manifestations, 82 1983

cysriris, B1 678

d iagnos is ,B21994 7

biochemical rests, 82 1994

classification, 82 1994

cultivation, 82 1994

PCR, 82 1996

PCR vs serology, 82 1996-7

restriction endonuclease analysis,
821995 6

serological techniques, 821,994 5

epidemiology and control, B.219914

human colonization, 82 1965, 82.1965 (Tab ),
B2 1983, 82 1991-2

transmission, 82 1991-2

treatment, 82 1992

Mycoplasma agalactiae

antigenic variation, 82 1988-9.
82 1988 (Tab )

cell membrane proteins, 82 1970

energy-yielding pathways, 82 1972

Mycoplasma alvi, B.21960 (Fig.)

Mycoplasma arginini, 82 1964-5

Mycoplasma arthritidis

genetic analysis

bacteriophage, B.2.197 4, 82 1986

gene transfer, 82 1981

pathogenicity-associated genes, B2.1986

rmmune system modulation, 82 1991

pathogenicity

adhesins, 82 1987

antigenic variation, 82 1988 (Tab )
genes, 82.1986

M y cop lasma bovige nitalium, 82.7972

Mycoplasma bovis

adhesins, 82 1987

antigenic variation, 82 1988 (Tab )
energy-yielding pathways, 82 l97Z

Mycoplasma capricolum

cell division, 82 196I-2

genetic analysis, 82 1977

DNA replication and repair, 82 1979

Mycoplasma cavipharyngis, 82 1968

M y co p las ma dispar, 82.1989 90

M ytop lasma fastidio sum, 82 7968

Mycoplasma fermentans
cell culture contamination, B2 196+5

cell membrane proteins, 82 1970

energy-yielding pathways, 82 1971

human colonization, 82 1965 (Tab )
infection, 82.1965 (Tab )
insertion-like elements, 82 1982

pathogenicity, 82 7982 3

antigenic variation, 82 1988 (Tab.)

clastogenic and oncogenic effects,
82 1985

immune system modulation, 82.1990 1

intracellular location, 82 1984

oxidative damage and membrane fusion,
B27984

M ycoplasma flocculare, 82 1987

Mycop lasma gallisepticum

adhesins, 82 1987

antigenic variation, 82 1988-9,
82 1988 (Tab )

cell division,82196\2

cellular morphology, 82 1959 (Fig )
cytoskeletal elemenrs, 82.1960 (Fig.),

82.1961 (Fig.)

genetic analysis

genome sequencing and gene annotation,
B27974

transcription and translation, 82 1979

gene transfer, 82 1980 1

motil i ty, 82 1960

vaccines, 82 1993

Mycoplasma genitqlium

cell division, 82 1962

cell membrane proteins, 82 1970

cellular morpholo gy, 82 1959

classification, 82 1967

cocultivation with cell cultures , B2 1964

cytoskeletal elements, 82 1958 (Fig ),
B.21959, 82 1960 (Fig )

energy-yielding pathways, BZ 197 12

genetics, BZ-19734

chromosomes, B1 81

comparative genomics, BZ 797 5-6

DNA replication and repair, B.2l97V9

genome sequenc ing  and gene annota t ion .
82 1974, 82.1975 (Tab )

genome structure, 82 L9734

proteome and transcriptome analysis and
bioinformatics, 82 1978

transcription and translation, 82 7979,
82 1980

transport system, 82 1973

transposition, 82.1981

infection, 82 1965 (Tab )
human colonization, 82 1965 (Tab )
urethritis, B1 669

metabolism, B.2'1975-6

motil i ty, 82 1960

pathogenicity

adhesins, BZ 1.986, BZ 7987

disease manifestations, 82 1983

intracellular location, 82 1984

oxidative damage and membrane fusion,
B279834

transport system, 82 1973

M y c o p las ma haemof e lis, BZ 197 34

Mycoplasma hominis

antibacterial susceptibility/resistance,
B21992

genetic analysis, 82 1976

gene transfer, 82 1980-1

host and tissue specificity, 82.1964

human colonization, 82.1965 (Tab )

infection, 82 1965 (Tab ), 82 1983

bacterial vaginosis, B1 665, 81.666

pelvic inflammatory disease, B1 669

transmission, 82 1992

treatment, 82 1992

pathogenicity

adhesins, 82 1987

antigenic variation, 82 1988-9,

82 1988 (Tab )

intracellular location, 82 1984

M y cop lasma hy opneumoniae

adhesins, 82.1987

genome sequencing and gene annotation,
82 1974

transport system, 82.1973

vaccines, B2 19934

Mycoplasma hyorhink

cell membrane proteins, 82 1970

culture, 82 1963

pathogenicity

antigenic variation, 82 1988 (Tab )

apoptosis induction, 82 1985

clastogenic and oncogenic effects, 82 1985

Mycoplasma mobile

culture, 82.1963

motil i ty, 82.1960

Mycoplasma mycoides subspecies mycoidses

classifi cation, B.2.1968-9

genetics, 82 1968-9

genome sequencing and gene annotation,

821.974

genome structure, 82 19734

insertion-like elements, 82 1982

plasmids, 82.1974

pathogenicity

antigenic variation, 82.1988 (Tab )

oxidative damage and membrane fusion,
82 198a (Fig.)

Mycoplasma orale

cell culture contaminants, BZ 1.964-5

human colonization, 82 1965 (Tab.)

Mycoplasma penetrans

genetic analysis, 82 1976

genome sequencing and gene annotation,
B21974,Bz  1975 (Tab )

human colonization, 82 1965 (Tab.)

infection, 82 1965 (Tab.)

in AIDS and Kaposi's sarcoma, 8.2.1985,
B.27990
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M y c o p lasma p enet rans (C ontinue d)

pathogenicity, B.2.1982-3

adhesins, 82 1987

antigenic variation, 82 1988 (Tab.)

clastogenic and oncogenic effects,

82 1985

immune system modulation, 82 1990

intracellular location, 82 1984

Mycoplasma pneumoniae

ant ibac ter ia l  suscept ib i l i t l  / res is tance.

82 t992

macrolides, B1.486-7

cell division, B.2.f967-2

cell membrane proteins, 82 1970

classification, 82.1967

culture, 82 1963

cytoskeletal elements, 82 7959,

82 1960 (Fig )
genetics

adhesin genes, 82 1986, 82 1989

comparative genomics, 82 197 5-6

DNA replication and repair, B2.7978 9

gene transfer, 82 1981

genome sequencing and gene annotation,

82.L974, 82 1975 (Tab )

genome structure, 82 797 4

proteome and transcriptome analysis and

bioinformatics, BZ 1977 8

transcription and translation, 82 1.979,

82 1980

transport system, 82 1973

transposition, 82 1981

infection see below

metabolism, B.2.1.9'l 5 -6

energy-yielding pathways, 82 I97 I-2

transport system, 82.1973

morphology, 82.L959,B.21959 (Fig )

motil i ty, 82.1960

pathogenicity, 82 1983

adhesins, 82 1986, 82.1986 (Tab ),
82 t987, 82 1989

antigenic variation, 82.1989

intracellular location, 82 1985

oxidative damage and membrane fusion,
B.2.19834, 82.1984 (Fig )

pneumonia see below

vaccines, Bl 634, B2 1992

proteins, 82 1993

whole cell, 82 1992

M y co p las ma p neumo niae inf ection,
82 196s (Tab ), 82.1983

acute bronchitis, B1 647

diagnosis, BZ 7995, BZ 7997

antibody detection, B1 752

complement fixation tests, 81 752

enzyme immunoassays, B1 752

serological techniques, 82.1995

human colonization, 82.1965 (Tab.)

pharyngitis, B1677-72

pneumonia, BI 6334, BZ 7983

clinical features, 81.633 4, 82 1983

epidemiology, Bl 633, 82 1992

extrapulmonary features,

Bt.634,821983

infection ruIes,B.27992

laboratory findings, B1 634

pathogenesis, 81 633

periodicity, 81 633 (Fig )

prevention, B1.634

rash with, 81 634

ther apy, Bl 63 4, 8.2,1992

transmission, 81.633, 82.1 991

transmission, 82.7991, BZ 1992

treatment, 82 1992

Mycoplasma pulmonis

antigenic variation, B2 1988 (Tab.)

cell membrane proteins. 82 1970

cytoskeletal elements, 82 1960 (Fig )

genetic analysis, 82 1976

comparative genomics, B2 1976

DNA replication and repair, B21978-9

gene transfer, 82 1981

genome sequencing and gene annotation,

R21.974,R21975 (Tab )

insertion-like elements, 82 1982

restriction and modification, 82 1981 2

transcription and translation, 82.1980

transposition, 82 1981

immune system modulation, 82 1989

motil i ty, 82 1960

transport system, 82 1973

vaccines, 82 1993

Mycoplasma salivarium

human colonization, 82.I965 (Tab.)

infection, 82.1965 (Tab )

transmission, 82 1992

Mycoplasma saalvl, cytoskeletal elements,

82 1960 (Fig.)

Mycoplasma synoviae

adhesins, 82 1987

antigenic variation, 82 1988 (Tab )

Mycorrhiza, bacteria association, 81 197

Mycosides, 82 118,f 5

Mycotic aneurysms, infective endocarditis,

B1 535

Mycotoxin formation, nuts, 81 287

Myocardial infarctions, Chlamydia pneumoniae

infection, 82 2016

Myometrium, clostridial infection, 82 1111

Myoviridae bacteriophage. 82 1535

Myringitis, 81 629

M yxococcus xanthus, Bl 8l

Ne value, 81 446

N95 masks, 81764

severe acute respiratory syndrome, 81 373

NADH dehydrogenase, Bl 64

Naeglaria gruberi, Bl 7 62

Nagler reaction, Bl 7 56-1

NAH plasmid, 82 1597

Nalidixic acid

spectrum of activity, 81 470-1, 81 499 (Tab )

BruceLla, B.2.I7 42

Enterobacter, BZ 7484-s

Ewingella, 821493

Leclercia, 82 1495

Moellerella, 82.7496

Yokenella, 82 7498

structure, 81 494 (Fig )

Naphthalene degradation

plasmids, 81 114

pseudomonads, B2.1597

Nares, normal microbiota, 81.295-300, 81304,
81 628

Nasal airways, anatomy, B1606-:7

Nasal secretions, Mycobacterium leprae,
R27204,8.2.1205, 82 1205 (Fig.)

Nasopharynx

anatomy, 81.607

bacterial meningitis causative agents in,
81 556

infection, B1.628

mucosal immunity in, 81 556

normal microbiota, B1.295-300, B1 556,
81 609, 81 628

factors changing, 81.628

pathogens in,BI.628, 81 628 (Tab )
secretions, Bordetella identification, 82 1791

swabs, bacterial meningitis diagnosis, B1 560

National Committee for Clinical Laboratory
Standards (NCCLS), 81 722

antibacterial susceptibility testing, Bl 498

National Institute of Biological Standards and
Control  (NIBSC).  Bl  324

quantilication standards, 81.7224

National Nosocomial Infections Surveillance
(NNrS), 81369, 81.640

'Native antigen,' Brucella, B2.f726 8
'Native hapten,' Brucella, BZ 1726-8

Natural competence, 81.99-100

Natural waters, BI 21.3-17

Near-patient testing s€€ Immunoserology

Necrobacillosis (Lemierre's disease), 81 629,
82 1951

Necropsies, airborne bacteria, B1 186 (Tab.)

Necrotizing enterocolitis, 81 395

Necrotizing enteropathy, 82.1118-19

Necrotizing funisitis, 82.1843

Necrotizing jejunitis (pigbel), 82.1118-19

Necrotizing pneumonitis see Pneumonitis

Needlestick injury, 81.767, Bl 767 (Tab.)

infections transmitted by, 81 380, 81 382

phlebotomists, Bl.7 60, B'1. 7 67

Neisseria,B.21270:300

adhesins, B1 149

aerobic growth, 82 127 0, 82.127 4-5

animal species, 82 l2'7 1.-3

antibacterial susceptibility/resistance,
82.1297-2, R2.I292 (T ab )

evolution, 81.30

plasmid-mediated, 82.1277

antigens, B.21.278-88

iron acquisition surface proteins, 82 7284,
B.2.1285

lipo-oligosaccharides, B.2.127 3, 82.I27 4,
82.1288

opacity-associated proteins, B2.12824

other surface and secreted protein
antigens, B.2.1285-6

pili, 82.1278-80

polysaccharides, B2 1286,8.2.1287 ('tab ),
82 7297

porins, 82.1 270, 82.I28Uz

reduction-modifi able protein (Rmp),
B.27282

regulatory responses/proteins, B.2.12854
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Neisseria (Continued)

bacteriophage and lysogenic strains,
82 1278

cell division, 82 127 34, 82.127 3 (Fig )
classification, 82 1271

conjugation, B1 103

definit ion, 82 1270

false, 82 1270, 82 1211

genomics, BZ l2'75-8

cell division, 82 1274

chromosome organization, B2 127 5.
82 1276

conjugation, 82 1276

open reading frames, 82 1275-6

plasmids. 82 1277

small repetitive elements, 82 127 6-7

transduction, 82 1278

transformation, 82 1276

transposons, B2.I27 6-7

growth requirem ents, B2.IZ7 4

habitats, 82 1271-3

historical perspectives, R2 127 0-I

human species, 82.127 7-3, BZ 1272 (T ab )
infection see below

isolation/identifi c ation, R2 1290-I

metabolism, 82 
-12'7 

4-5

morphology and structure, 82 72734,
82  1273 (F ig )

cell-wall blebs, B2 1274

mutagenesis, 82 1277

natural competence, B1 99

non-pathogenic, 82 1286

ant ibac ter ia l  suscep l ib i l i t y / res is tance.
B2129? (Tab )

as normal microbiota, 81 296 (Tab ),
82 1277-3

nares and nasopharynx, 81.295-300

nasopharynx, B1 609

oral cavity, Bl 609

vagina, Bl 303

plasmids, 82 127 6, BZ 7277

see also individual species

Neisseria caviae, 82 I270

Neisseria cinerea, R2 127I, 82 1272 (Tab )
conjunctivit is, B1 599

Neisseria cuniculi, 82 1270

Neisserta elongata, R2.1270, 82 7271,,
821212 (Tab. )

cell division, B2 72734

morphology, 82 72734

subspecies nitrore ducens, B2.I27 7

N eisseria fl.av e s cens, 81.566, R2 1,27 C_7,
82.1272 (Tab ), 82 7278

Neisseria gonorrhoeae

antibacterial susceptibil i ty/resistance, Bl 661,
82 7277 (T ab ), 82.1297-2,
BZ 7292 (Fig.), 82 7292 (Ta6 )

cephalosporins, Bl 661

chromosomally-mediated, 81 661

ciprofl oxacin resistance, 81.661

fl uoroquinolones, B1 363

B-lactamase plasmids, 82 1277 ,B.2.1297-2
penicil l in resistance, B1.363, Bl 661,

82727'l

plasmid-mediated, 81 661

quinolone resistance, 81 493 (Tab.),

B1.661

tetracycline, 82 7277, 82 1291 2

antibacterial susceptibil i ty testing, 81.660-1

antigens, 82 1278-88

iron acquisit ion surface proteins.

821284-5

lipo-oligosaccharides, 82 1288

opacity-associated proteins, 82 1280 (Tab ),
B212824

outer-membrane protein, 81 658-9

pil i, 82 1278-80

polysaccharide capsule, 82 1286

porins, 81 658-60, 81 662

porins (PIA and PIB PorB),82.1280-2

reduction-modil iable protein (Rmp),

82 1282

variation and phase transitions, B.2.1279-
80, 82 1284

artif i  cial competence, 81.1 00

cell division,8272734

cu l tu re ,  B l  712 13

agar dilution susceptibility testing, 81 717

transport medium, 81711 12

genomics, 82 1275-8

cell division, 82 1274

conjugation, 82.1276

Correia elements, B2 1276-7

open reading fr ames, 82 727 5-6

organization of the chromosome,
B.272754

plasmids, B.21.277 , 82 7277 (^tab )

small repetitive elements, R2 727 6-7

transformation, 82 1276

transposons, 82.727 6-7

glucose catabolism, Bl 60

growth requirements, 82 1.272 (Tab ),
B212'74

historical aspects, 82 1270-1

human host specificity, B1.658

IgAl protease, 82.1286

infection

adhesion to cells, 82 7282-3,821288

conjunctivit is, B1 599, B1 600

epithelial cell invasion, 82 1,283, R2 1,288

epithelial cell transcytosis, B2 1281,,
82 1281 (Fig )

keratit is, B1 601

pharyngitis, Bl617-72

see a/so Gonorrhea

isolation/identif ication, 81 659-61, BZ 1,27 4,
B.2.t290-7

auxotyping, 81.662, 82 727 4, 8.2.7290-1

biochemical testing, 81 659, 81 659 (Tab.)

culture, 81 659, 82.1290

distinguishing features, 82 1290-1,,
82 7290 (Tab )

microscopy, B1 659

molecular detectton see below

monoclonal antibodies, Bl 660, BI 662

nucleic acid amplification tests, B1 660

serotyping, BI 662, B.2.1290-1

stainin g/microscopy, 82 127 lr.7,

82.1217 (Fig),821290

typing, B1.660, B1 662

metabolism, 82121+5

nitrate reduction, 81.66

molecular detection, 81.660, B1.723 (Tab )
hybrid capture assay, 81.731

probe hybridization, B1.725

morphology and structure, 82 1273

pili, 81 658-9

phenotypic characteristics, 82.1272 (Tab ),
82.1290 (Tab )

subspecies kochii, 82 1270-1 ,82.1272 (Tab )
as type species, 82.1271

Neisseria infection

conjunctivitis, B1 598-9

diagnosis

antibody detection, B1 751

immunoserology, B1.757

sugar fermentation tests, B1 757

epidemiology, B2.1289

pathogenesis, 82 1290

see also Gonorrhea; Meningococcal disease

Neisseria lactamica, 82 1270_1, B.21.272 (Tab )
carriage rate, 81.564

habrtats, 82 1271-3

role in meningitis immunity, 81 564

N e i s s e ia meningitidi s, B.2.127 0

antibacterial susceptibilityhesistance,
B1.a99 (Tab.), B.2.1291.-2,
82.1292 (Tab )

p-lactamase, B1..5 66, 82 127 7
penicillin resistance, 81 566

penicillin/tetracycline, 82 7277, 82.129I

plasmids, 82.1277

antigens, B.2.7278-88

iron acquisition surface proteins, 82
1.28+5

lipo-oligosaccharides, B2 1288

LPS, 81.158, 81 564

opacity-associated proteins, 82 1280 (Tab.),
B.2.1282,B.21283

other surface and secreted protein
antigens, 82 72854

pili, 82 1278-80

polysaccharide capsule, 82 1286,
82.1287 (Tab),821291

porins (PorA and PorB), 82 1280, 82.7282

reduction-modifiable protein (Rmp),
B.2.1282

variation and phase transitions, B2 7279-80

carriage, Bl 5634

age-specific incidence, Bl 563, 81.563 (Fig )
smoking effect, B1 563-4

carriage rates, 81 556, 81 561

factors affecting, 81.563-4

nasopharyngeal, 81 567

cell division, B2.I2734

genomics, 82 7275-8

conjrgation, 82 1276

Correia elements, 82.127 6-7

open reading fr ames, B.2.\27 5 -6

organization of the chromosone, 82 1275,
821276

plasmids, 82.1277

small repetitive elements, 82 1276-'1

transformation, 82 1276

transposons, B2 127 6-:7
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N eisserta meningitidis (Continued)

growth requirements, 82 1272 (Tab ),
82 1274

historical aspects, 82.1270-1

IgAl protease, 81.556

isolation/identifi cation, 82 1291

culture, 82 1291

nasopharyngeal swabs, Bl 560

Neisseria gonoruhoeae vs , 82 1291

serogrouping, BZ 1286, 82 1287 (T ab )
see slso individual serogroups

Iaboratory worker immunization, BI.767

metabolism, 82 7274-5

iron-dependent repression, B1.165-6

iron scavenging, B1 151

nitrate reduction, B1 66
protein secretion, 81 160

morphology and structure, 82.1273

capsules, 81 556, 81 563, 81 564

as normal microbiota, 81296 (Tab ),
B2121r-3

nasopharynx colonization, 81.295-300
pathogenicity, 82 1286

phenotypic characteristics, BZ 1272 (Tab ),
82 1290 (Tzb )

serogroup A and C, 81 564

vaccine, 81.568, 81.568 (Tab )
serogroup B, 81 564

vaccines, 81.568-9

serogroup C, notifications, 81 322

virulence factors, 81 556, 82 1286

evolution within host, B1.1734

exopolysaccharides, B1 154
phase variation, Bl 7734

N eisse ria meningitidis infection

attachment to host cell, 81 556, 81.563

bacteremia, B1 522

diagnosis

enzyme immunoassays, B1.751

PCR, 81 559, 81.751

serology, B1 757-8

epiglottitis, Bl 613

immune response, 81.564

blocking antibodies, Bl 564, 82 7282
predisposition factors, 81 557

see also Meningococcal disease

Neisserta mucosa, 82 727 I, 82.1272 ('lab.)

Neisserla ovis, 82 7270

Neisseria perflava, BZ 7278

capsular polysaccharide, 82.1286

N eisseria polysacchsrea, B2.127 7,
82.1272 (Tab)

habitats, 82.1271-3

Neisseria sicca, B2 1271, BZ 7272 (^lab.),
B.2.r278

N eisseria subflav a, 82 727 7, 82 1.272 (T ab )
Neisseria weaverii, 82 7270-1

cell division,B.212734

Neisseriaceae

genera included, B2 1271

type genus, 82 1271

Neomycins

characteristics, Bl 482

Citrobacter, 82.I476

structure, Bl 483 (Fig )

Neonatal infections

antibiotic-associated diarrhea, 82.1 120

Bacillw cereus infection, 82.940

bacteremia, Bl572-1.3

C hlamy dia tr acho mati s infection,
82 2012 (Fig ) , 82 2013 , 82 2079-20

CNS infection

intracranial abscess, B1 582

meningitis, 81- 574-5

subdural empyema, Bf 591, 81.591 (Tab )
mycoplasma diseases, BZ 7991-2

nosocomial infection, B1 394-5
pneumonia, 82.2012 (Fig ), 82 201.3,

B2201.920

Proteus infection, 82 1447

Neorickettsia

antigens, B2.2056

classification, B.2.2026, 82 2048, B2 2053

genome, 82.2053 5

habitats, hosts and diseases, RZ2049 (Tab),
B22050_1

identilication and typing methods, 82 2057

infection, 82.2061

isolation, B2 2052

microenvironment and morphology, 82.2051

replication, B2.2052

N eo ric ke tts ia he lmintho e c a

classifi cation, B2 2027 (F ig.)

habitats, hosts and diseases, B.22049 (Tab.)

N eo ric ketts ia r is ticii
genome, 82.2053-5

habitats, hosts and diseases, B.22050-1

identification and typing methods, 82 2057

infection, 82 2061

microenvironment and morphology, 82 2051

serological tesls, 82 2057

N e oric ketts ia s ennets u

antibiotic sensitivity, 82.2065 6

classification, 82.2026, R2 ZO27 (Fig )
genome, 82 2053-5

habitats, hosts and diseases, BZZ049 (Tab.),
B.22050-7

identification and typing methods, 82 2057

infection, 82.2067, 82 2063

microenvironment and morphology, 82.2051

Nerve enlargement, leprosy, 82.1205

Netilmicin

spectrum of activity, B1 482

Listeria, 82 957-8

structure, 81 a83 (Fig )
Neuraminidase, functions, 81 153 (Tab.)

Neurological disease

infective endocarditis, B1 535

treatment with botulinum toxin, 82 1076

Tr ep onema p a I lidum, 82 1841

Neurosyphilis, 82.1842 (Tab )
asymptomatic form, 82 1843

clinical signs, 82.1843

diagnosis, 82 1848, 82.1855-6

PCR, 82.1852, 82.1.855-6

forms, 82 1843

HIV patients, 82 1843

treatment, 82 1857-8

Neurotoxic shellfish poisoning (NSP), 81 280

Neutropenia, B1.644-5

Neutrophils

acute-phase response, Bl 739, Bl 7 40

Enterococcus faecium resistnce, 82.897

lung host defence mechanism, 81.625

respiratory tract, 81.608

NHS Direct, BI.31.9, Bl 322

Nicolle, C, 82.2030

Nifuratel, 81 495

Nightingale, F, 81.370

Nikolsky's sign, 82.812

Nisin, 81.139

Nitrate reductase, B1 66

Brucella,821731

Nitrates, 81429

environmental problem, 81.200

reduction, 81.66

Esc herichia coli, 81.66

Veillonella, 82l3I3

respiration, B1.65

Nitric oxide

Bordetella infection, 82 1795

Burkholderia thailarulensis infection, 82.1625

formation, B1.200

Nitrifying bacteria, 81.200

Nitrite, 81 423 (Tab.), Bl 429

formation, B1.66

Enterobacteriaceae identifi cation,
82.1319 (Tab )

oxidation, B1 200

reduction, N eis s eria, 82 127 4-5

Nitobacter, BI.2O0

Nitroblue tetrazolim reduction, 81.740

Nitrofurans, Bl 495-6

mode of action, 81.495-6

pharmacology, B1 496

resistance, B1.496

spectrum of activity, B1 495

structure, Bl a95, 81.496 (Fig.)

toxicity/side effects, B1.496

see also specific types

Nitrofurantoin
pharmacology, B1.496

resistance, Proteus, 82 L44l

spectrum of activity, 81.495, 81 a99 (Tab.)

structure, B1.a96 (Fig.)

Nitrofurazone, B1.495

Nitrogenase, B1 63

covalent modification, 81.76

regulation, B1.63

Nitrogen fixation, 81.9, 81.200-1

aerobic autotrophs, 81.200

energy source, 81.201

foliar surface, 81 198

freeJiving bacteria, 81.201

heterotrophic bacteria, 81.200, 81.201

merabolism, 81.63

plant associated bacteria, 81.200-1

Nitroimidazoles, B1.495

mode of action, 81.495

pharmacology, Bl 495

resistance, 81.495

spectrum of activity, 81.495

Camp y I ob acte r, 82.L5 48

structure, 81.495, Bl 495 (Fig )
toxicity/side effects, 81.495
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Nitroimidazoles (C ont i n ue tl)
see also specific types

Nitrophenols, B1 422
4-Nitrophenyl-B-D-glucuronide, B1 223
Nitrosamines, B1.429

formation, 81.200
Nitrosomonas

electron donors, Bl 67
nitrification, 81 200

Nitrous acid, as mutagen, Bl 84-5
Nitrous oxide, formation/reduction, Bl 66,

81 200

Nocardia,B.2113'7-9, 82 1153 66
antibacterial susceptibilityhesistance,

82 1138, 82.1.141, 82 11a2 (Tab ),
82 1145

menaquinones, 82 1145
biochemical testing, 82.1141-3,

B2.1142 (Tab ), 82.1143-s
lysozyme, B.2Il44

substrate decomposition, 82.1 144
bioremediation, 81 212
cell wall and cell membrane composition,

82 1745-6

classification, R2 7737 8, BZ 7153
cultivation, B.2113841

culture, 82 1153

definition/characteristics, 82 1153-4
infection, 82.1 154

clinical features, 82.1154

intracranial abscess, B1 586
mastitis, B1 230

nosocomial, B2.lI4U9
treatment, 82 1165 6

isolation/identifi cation, 82 1 138 41
molecular, 82 7146-8

other systems and methods, 82.1744-5
phenotypic, B.2\141-3
ribotyping, 82 1147
serologic testing, 82 1149-50

staining properties, 82 1139 40
strain typing, BZ 1148-9

Lipid A, 82 1146
macrophage interactions, 82 1149
morphology, BZ ll47-j, 82 1.1.53

aerial hyphae, 82 11.43, 82.7153
conidia, 82 1143, 82 1153

mycolic acids, 82 1.7454, B2 7153
as opportunistic pathogen, 82 1154
pathogenicity, 82 7149, 82 17534
soil, 82 1138-9

species,82.1153-4

superoxide dismutase, 82 1149
Nocardia abscessus, 82 1154

antibacterial susceptibility/resistance,
82.1142 (Tab )

biochemical testing, 82 lIaZ Qa6)
N o c ar dia af ric ana, B.2.175 4-5

identification, 82.1141
Nocardiq asteroides, 82 1155-9

antibacterial susceptibility/resistance,
B2.1142 (Tab.)

biochemical testing, 82.1142 (Tab )
identification, 82 1147, 82 71,45

molecular methods, 82 1146-1
serologic testing, 82 1149

strain typing, B2 1748, 82 7749

infection

in  A IDS,  82  1157

central nervous system, 82.1157-8

intracranial abscess, B1 586

nosocomial, 81 a01 (Tab.)

opportunistic, 82 1155-8

predisposing factors, 82 1157-8

in solid organ transplant patients,

82 1755-7

in systemic lupus erythematosus, 82 1157

traumatic introduction of, 82 1158-9

treatment, 82 17654

mycolic acids, 82 1146

pathogenicity, 82.1149

Nocardia brasiliensis, 82 1 159 50

antibacterial susceptibil i ty/resistance,
821142 (Tab)

biochemical testing, 82.1142 (Tab )
gelatin hydrolysis, B.2.11 44

identif ication, 82.1141

serologic testing, 82 1149

infection, 82 1159-60

treatment, 82 1165-6

pathogenicity, 82 1149

Nocardia brevicatena, 82 7160

antibacterial susceptibility/resistance,
82.1160

identif ication, 82 1141

Nocardia camea, B.21760

Nocardiq caviae, 82 1149

Nocardia corynebacterioides, 82 I 160

N ocardia cy riacigeorgica, 82 1 160-1

antibacterial susceptibility/resistance,
B21742 (Tab )

biochemical testing, 82 1142 (Tab.)

identif ication, B2.1141

Nocardia farcinica, B2 1167, 82 1.762

antibacterial susceptibility/resistance,
B.27142 (Tab.),821767

biochemical testing, 82 1142 (Tab )
Middlebrook opacification, 82 1144

identifi cation, 82 114I, 82 7145

molecular methods, 82 1147

strain typing, 82 1148

infection, B.217672

mycolic acids, 82.1146

pathogenicity, 82 1149

N o c ar dia n ov a, 82.\1,62-3

antibacterial susceptibil i ty/resistance,
B.211.42 (Tab )

biochemical testing, 82 1142 (Ta6.),B.2.11.62

arylsulfatase, 82.1143

identifi cation, 82.1.141, B.2.1745

molecular methods, 82.1147

infections, B2.7762-3

mycolic acids, 82 1146

pathogenicity, 82 1149

Nocardia otititliscav iarum, 82 1763

antibacterial susceptibility/resistance,

8.2.1742 (Tab)

biochemical testing, B2 1.742 (Tab)

Middlebrook opacification, 82 1144

identif lcation, 82 1141

nolecular methods, 82 1L46J

strain typing, 82 1149

infection, 82.1163

treatment, B.21.1.65-6

pathogenicity, 82 1149

Nocardia paucivorans, 82 1163

N ocardia pseudob rasiliensis, B2 1163

antibacterial susceptibility/resistance,

B21142 ('tab.)

biochemical testing, 82 11,42 ('lab)

gelatin hydrolysis , 82 7144

identif ication, 82 1141

Nocardia transv alensis, B.2'1"1634

antibacterial susceptibilityhesistance,

82 71.42 (Tab )

biochemical testing, 82 1.142 (Tab )

identilication, 82 1141

molecular methods, 82 1147

infection, B2.1.163-5

Nocardia veterana, 82 L765

identification, 82 1141

Nocardiopsis, B2.71.3'7 8, B.2.1.766

diaminopimelic acid and sugars, 82 1145

microscopic morphology, 82 1143

Nomenclature

abbreviations, 81 18

genera, 81 18

species, 81 18, 81.20 2, Bl 31-3

see a/so Classification/taxonomy (bacterial);

indiv itlual s p e cie s/ ge ne ra

Nomenspecies, 81.29 30

Nonbacterial thrombotic endocarditis (NBTE),

Bt 526-8

Nongonococcal urethritis, Chlamydia
trachomatis infection, B2 2011

Non-ionic surfactants, Bl 425, BI 432

Nonselective media, Bifidobacterium, B.2.1025

Nonsense codons, point mutations, B1 86

Nonulcer dyspepsia, Helicobacter pylori

infection, 82 1580

Norfloxacin

spec t rum o f  ac t i v i t y .  B l  470-

Klebsiella, B.2.1480

Listeria, 82 957-8

structure, 81 a94 (Fig )

Noroviruses (Norwalk-type)

mollusks, 81.280

nosocomial infection, Bl 3'1 4, 81.400

Nosocomial infections, B1 368-9

age-relation, B1.39+5

elderly, B1 394

neonates, B1394-5

antibiotic resistance, B1 371

antibiotic use, 81 371

bacteremia, B13924

body sites, 8I.38+ 94

burns, 81 385-6

eye, Bl 386

peritoneum, 81386-7

respiratory tract, 81.389-90

soft tissue sites, 81 384-5

surgical wounds, B1 384-5

urinary tract, 8L.388, 81.389, B1 674,
81 674 (Tab )

see ako specific sites/wounds/devices

consequences, B1.369 J 0

control. 81 406 8
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Nosocomial infections (Continue d)

control organization, 81 406 8

Europe and USA, 8140G8

Infection Control Team, 81 404, Bl 406

subjects for control, 81 408 (Tab )
uK, B1 406

cost, 81 369-70

historical perspectives, 81.370-3

antibiotic eta, Bl 37 I-2

early twentieth century, 81.371

nineteenth century, 81 370-1

recent developments, 81 372

indwelling medical devices see Indwelling
medical devices

investigation and surveillance, 81.403-6

epidemiological typing, Bl 404-5

organizations to consult, 81 406 8

outbreak investigations, Bl 403 4

results of surveil lance, 81 405

sensitivity of case finding methods,
Br 406 (Tab )

surveillance, 81 405-6

occurrence, 81.369-70, 81.369 (Fig )
sources, 81 368-9

specific pathogens, B1 395-403

bacteria, B1 395-403, 81.401 (Tab.)

fungi and protozoa, B1 403

viruses, Bl 400 3

see also individual species

transmission, 81 373-84, 81.404

airborne spread, Bl 373-5

contact, 81 377-80

contaminated blood, Bl 383

contaminated infusion fluids, B1 384

environment, 81 378 9

equipment, Bf 379-80

food-borne, 81 377

inoculation, Bl 380-4

sraff, 81 377-8

tissue donation, Bl 380-1

waterborne, B1.375

Nostoc,B1201

Nostocoida limicola, B1272

Notilication of disease

data collection, 81..319, 81 321 (Tab.)

meningococcal disease, B1 322-3,
81 s61 (Fig.)

pertussis, 81 349 (Fig )
poliomyelit is, Bf 353 (Fig )
UK, Bl 321 (Tab )

Novobiocin, Bl 496

Noxythiolin, Bl426J

Nucleic acid amplilication tests (NAAT),
gonorrhea diagnosis, B1 660

Nucleic acid probes, 81 725

Nucleic acids

amplification

contamination conlr ol, R1.7 21

see also Polymerase chain reaction (PCR)

as antibacterial agents, 81.437 (Tab.), Bl 438

Chlamydia infection diagnosis, R22018 19

hybridization, Enterobacteriaceae
nomenclature/classifi cation, 82.7332,
82 1334 (Fig )

sequencing, 81-7324, B1 735 (Fig )

see a/so DNA; RNA

Nucleic acid sequence-based amplilication
(NASBA), Br.729 30, 81.729 (Fig )

Nucleolysis, bacteriocins, 81 138

NucliSense, 81723 (Tab )

Numerical identif ication, B120, 8121 (Tab.)

black box processing, 81.26-7

Nursing homes, infections, 81 394

Nutrients

microbial growth effect, Bl 267

recycling in soil, 81 9

Nutrit ional restriction, host resistance, B1 176

Nuts, 81 286-7

O antigens

agglutination tests, B1 748

Enterobacteriaceae see Enterobacteriaceae

Escherichia coli, 82 7364

Legionella, 82 1770 1

Salmonellq see Sulmonella

Salmonella Paratyphi A, B.2134L-2

Salmonella Typhi, B1 744

Salmonella Typhimurium, 82 1347-2

Shigella vs Escherichia coli, R21341,

O besumbacterium, 82 7498

Obesumbacterium proteus, BZ 1319 (Tab )

Obstetric infections, Gram-positive anaerobic
cocci, 82.910

Occupational transmission, human brucellosis,

B2 t727-2

Ochrobactrum anthropi, 82.1729 (Tab )

Octane degradation, plasmids, B1 114

Odds ratio, B1.316

Odontogenic infections, B1 582-3

Oerskovia, B2 992

chemotaxonomic  charac ter is t i cs ,
82.978 (Tab )

habitats, 82 978

Oerskovia turbata, B2 992

biochemical characteristics, 82 993 (Tab )

Offal, microbiolo gy, Bl 273

Office-based tests, Helicobacter pylort

infection diagnosis, 82.1574

Offi ce buildings. airborne bacteria.

81 186 (rab )

Offlce of Population Censuses and Surveys
(OPCS), 81.317

Ofloxacin

spectrum of activity, Bl 492

Botelia, 82 1831 (Tab )

Listeria, 82 957-8

Mycobacterium, 82l2I7

structure, B1 494 (Fig )
Ogston, A, 816

Oils, antibacterial activity, B1 432

Okazaki fragments, Bl 46

Oleandomycin, structure, 81 486

B ifido b ac te rium classifi cation, B2.1025 -6

B ur kho lde r ia p s eudomal lei classifi cation,

B.2.L6L9-2,0

Oleic acid-albumin medium, 82 7871,,82.1.872 Organic matrer, decomposition, 81 9
preparation' 82 1872 organomercurial compounds resistance,

Oligella, as normal microbiota, Bl 296 (Tab.) Staphylococcus, R2.794 (Tab),
Oligonucleotide probes 82 804-5

Oligosaccharides, N eis s e r ia, B.2.1288

Olympus PK-TP test, 82 1848

Oncogenicity, Mycoplasma infection, 82 1985

ONPG test, Enterobacteriaceae identification,

82 1319 (Tab )

OpcPl porin, Burkholtleia, 82 1613

Open reading frames (ORFs)

Boruelia, B21825

C o xie lla burnetii, 82 207 4

Operating gowns, 81 388

Operating theaters

airborne bacteria, 81 186 (Tab )

infection, Bl37+5

prevention, 81 387, 81 388

ventilation, B1.37,f 5, 81.388

Operons, 81 70

L-arabinose, B1 71-2

autoinduction, B1 72

coordinate control, B1.70

coordinate induction, 81.70

ilv-leu, Bl72

inducers, B1.71

organization and expression, Bl 70

regulation, 81 70-6

attenuation, P070 8I.72

cell density-dependent gene expression.

B t 7 2

repressors, 81 70-1

rRNA,81,47

tryptophan, 81 72

Opsonins, in lung surfactant, 81.6234

Optochin, Streptococcw, 82 862

Oral cavity

anatomy, B1 606

infection, 81 610-15

abscesses, B1.618-19

Fusobacterium, 82 L950

Leptotichia, B.21.952

Ludwig 's  ang ina .  B l .6  l , t - l  5

periodiontal abscess, 81 614

spirochete, 82.1859-60

stonatit is, B1614

see also individual species; specific diseases/

disorders

normal microbiota, 81 609, 81609 (Tab.),

81 628, 82 1859-60

B acteroides/ Prev otella/ P orp hy romonas,

82.1932-3

factors changing, 81.628

gram-positive anaerobic cocci, 82.910

site-specific, 81.609, Bl 609 (Tab )

V eillone I la, BZ 1312, B2 1373

Oral contraceptives

genital chlamydial infection effects, 82 2011

rifamycin interference, B1 494

Ordination diagrams, Bl 27 (Fig ), 81.28

Organic chemical pollutants, bioremediation,

8t.207-2

Organotin compounds, 81.428

Organ transplants see Transplantation

recrprents
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Ortentia

classification. BZ 2026, BZ 203U1, B2.2033

staining, 82 2030

O rient ia tsutsugamus hi

an t ibac ter ia l  suscept ib i l i t y / res is tance.

82 2043 (Tab )

antibiotic susceptibility testing, 82.2042,

822043

cell wall composilion, 82 2034

classification, 82 2027 (Fig ), BZ 2030-1,
82 2031 (Tab )

habi tats, vectors and hosts, 82.203'7, 8.2.2041.

infection see Scrub typhus

pathogenicity and virulence, 82 2034

Orla-Jensen, S, 81 17-18

Ornibactins, Burkholderia, 82 1616-77

Ornithine decarboxylase, Enterobacteriaceae

identif ication, 82 1319 (Tab )

O rnithod oros. relapsing fever transmission.

82 1823

O rnit hotloros moub ata, 82 17 53

Ornithosis see Chlamydia psilaci infection

Oronasopharynx

infection, B1 628-9

normal microbiota, 81 628

Oropharynx

factors influencing bacterial colonization,

B1294-5

normal microbiota, B1 301

Oroya fever

chloramphenicol treatment, 82 1 891

clinical manifestations, 82 1 888-9,
82 1890 (Tab )

historical perspective, 82 1885

mortality, 82 1889

see a/so Carri6n's disease

Orthopaedic surgical infection, B1 375,

81 686-7

Orthopedic device infection, B1 689

causative pathogens, Bf 690-1

clinical features, BI 6912

treatment, 81696-:7

Ortho-phthalaldehyde (OPA), Bl 427, Bl 439,
Bt 441

Osler nodes, endocarditis, B1 528

Osmophiles, food, B1 266

OspA prorein, 827825-6

OspC protein, 82 7825-6

Osteomyelit is

antibacterial treatment

duration, B1 700-1

intravenous, 81.698-9

oral, 81.699

causative pathogens, B1 685 (Tab ),
81 690-t

E ry s ip e lothrix rhusiop athiae, 82 97 I

Kinge I la kingae, 82.1 669 -7 0

Proteus, 82 1447

children, B1 693

clinical features/manifestations.
81 .685 (Tab ) ,8L69r -2

diagnosis

culture, B1 695

MRr, 81 694-5

radiology, B1 693

triple phase bone scan, 81 694,

Br 694 (Fig.)

ultrasound, 81.694

epidemiology, B1 685, B1 686 (Tab.)

inflammatory responses, B1 689

pressure sores due to, Bl 684-5,

B1.68s (Tab.), 81 686 (Tab ), 81 690

clinical features, 81.692

diagnosis,81692 5

init iation and development, B1 687

prevention, Bl 691

prognosis, B1 701

prevention, Bl 691

prognosis, 81 701

spontaneous extrusion of sequestra, 81.689

surgery, 81 697, 81 702 (Tab )

soft tissue cover, Bl 697

vertebral, spinal epidural abscess, 81.592 4

Otit is media, BI 677, Bl 628-9

acute suppurative. Bl 677, Bl 629

causative organisms, Bl 617 ,8L629

Moraxella (Branhamella) catarrhalis,

B2 1307

M y cob acteium ab s cess us, 82.7248

M ycob acte rium c he lonae, 82 7253

Mycobacterium fortuilum, BZ 7255

chronic suppurative, Bl 617 ,8I.629

CNS infection

intracranial abscess, Bl 582, B1 584-5

subdural empyema, 81 590, 81.591 (Tab )

epidemiology, 81.617

pathogenesis, Bl 617

secretory (serous), B1 629

spontaneous resolution, Bl 617 -78

stages, 81 629

treatment, Bl 617-18

viral infection, B1 617

Outbreak(s)

communication of information, 81 330

control, 81.328 30,B1346-7, 81 347 (Tab.)

of persons at risk, 81 329-30

of source, 81328-9

of spread, 81 329

definit ion, 81.310, 81.403

investigations J€e belrw

management of incidents, 81 327

nosocomial infection, B1 403

Q fever, 82 2078

vaccine efficacy studies, 81.32.t 5

see also individual species
'outbreak control team', 81 330

Outbreak investigations, Bl 326-30

case identification/collection/analysis,

81.327-8

epidemiological/microbiological, B1 330

preliminary inquiry, 81.326-7

case definition, 81 327

confirmation, B1.326 7

diagnosis confirmation, 81 327

tentative hypothesis and immediate

control, 81 327

Outer membrane (OM)

gram-negative bacteria, Bl 436, Bl 442

see also individual species

Outer membrane proteins (OMPs)

Aeromonas, 82.1.52U9

Bordetella, 82 1801

Brucella, 82 1724, 82 1728

Brucella abortus, 82 1724

B rucella me lit ens is, 82 17 24

Burkholderia cepacia complex, 82.L673

B urkho lderia thailandensis, B.2.L621

Haemophilus, 82 1698-9

Haemophilus influenzae, B2169U9, B2 7705

Helicobacter, B.2.1569

MoraxelLa (Branhamella) catamhalis,

B27307

Neisseria gononhoeae, 81.658-9

pertussis vaccines, B1 647

Pseudomonas aeruginosa, B2 1592-3,

B.2.1595, 82 1599-600

Tre p onema p al lidum, 82.1840

Yersinia, 82 7461., 82.L468 9

Outpatient parenteral antibiotic treatment
(OPAT), intracranial abscess, 81.589

Ovomucoid, food,Bl267

Oxacephems, 81 478-80

structure, 81 a71 (Fig.), 81.479 (Fig )

see aLso specffic types

Oxacillin, structure, Bl a7a Frg )

Oxaloacetate, B1 53, 81 56

as biosynthetic compound, 81 61

substrate use, 81 56

Oxazolidinones, B1 489-90

macrolide resistance association, 81.489

P asteure I I a mult oc ida, 82.165 5

spectrum of activity, 81 489

Oxidative activity, Brucella, B.2.1731 ,
82.1733 (Tab)

Oxidative phosphorylation 81.64, B1.65

Oxidative stress, 81.65

Oxidized metals, terminal electron acceptors,

B l 6 7

Oxoline-esculin agar (OOA), 82 890-1

Oxygen

hyperbaric

experimental studies, 82.11 15-16

in gas gangrene, B.21,115-L6

toxicity, 81 65

Oxygen-impermeable films

meat and meat products, 81.273

poultry, B1 277-8

OxyR proteins, Bl 65

Oxytetracycline, structure, 81 485 (Fig )

Oysters, B1 280

Ozone,BI429

P1 bacteriophage, Bl 142, Bl 1.43

P22 bacteriophage, B1.742

PACEo System, 81725

Paenibacillus

colonies, B2945-6

habitats, 82.924

identincation, 82 945

taxonomy, 82 922-3

Paenibacillus alvei,82.935 (Tab )

colonies, B.2.926 (Fig ), 82.9454

infection, 82 944
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P aenib acil lus a lv ei (C ontinue d)

microscopy, 82 943 (Fig ),82946

morphology, 82 9a3 Fig.), B.2.9a6

taxonomy, B2922-3

Paenibacillus azotoftans, 82 924

Paenibacillus mscerans, 82 935 (Tab )
food spoilage, B.29234

habitats, 82 924

infection, 82.944

taxonomy, BZ922-3

P aenibaci I lus p oly my xa, 82 935 ('l ab.)

colonies, 82.926 (Fig )
habitats, B2 924

infection, 82 944

treatment, 82.946

microscopy, 82 9a3 (Fig )
morphology, 82 9a3 (Fig )

taxonomy, B2922-3

Paenib acil lus p opilliae, B2.946J

Pale, f irm and dry (PFD) meaqRl2'12

p-aminosalycylic acid (PAS), B1.490 (Fig )
Pandemics, definit ion, B1 310

Pandorea, B.2.1635

Pannus, trachoma, 82 2074 (Fig )
Pantoea, B.2.7330 (T ab.)

Pantoea agglomerans

airborne bacteria, B1 189

biochemical activit ies, 82.1484

classification/nomenclature, RZ 1337,
B2"t4834

culture, 82 1484

as normal microbiota, 81296 (Tab )
pathogenicity, 82 1487

waterborne, 81 220

Pantoea dispersa, 82 1319 (Tab.)

Paper milling, waterborne bacteria, Rl.2I2-1,3

Papilloedema, 81 557-A

Papillon-Lefevre syndrome, 82 1663

Pap plli, Escherichta coli, uropathogenic,
81.147-8

Parabens, B1 422

action, Bl 437 (Tab )
Paracoccus denitrificans, Bl 64

P araco lo bactrum anguillimortiferum s ee
Etlwardsiella tartla

Paraffin baiting technique, Nocardia, 82 7140

Paralysis

in botulism, BZ 1061.2, 82 707 1,
82 1072 (Fig )

in tetanus, 82 70534, 82 7067-2

Paralytic shellfish poisoning (PSP), B1.280

Parametric release, 81 455

Paranasal sinuses

anatomy,B1606-7

infections, 81 615 17

Parapharyngeal abscesses, 81 618

P arascard.ov era, B2 1025

Parascardovera denticolens, 82 1025 (Tab )
pathogenicity, B2 1026

Paratrachoma, B22012-74, 82 2013 (Fig )
Parinaud's oculoglandular syndrome (POGS),

82 1892
'Parrot fever' see Chlamydia psittaci infection

Par t i c le  agg lu t ina t ion .  syph i l i s  de tecr ion .
B2.1848-9

Particulate matter, bioaerosols, 81.185-7

Partit ion systems se€ Plasmid(s)

Partner notif i cation- C h lomydia screening.

B.22027

Parvobacteria, immunoserology, B1 752,

8t.757

Passive agglutination tests, B1 748

Passive phagocytosis, Q fever, 82 2077

Pasteur, L, 81,t-5, 81 5 (Fig ), 81 7, 81 l0-11

Pasteurella, 82.1651 (Tab ), 82.1652 (Tab ),
B.2.L653

bone and joint infection, B1 690-1

classification, 82 1650

conjugation, B1.103

endocarditis, B1 536

habitats, 82 1649-50

misclassified species, 82 1650,82 1652 (Tab.)

taxonomy, 82 1650-3

Pasteurella aerogenes, R2 7652 (Tab ), 82 1,656

antibacterial susceptibility/resistance,

B2.1656

infection, 82 1656

Pasteurella anatis, BZ 7650

Pqsteurella avium, 82 1651 (Tab.)

classification, 82 1650

infections in animals, 82 1654

Pasteurella bettyae, 82 1652 (Tab ), 82.L657

antibacterial susceptibility/resistance,

82 1657

classilication, 82 1650

infection, 82 1657

as normal microbiota, 81 296 (Tab )

Pasteurella caballi, B2 1652 (Tab.), 82.1657

classification, B2.1650

Pasteurella canis, 82 I 651 (Tab ). BZ 7656J

classification, 82 1650

infections in humans, BZ 1650-3, 82 1.656

Pasteurellaceae, B2 1651 (Tab )

taxonomy, 82 1650-3

Pasteurella dagmatis, 82 1651 (Tab ), 82 7657

classification, 82 1650

infections in humans, 82 1650-3,B2.1657

Pasteurella gallinarum, 82 1651 (Tab.),

82 1658

classification, 82 1650

infections in aninals, 82 1654

infections in humans, 82 1658

Pasteurella gas, 82 1656

Pasteurella granulomatis, 82.1650, 82 1653

P asteur e I ls haemo ly tic a

infections in animals, 82.1653

reclassification, 82 7650. 82 7653

Pasteurella langaa, B2 1651 (Tab )

classilication, 82 1650

infections in animals, 82.1654

Pasteurella leonis, 82 765U3

Pasteurella lymphangitidis, 82 7652 (Tab.)

classification, 82.1650

Pasteurella maiiii, B.216-52 (Tab )

classification, 82.1650

Pqsteurella multocida, 82 1651 (Tab ),
827654 5

antibacterial susceptibilityhesistance,

82 1655

B ordetella bronchis eptica relationship,

82 1810

classification, 82.1650

culture and identification, 82 1655

infection, B2.1.654-5

clinical significance, B2.7654-5

epiglottitis, 81.613

mastitis,81.230

pneumonia, 81.637

pulmonary, B1.637

infections in animals, 82.1654, B2.1810

cattle,BZL6534

fowl cholera,B.276534

mastitis, B1230

pneumonia, B1 637

rabbits, 82.1654

swine, 82.1653-4

treatment, 82 1655

as normal microbiota, 81296 (Tab.)

subspecies gal/lcida, 82 1651. (Tab.)

subspecies multocida, 82 1651 (Tab )
infections in humans, 82 1650-3

subspecies septlca, 82.1651 (Tab.)

classification, 82.1650

infections in hunans, 82.1650-3

subspecies tigns, B.2.1650-3

virulence factors, 82.1653 4

capsules, B2.1.6534

lipases, 82 1653-4

toxin gene, toxA, B21.6534

P asteur e lla nov icida, Bl 99

Pasteurella phocoenarum, 82.L650-3

Pasteurella pneumotropica, 82 7652 (Tab ),
B.21655-6

culture, 82.1656

identification, 82 1656

infections in humans, 82 1655-6

transmission, 82 7655-6

Pasteurella seminls, 82.1650

P asteur e lla s ky ensis, 82.7650-3

Pasteurella stomatis, 82 1651 (Tab ),
B.21.656J

classification, 82.1650

infections in humans, 82.165U3, B.2.1.656

P asteurella testudinis, R2 1,652 (T ab.)

classification, 82.1650

infections in animals, B2 1654

Pasteurella trehalosi, 82 1-652 (Tab.)

classification, 82 1650, 82 1653

Pasteurella ureae, 82.1650, 82.1658 9

P asteur e I la v o lantium, 82 1650

infections in animals, 82 1654

Pasteurization, B1.269, Bl 271, Bl 446

cream, 81 248

eggs, 81.269, 81.277, BI279

mllk, 8L 232, 81.232 (F ig.), B1.233, 81.236

yogurt, 81.248

Patents, species, 81.31-2

Pathogenesis of bacterial infection, B1.294

Pathogenicity (bacteria), B1.1.46 :7

colonization, 81.147-50

host/species-specific tropisms, Bl 747 -8

surface adherence, BI 1-47

definition, 81.146

establishment, B1.7

evolution within host, 81173-5

immune defence avoidance, B1 153-5
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Pathogenicity (bacteria) (Continued)

infi ltration, 81 152 3

mechanisms, Bl 141-65

motil i ty, 81 151-2

proliferation, 81.150-1

iron scavenging, B1.151

sensory networks, B1 165-73

iron-dependent repression, B1 165-6

quorum sensing, Bl 169-75

two-component signal transductlon
systems, 81 167-9

signal transduction subversion, Bl 164-5

toxins, 81.155-60

see also specific toxins

see c/so Virulence factors; individual
m echan i.sms: indi v iduo I :pecies

Pathogenicity islands (PAIs), 81 118-19

Pathogen-related oral spirochetes (PROS),

82 1859-60

Pathogens, definit ion, B1 146

pBR322 cloning vector, 81.119-20

PCR see Polymerase chain reaction (PCR)

Peanuts, B1 286-7

Pectinatus, 82.1930

Pectobacterium, 82 1330 (Tab.)

Pedicoccus, intrinsic anti-glycopeptide activity,
81 480

Pediculus humanus, Bl 753

Peliosis hepatit is

Bartonella infection, 82 1894

erythromycin treatment, 82 1899

Pelvic infl ammatory disease

Enterococcus, 82 896

M ycop lasma hominis, Bl 669

PenA gene,821291

Penam, 81471 (Fig )
Penicil l in(s), Bl 473-6

antibiotic-associated diarrhea due to,

B21.120

classification, Bl 473-5, 81 475 (Tab )
drawbacks, B1 473

in gas gangrene, 82 i115-16

gingivit is treatment, Bl 614

intracranial abscess, 81 588-9, 81 589 (Tab )
oral derivatives, 81 473

pharmacology, Rl 475-6

blood-brain barrier, B1 475-6

resrstance

discovery, B1 363

Enterococcus, 82 891, 82 892,
82 892 (Tab )

evolution, 81.30

Neisseria, 82 7277 , BZ 7291., BZ 1292 (T ab )
Neisseria gonorrhoeae, Bl 667

N e is seria meningitidis, Bl 566

Staphylococcus, 82 793-801

S tr ep t o c o c c us, BZ 867 -z

Streplococcus pneumoniae, Rl 577, BI 632

Veillonella, B21375

specrrum of aclivity. Bl 471-5

Act i nobac il I us act inom ycetem com itans,
B21664

Bacillus anthracis, BZ 937-8

Cardiobacteium hominis, R2 1672-3

Edwardsiella, 82 14912

Eikenella corrodens, 82 1668

Hat'nia,B2.1493

Leminorella, 821496

Listeria, B.2.957-8

Pasteurella multocida, 82 1655

Proteus, BZ 7441-3

Yokenella, B.21498

in syphilis, 81.662-3, 82 7857 -8

see also specific types

Penicil l inase

Neisseria gonorhoeae producing, 81.363,

821277

plasmid resistance genes, Bl 111

synthesis, 81 111

Penicil l in-binding proteins (PBPs), 82 1291

plactam antibiotics, 81 471

mecA gene (methicillin resistance), Bl 111

Penicil l in G see Benzylpenicil l in (penicil l in G)

Penicillium

foods

cereals, B1.284

cheese spoilage, Bl 252

fruit, 81 282, 81.283

herbs and spices, 81.287

meat,81276

vegetables, 81 281

soil/plant associations, 81 199-200

P e nic i I I ium came m b e rt i

cheesemaking, 81 252

cheese spoilage, Bl 252

P e nici I lium g laucium, Bl 252

Penicillium ro quefortt

cheesemaking, 81 252

cheese spoilage, B1 252

P e nicil lium v e micul qtum, Bl 2,83

Pentose phosphate pathway, 81 57-8

reductive (Calvin cycle), 81.62

Pentoses, fermentation, Bl 57-8

HDP pathway, 81 57

heterolactic acid fermentation, 81.58

hexose monophosphate pathway, 81 57-8

pentose phosphate pathway, Bl 57-8

Peptic ulcer disease

Helicobacter infection, 82 1564

Helicobacter pylorl infection, 82 1580

recurrence, 82.1574

Peptide antibiotics, Lactobacillw, 82 866

Peptidoglycan (PGN), Bf 42-3

cross-links, B1 42-3

discovery, B1.12

Enterococcus, 82 886-7

gram-positive bacter ra, Bl.44I 2

Shigella, B2.1390

spore, Bl 439

synthesis, 81 42-3

P ep tino p hi lus, 82.91. +15

classification, B2904,82 905 (Tab )

identifi cation, B.2.906-:7

Peptinop hilus asaccharolyticus, 82 9L4-15

biochemical characteristics, 82 908 (Tab )

classification, 82 904-5

clinical importance, 82.910

normal microbiot a, 82 907 -10

as nornal microbiota, 82 910

Peptinophilus harei, 82 915

biochemical characteristics, 82 908 (Tab )

classification, 82.905

P e p t ino p hilw indo licus, 82 915

biochemical characteristics, 82.908 (Tab.)

P e ptino p hi lus iv ori i, 82.915

biochemical characteristics, 82 908 (Tab )

classification, 82 905

P e ptinop hi lrc lauimalis, B2 915

biochemical characteristics, 82.908 (Tab.)

classification, B.290+5

Peptococcaceae, 82 9034

P e pto co ccus, 82.9034, BZ 9\ 5-L6

classification, 8.29034, 82 905 (Tab )

changes, 82 904

identilication, 82 906 7

Peptococcus anaerobius, 82 9O4

Peptococcus niger, 82.904, 82.908 (Tab.),

82975 1.6

as normal microbiota, 81296 (Tab)

Peptoniphilus, 81 296 (Tab )

Pep to s ft eptococcu,r, 82.833-5, 82 9034,

B29T6

classification, B.2.9034, 82 905 (Tab )

changes at genus level, B290+5,

82.906 (Tab )

identification, B2906J

infection

bacteremia, 81 523

bacterial vaginosis, B1 665

conjunctivitis, B1 600

gingivitis, B1 614

intracranial abscess, 81.584-5

oral cavity abscesses, 81 618

normal microbiota, 81296 (Tab )

oral cavity, B1.609

Peptostreptococcus anaerobius, 82 976

biochemical characteristics, 82 908 (Tab )

classification, 82 904-5

clinical importance, B2.910

identification, 82 907

normal microbiota, B2 9L0

pathogenicity and virulence factors, 82 911

Pe p I ost re p t oc occ u s a sa cch a rol y ti c u s see

P ep tino p hi lus as ac c har o I y t icus

Peptostreptococcus barnesae see Gallicola

bamesae

Peptostreptococcus harei see Peptinophilus

harei

Pep tostre ptococcus heliotrinreducens, B.2.904

Peptostreptococcus iv orii see P ep tinop hilus

LVOnt

Peptostre ptococcus lacrimalis see Peptinop hilus

lacrimalis

Pep tostreptococcus lactolyticus see

Anuer o c o c cus lacto lyticus

Peptostreptococcus magna see Finegoldia

magna

Peptostreptococcus micros see Micromonas

mlctos

Peptostreptococcus octavtus see Anaerococcus

octavius

Peptostreptococcus prevotii see Anaerococcus

prevotu

P ep tostreptococcus productrc, B.2.904

P eptostreptococcus tristmilis, 82.905,

82 908 (Tab ), 82 917

Peptostreptococcus vaginalis see Anaerococcus

vaginalis
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Peracetic acid, 81.429

action, Bl 437 (Tab.), 81 439

low-temperature steri l ization technologies,
81 453

Percutaneous spread of infection, 81 310,
8t.329

Perfloxacin

Haemophilus, B.21710

structure, 81 a9a (Fig )

Performic acid, B1.453-4

Perihepatitis, Chlamydia truchomstis infection,
Bzz0rv11, 82 2011 (Fig )

Perinephric abscess, B1 673

Periodic acid-Schiff (PAS) stain, Tropheryma
w hip p e lii, 82.998-1000

Periodontal diseases

abscesses, 81 614

Act i nobaci I I u : oct inomycercmcom itans,
82 1549-50,B.21662-3

Campy lobacter, 82.1549-50

Capnocytophaga, B.2'l 67 4

Eikenella corrodens, 82 766'7

E ub ac terium, B.2.1029 -30

spirochaetes causing, 82 1859-60

Perioral spaces, infection, B1 629

Peripharyngeal spaces, infection, Bl 629

Peripheral neruous system (PNS) infection,
C hlamy d ia p ne umo niae infection,
B.2.2017

Periplasm, B1.43

Periplasmic-binding protein-dependent

transport systems, B1 49

Periplasmic space, 81 43

Peritoneal dialysis, infection, Bl 38G7

Peritoneum, nosocomial infection, Bl 386-7

Peritonitis

causative organisms

Gordonia erythropolis, R2 7152

N ocard.ia asteroide s, 82.7158

postoperative, B1 386-7

Peritonsilar abscesses, B1 618, 81 629

Periwinkles, B1 280

Permeabil izing agents, 81 428, Bl 436

Peroxidase test for milk, B1233, R1234

Peroxide, spore sensitization, B1 439

Peroxygens, Bl 423 (Tab.), 81.428-9

Persistence thresholds, 81 340-1

Personality changes, infective endocarditis,
B1.535

Pertactin (PRN), B ordete lla, R2 l7 89,
B2 1789 (Tab )

Pertussis, B1645 
'7

attack rates, 82 1807

causative agent, 82.1807-10

see also Bordetella pertussis

clinical course, 82 1808 (Fig.)

clinical features, Rl 646, R2 1807

catarrhal and paroxysmal stages, 82 1807

cough, Bl 646

control, 81.349

diagnosis, B1 646

epidemics, B1 349

notifications, Bl 3a9 (Fig )

epidemiology, 81.645-6

immunity, B1 349

pathogenesis, Bl 646, 82 1807 -70

sequence of events, 82 1808 (Fig )
pertussis toxin role, 82.1798-9, 82.1810

prevention, Bl.646J

respiratory tract infection, 81.627

transmission, B1 645-6, 82 1807

vaccine effect on, 81 349

treatment, 81.646, 82 1.7 934

immunotherapy, 82.1794

vaccines/vaccination, Bl 349, Bl 645-7,
B21798 9, 82.1809-10

acellular, 8I.647,82.1798 9, 82 1809-10

adverse reactions, Bl 325-6

brain damage due to, 81 645-7

effect on herd immunity, B1 349

filamentous haemagglutinin, 81 647

multicomponent, 82 1809

outer membrane protein, B1 647

public reaction to adverse effects, 81.647

schedules, Bl 646-1

rrials, 81 324

uptake and usage, 81 349

whole cell, 81.646J, 82.1809 10

Pertussis toxin (PT), 81 627, 82 1789 (Tab.),

B21797-9

activities, 82 77 97 -8, 82 1798 (Tab.)

adhesin activity, 82 1798

antibodies, 82 1792

invasion of eukaryotic cell, 82.1798

pertussis pathogenesis, 82 1798-9, 82 1810

protein complex, 82 1798

secretion, BZ 17 89, B2.I7 98

Pertussis toxoided form (PTd), B.21798-9,

82 1809

Pesticin II, 82 1467

Petroleum products, bioremediation, B1.201

Pfeiffer, R, Bl 7

P-glycoprotein, 81.440

pH

antibacterial activity, Bl 432

B rucella cultur e, B.2.1735

microbial growth effect, B1266-7

susceptibility/resistance to

Campylobacter, 82 1545

Mycobacterium, 82 7276

pH 60 u-acetolactate-synthesizing enzyme,

B1.55

Phage see Bacteriophage(s)

Phagocytosis

alveolar macrophage function, B1 624

Bordetella invasion/survival, 82 1806

discovery, B1 7

historical aspects, B1 7

inhibition by, Clostridium perfringens,

B21113

passive, Q fever, 82 2077

reduced activity and respiratory infection,

Bt 626

Phagolysosomes, Coxiella burnetii, 82 2073,

822077

Pharmaceutical industry, airborne bacteria

monitoring, 81.189-90

Pharyngitis, B1 610-12

car r ie rs ,81 .611

causative organisms, Bl 611-12

non-group A streptococci, Bl 677-72

clinical manifestations, B1 611

epidemiology, B1.610

pathogen identification, Bl 610, 81 611

culture, B1 611

DNA assays, 81.611

immunoassays, 81.611

seasonality, 81 611

transmission, 81.610

treatment, 81611

Pharynx

abscesses, 81.618

anatomy, 81.607

Phase-contrast microscopy, B1 714

soil bacteria analysis, B1 207

Phase variation

Neisseria, 82 1279, 82.1284

Salmonella Typhimurium, 81 90

Phenazine pigments, Pseudomonas,

B.2.1.596-7

Phenethicillin, structure, BI a7 a Fig )

Phenols, 81.422,BI.423 (Tab )

actions, 81.437 (Tab.), 81.438

concentrations, 81 a31 (Fig )
pH,B l43Z

Phenotype

adaptation, 81.80-1

permanant change, B1.81

reversion, Bl 81

definition, 81 80

Phenotyping

Actinomyces, 82.1013

Helicobacter, 82 1570

2-Phenoxyethanol, BI 427 , Bl 438

action, B1.437 (Tab.)

Phenoxymethyl penicillin, 81 473

pharmacology, 81 475

structure, 81 a7a (Fig )

Phenylalanine deaminase

Enterobacteriaceae identification,

82 1319 (Tab.)

Proteus,82.1435

Phenylethanol, B1.427

2 -P heny lphenol, 81.422

Pheromones, Enterococcus, B.2.886, BZ 896-7

Philomiragia bacterium, 82 1459

Phlebotomists, needlestick injury, 81.760,

B1767

Phlomobacter fragariae, 82 1330 (Tab )

Phomopsis,8I282

Phosphatase test of milk, 8L233,81.234

Phosphatidylcholine, B rucella, 82.1724

Phosphatidylglyc er ol, B ruc e lla, B.2.I7 24

Phosphoenolpyruvate, B1 50

Phosphoenolpyruvate carboxylase, B1 61

Phosphoenolpyruvate phosphotransf erase
(PTS) system, 81.50, 81.71

bacteria containing, B1.50

in catabolite repression, 81.50, 81.73

P-EI and P-EII enzymes, 81.50

process, 81.50

Phosphofructokinase (fructose-6-
phosphokinase), 81 51, 81 58, B1.59

6-Phosphogluconate, B1 59

6-Phosphogluconate dehydrogenase, 81 57,

81  59
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6-Phosphogluconic acid, B1 57

Phosphoglycerate kinase, Bl 51

Phosphoglycerate mutase, 81 51

Phosphoketolase, B1 58

Phospholipase(s)

functions, Bf 153 (Tab )
leptospires, 82 1873

Phospholipase C, Burkholderia thailandensis,
B27624

Phospholipids, cell walls, 81 43

Phosphomycin, Listeriq, 82 957 -8

Phosphoribulokinase, B1.62

Phosphorylation

glucose, Bl 50-1

oxidative, B1 64-5

Photobacterium, 82.1330 (Tab )
classification, B2.1507

Photobqcterium dams elae, RZ 7512-1,4,
82 1515 (Tab )

classification, 82 1507

culture, 82 1509-10

habirats, B2 1508-9

merabolism, 82 1510

molecular typing, B2 1516

pathogenicity, 82.1517

Photochromogens, 82 1181

Photoreactivation (light repair), B1 87-9,
8I.451-2

Photorhabdus, 82 1330 (Tab.), 82 1498

Photorhabdus asymbiotica

biochemical tests, 82 1319 (Tab )

classification, 82.1336

Photorhabdrc lumiscens

biochemical tests, 82.1319 (Tab )

DNA hybridization group 5 see
Photorhabdus asymbiotica

Photosynthesis, B1 67-8

cyanobacteria, 81 68

green sulfur bacteria, 81.68

nitrogen fixation, Bl 201

purple photosynthetic bacteria, B1 67-8

Phthalylsulf athiazole, Bl 497

Phylogeny

Aeromonas, 82 I53O

Archaea, 81.30 1

bac ter ia ,  B l24 ,BL26

Bacteroides, 82 1917 (Fig.)

Bordetella, 82 1787-8

Cyanobacteria, B1 3O-1

Eukarya, Bl 30-1

Francisella, B.2.\752, 82l7 53

Leptospires, 82 187 6, 82 1877 (Fig.)

pertussis toxin, B2 1788

Porphyromonas, 82 1917 (Fig )
Prevotella, B2 1917 (Fig )

Pseudomonas, 82 1592-3

P hy s a I o s p o ra o b tus q, 81.282

Physical agent susceptibil i tyiresistance,

Bt42L45

see also irulividual species; specific agents

Phytoplasmas (undefined taxonomic status)

characteristics, 82 1958 (Tab )
classification, 82 7967, B.2.1968

definit ion, 82 1957

Pichia kluyveri,81282

Pickling

food processing and preservation,

81.268 (Tab.)

pigs feet, 81 275

Pig(s)

atrophic rhinitis, 82 16534, 92 1795,

82 1810

barns, airborne bacteria, 81 189

infection

Actinobacillus equuli, 82 7665-6

Act inob ac illus p leuro pneumoniae, 82.1,662,

82 1665-6

Actinobacillus suis, 82 1665-6

C ampy lo b act e r, B2.7 5 50

Pasteurella aerogenes, 82 1.656

P as teur e lla mul to cida, 82 76534

Mycop luma hy opneumoniae vaccination,

B.2.79934

pleuropneumonia, 8.2.1662, 82 7665-6

proliferative enteropathies, 82 1550

Yersinia enterocolitica r eserv oir, Bl 27 4

see a/so Swine

Pig-bel, 82.1118 19

Piglets

E s c he rtc hia coli, vero-cytotoxin-producing

infection,B.2.1378, 82 1378 (Fig )

hemorrhagic enterit is, 82 1378, 82 1378 (Fig.)

Pigment formation

Aeromonas, B2.1529

Enterobacter agglomerans complex, 82.1345

Enterobacteriaceae culture, 82.1345

Enterobacter sakazakii, 82 L345

Leclercia adecarbotylata, 82 1345

Serratia, B.2.1345

Pilin, 81 44, 81 101-2

Neisseria, 82 1276, 82 IZ78-9

Pilus (pili)

Aeromonas, 82.7528

Bqrtonellq henselse, 82 1887

Burkholderia cepacia complex, 82 161.4

composition, 81.zl4

conjugative (sex pil i) see Conjugation.

bacterial

Escherichia col/, 81 101 (Fig.)

Moraxella (Branhamella) cataruhalis,
B.2L307

Neisseria, 82 L278-80

structure, B1 116-17

Pinra, 82 1839 (Tab.)

clinical features, 82 1859

Piperacillin

E ntero b acter, BZ 1.4844

Pasteurella multocida, B2 L655

structure, B1 474 (Fig.)

PIRO concept, 81 510
'Pitted keratolysis,' 82 1151

Pittman types, B1.757

Pivampicillin, 81 475

Placenta, Mycobacterium /eprae transmission,

B2.7204

Placentit is. Chlamydia psirraci infection.

B22075

Plague

in animals, 82 1459

bubonic, treatment and prevention, 82 1466

clinical forms, 82.1462

endemic areas, 82 1459

epizootic hosts, 82.1459

etiology see Yersinia pestis

flea vectors, 82 1459

historical perspective, 82.1318-31

pneumomc

bioterrorisn, 81364

re-emergence, B1 364

surveillance, 81.317

transmission, 82 1459

treatment, 82 1466

Plant-bacteria interactions, Bl 197 -9

alder-Frankia associations, 81.201

biofilms on root surface, Bl1.99,BL2O5-:7

biogeochemical transf ormations,

B1799-201

biomass, 81 198-9

commensal relationship, 81.197

communities, B1.198-9

heterogeneity, physiological and spatial,

81 t 98-9

leaves

new, 81 198

surface, 81 198

wettability, 81 198

legume-rhizobia associations, B1 201

metabolic activity, 81 198-9

methodologies for study, 81.195

mutualistic relationships, B1 197-8, 81 201

nycorrhizal association, B1 197

nitrogen status, B1.197

nodule formation, 81 201

parasitism, B1.197

phyllosphere (aerial plant parts), 81.197,

81 198-9

allocthonous microbes (noncolonizing),

81 198

carbon and mineral source, 81 198

endophytic habitats (plant interior),

B1.198

environmental factors impacting
populations, 81 198

epiphytic microbes (aerial colonization),

81 198, 81 201

leachates, 81 198

phylloplane (plant surfaces), 81 198

recovery of populations, Bl2O4-5

sampling, 81.20+7

relationship types, 81.197

rhizodeposition, B1 197-8

rhizosphere see Rhizosphere

studies, 81 198-9

techniques, 81.199

symbiotic relationships, 81 201

see also individual species

Plant growth-promoting rhizobacteria (PGPR),

Bt202-3

Plantibodies, 82.1994

Plant pathogens, Bl 2024

animals, B1 203-4

diseases associate d, B1.202

entrance into plant, 81 202

medical and veterinary significance,
B1.2034

mycoplasmas, B.2.L965-6,
8219854
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Plant pathogens (Continued)

taxonomy, 81 202

util i ty, 81.202

virulence determinants, B1.202

Plants, biological control

insects, Bl 198, 81.203-4

pathogens, B1 198

Plaque-counting, virucidal activity, 81 435-6

Plaque formation, Coxiella burnetii,
B.2.20734

Plaque morphology, bacteriophage analysis,
B l  142

Plasmid(s), 81.81, B1 106-17

antibiotic synthesis, 81.1 13-14

bacteriocins, Bl136-7

bacteriophage inhibit ion, 81 115-16

biocide resistance, 81.442, Bl 444

classification, Bl 1-16J

c lon ing  vec tors  see Gene c lon ing

conjugation genes, 81 110

ruob genes, Bl 110

copy number, 81 108

high, 81 109

low, Bl 108, 81 109

plasmid incompatibility, Bl 108

discovery, 81 13

electrophoretic analysis, Bl 405

elimination, Bl 107

evolution, BI1-16 7

generalized transduction, Bl 105

genes, Bl 107-8

antibiotic resistance, 81 110-11

horizontal transmission, 81.1 10

replication, B1 107

restriction endonucleases, Bl 115

rolling circle replication, B1 107

0 replication, Bl 107

vertical transmission, 81 110

historical perspective, 81 106

host specil icit ies, 81 116

incompatibil i ty groups, 81 116-17

host range, B1 117

pili structure, BI 116-17

inheritance srabil ity, B1.107

mapping, 81 116

metabolic characters, 81 115

molecular biology applications, 81 107

partit ion systems, 81.109

high copy number, Bl 109

low copy number, 81 109

par functions, B1.109

post-segregational kil l ing, 81. 109

low copy numbers, 81 109

mode of action, 81.109

resistance plasmid R1, B1.109

replication, 81 81-2

mediation, 81 108

resistance genes (R plasmids), B1 106,
81 112 (Tab ), 82 1530

P-lactamases, BI L71-72,

81 rr2-73
Esc heic hia coli, 82 127 6

fluoroquinolone resistance, Bl 113

host specificit ies, 81 116

mutational evolution, 81.113

non-antibacterials, B1.114

origins, 81 112-3

penicil l inase synthesis, B1 111

species, 81 113 (Tab )

trimethoprim resistance, B1 113

as virulence factors, Bl 115

size, 81.107-8, 81 108 (Fig )

by species

Aeromonas, B2.1529-30

Bacteroides, 82 1931

Borrelia,B21823 5

Brucella, 82 1730

Burkholderia cepacia, BZ 7675

Campylobacter, 82 1546

Clostridium, B2.lO92 3

Coxiella burnerii, 82 2074-5

Enterobacteriace ae, B.2.1344

Enterococcus, 82 886, 82 896

Escherichia coli, B2 7276, 82 1.371

Haemophilus, B21.697

H elicobacter, 82 1.567 -8

Legionella, 82 I770

leptospires, 82 1875

Listeriu,B2.956

Mycobacterium, 82 1188-9

mycoplasmas, 82 1974

Neisseia, 82 7276, 82 1217

Pseudomonas, 82 1597

S almo ne lla, 82.1. 409 -1 0

Stap hy lococcus aureus, 82 7 90-2,

82.79L2

Streptococcus, 82.839

Vibrio,B21512

Yersinia, 82.1460 \, 82 1463-5, 82 1468

Yersinia ruckeri, B2 1470

virulence factors, 81 114-15

resistance genes, Bl 115

visualization, Bf 108 (Fig )

Plasmid RP1, 81.118 (Fig.)

Plasminogen activator protease, Yersinia pestis,

B27469

Plasmodium falciparum, fusidic acid effects,

Bl 488

Plastics, bioremediation, 81 201-2

Plastic surgery, post-operative infections

M y cobacterium abscessus, 82 7247 -8

Mycobacterium chelonae, 82 1252

M y co b acte rium s me gmatis, 82 7261

Plate count test

for milk,812334

for water,BI.222

Plesiomonas, 82 1330 (Tab )

classification, 82 1507

changes to, 82 1336

enterobacterial common antigen, 82.1343-4

Plesiomonas shigelloides, B2.1.512 1.3,

82 1513 (Tab )

biochemical tests, 82 1319 (Tab.)

intestinal infection, 82.1347

Pleural effusion, pneumonia complication,

B1641.

Pneumococcal meningitis, Bl 569-7 4

bacteremia, B1 519, 81.569

clinical features. 81.570

epidemiology, 81.569

risk factors, 81 570

incidence, 81.569, B1.570 (Fig.)

management of contacts, 81.571

maternal immunization effect, Bl 572

mortality and morbidity, 81.569, 81570

outcome, 81.570

prevention, B1.577-2

antibiotic prophyaxis, 81.572

antibiotic prophylaxis, 81.572

vaccination, 81.571.2

recurrent, 81 571

treatment, 81 571

antibiotics, 81 571

contact management, B1.571

steroids, B1.571

Pneumococci see Strcptococcus pneumonioe

Pneumocystis carinii, nosocomial infection,

B1.403

Pneumonia, Bj.62945

animals, Rhodococcw equi causing, 82 1167

aspiration, 81.641, 81 643 (Tab.)

causative organisms, B1 6a3 (Tab )

causative organisms

C h I amy dia pneumoniae, 82 2O16

Chl amy dia p s ittaci, B'2.2014-15

Str ep to c o c cus pneumoniae s e e

S tr e p to c o c cus p neumoniae infection

chronic, B1.644

classification, 81.629

community-acquired see bel or,

complications, Bl 641.4

empyema! B1641.-3

necrotizing pneumonitis and lung abscess,

8r.6434
pleural effusion, 81 641

in HIV infection, 81 645

immunocompromised patients, Bl 644-5

nosocomial, 81 389, 81.640-1

causative organisms, 81 389, 81 640 (Tab.)
B1.640-1,

conditions predisposing, 81.389-90

definition, B1.640

elderly, 81 393

frequency and factors increasing, 81.640

mortality, 81640

pathogenesis, B1.640

prevention, Bl 390, Bl 641.

treatment, BL 641, Bl 642 (T ab.)

viral, 81.640-1

pathology, 81 629

Pittsburgh, B1.635

primary atypical, 81.633

M y co p I as ma pneum oniae, 82 1983

see also lVlycoplasma pneumoniae

Pneumonia, community-acquircd, BI 629-30

causative organisms, 81 630-7, 81.631 (Tab.)

C oxie I la b umetii, Bl 636

H aemo p hilu influen zae, B1..636J

L e gio ne lla pneumop hila, Bl.63M

M y c o p las ma p neumoniae, B1.6334

S tap hy lo co ccus aur eus, 81.636

Streptococcus, Bl 637

Streptococcus pneumoniae, 81.630-3

gram-negative bacillary, 81.637
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Pneumonia (Continued)

incidence,B1629 30

management, 81 638

antibacterial therapy, 81 638

mortality, 81630, 81630 (Tab.)

other causes, 81.637

severe cases, B1.638-40

symptoms, B1 630

Pneumonic pasteurellosis

cattle, B2 1654

sheep, 82 1654

Pneumonitis

chemical, B1 641

necrotizing, 816434

causative agents, 81.644

diagnosis and treatment, 81 644

Q fever,B22076

P odov iridae bacteriophage, 82 1535

Point mutations, B1 8zl-6

base analog incorporation, Bl 8,1-5

base pair substitutions, B1 84

intergenic suppression, 81.86-7

pseudorevertants, Bl 86

frame-shift mutations, Bl 84, 81 85

acridine dyes, 81.85

pseudoreversion, B1 85

mis-sense mutations, Bl 86

reversion mutants, 81 87

nonsense codons, B1 86

tautomeric shifts, 81.84, Bf 85 (Fig )
transitions, B1 84-5

transversions, Bl 84

spontaneous, Bl 85

Polar events, transposable elements, B1 94

Poliomyelitis

epidemics, Bl 353+, 81.353 (Fig )
eradication, 81 345, 81 346, 81 353 4

hygiene control, Bl 353-4

laboratory worker immunization, Bl 767

notifications, 81 353 (Fig )
vaccine, 81 339

Polioviruses, antibacterial agents, 81 440

Pollution

atmospheric

denitrification process contribution, B1.200

respiratory tract infection, B1 626

bioremediation, Bl 1.99, Bl 20I-2, Bl 212

Poloxamers, B1 425

Poly-3-hydroalkanoates, 82 I 594

Polyacrylamide gel electrophoresis (PAGE)

Actinomy ces identilication, 82 1013

Bacil lus,B.2945

B ifi d o b acte r ium, R2 70254

Haemophilus, B.21705

Leptonema, 82 1877

sodium dodecyl sulfate, 81 25

Bacillus cereus flagella antigen, 82.929

Enterococcus, 82 890, 82 890 (Fig.)

see c/so Pulse-field gel electrophoresis
(PFGE)

Polyhexamethylene biguanides (PHMB),

Bt 426

actton, Bl 437 (Tab ), 81 438

Polyhydroxybutyric acid (PHB), 81.42

Pseudomonas accumulation, 82 1594

Polymerase chain reaction (PCR), 81 25,

8126,81727-2,Bt725-7

amplicon recovery, 81 121

applications, 81..725J

botulinum toxin, 82 1063

contamination and contamination control,

B1-727

disease diagnosis

bacterial meningitis, Bl 559-60

Carri6n's disease, 82 1890

cat-scratch disease, 82 1895-7

endophthalmitis, B1 603

human brucellosis, 82 7739, 82 77 40

Lyme borreliosis, BZ L829

Q fever, 82 2077

tularemia, 82.1754

in situ,81.726 (^lab.)

principle, 81.725 :7

process, B1 725-5

sample type

blood, B1 559-60

cerebrospinal f luid, 81 559

site-directed mutation, B1 89-90, B1 90 (Fig )

species detected, 81.755-6

aerobic actinomyceles, 82 1746 7

Aeromonas, 82 L532, 82 7534

airborne bacteria, 81 191

Anap lasma p hagocytophilum, BZ 2064-5

Bacillus anthracis, 82 937

Banonella, 82 1895-7

Bartonella henselae, 82 7897

B orde tellq pertussis, 82.17 92

Bonelia, 82 7827

Brucella, 82 l l2l

Bur kho lderia cepacia, B2.1.614-15

Burkho lderia p s eudomalle i, 82 1,61,920

Bur kho lderia thailarulensis, 82 1620-l

C hlamy dia, 82 2006, 82 2078-L9

C orynebacte rium dip htheriae, 82.984

E hr lic hia c haffe e ns is, B2.2064-5

Enterobacteriaceae, 82.1351

Ery sipe lo thrix rhusio pathiae, 82 97 0

gram-positive anaerobic cocci, 82 907

Haemophilw, 82.1704,B.2170a (Fig ),
B.2.1710

Mycobacterium, 82 7793

M y cobacterium tub erculo sis, 82 7195

Mycoplasma, 82 7996-7

Neisseria me ningitidis, Bl 7 5I

Proteus, 82 7445-4

rapidly growing my cobacteria, B.2.1244

Ricketrsia and Orientia, 8.22036

Shigella, 82 7391

soil bacteria analysis, Bl 206-7

S teno trop homonas maltop hilia, 82 1637

Streptobacillus moniliformis, 82 7971

S treptococcus py o genes, B2.858

Haemophilus ducreyi,81664 Polysaccharides

Helicobqcter,B2I574 Brucella, 827726-8

Helicobacter pylon,81774 discovery/history, 81 12

Legionellapneumophila,82TTT4 Polysorbates,Bl425,Rl432

leptospires, 82 1879, 82 1880 Pontiac fever, 81 635

methicil l in-resistantStaphylococcus aureus, clinicalfindings,821765
82 807 8 history, 82.1761

modifications, 81126 7,B1726 (Tab) mode of spread, B1.1gg

Tro phe ryma w hipp elii, BZ 999-1.002

Tropheryma w hipp lei, 82 7L47 -a

Yersinia,82.7463 5

target DNA quantity, 81 725

type

broad-range bacterial, Bl 726 (Tab )

multiplex, Bl.7 26 (T ab.)

nested, 81 726 (Tab.), 82.1147-8

quantitative, 81 191, Bf 726 (Tab,)

quantitative competitive, 81 726 ('tab.)

real-time see Real-time polymerase chain

reaction (RT-PCR)

repetitive element sequence-based,

81726 (Tab )

RFLP, 81.207

semi nested, 82 1147

semiquantitative or limiting dilution,

81..726 ('Iab)

Polymers, cellular, 81 42

Poly-methylmethacrylate (PMMA) beads,

81.699J00,81700 (Fig )

Polymorphonuclear leukocytes, respiratory

rract, 81.608

Polymyxin(s), 8I496-l

mode of action, 81 496

pharmacology, Bl 496

resistance, B1.496

spectrum of activity, B1.496

Listeria, 82 957-8

Seruatia,82.7488 9

structure, BI 496, Bl 497 (Fig )

toxicityiside effects, 81 497

see also specific types

Polymyxin B, spectrum of activity,

81.a99 (Tab.)

Polymyxin E see Colistin (polymyxin E)

Polymyxin-lysozyme-EDTA-thallous acetate
(PLET) agar, Bacillus anthracis, 82 934,

82.948

Polynuclear aromatic compounds,

bioremediation, B1 201

Polyphasic taxonomy, Bl 22 (^lab ), 81.26,

81 30, 81 33

Polysaccharide B, Brucella, 82 1724, 82 1728

Polysaccharide intercellular adhesin (PIA)

synthesis, biofilm formation, 81 149-50

see also Legionella pneumophila;

Legionellosis

Pony bites, Pasteurella caballi infeclion,

B21657

Population, world estimates, 81 360 (Fig )

Porcine parvovirus, 81.434

Porins, B1.43

Aeromonas, 82 L52&9

pJactam antibiotics resistance, 81.473

Brucella, B.21.724, 82 1728

Burkholdeia, 82.7613

Helicobacter, B2.L569
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Porins (Continued)

Neisseria, 82 1280-2

Pseudomonas aeruginosa, BZ 1.592 3.
82 1600

Porphyrin test, Haemophilus, 82 7701

Porphyromonas, 82 1924 (Tab ), BZ 7926-9

antibacterial susceptibility/resistance,

82 1930-1, B2.L935-6

mechanisms, 82 1935

antigens, 82 L936-7

ce l l  wa l l  compos i t ion .  82  l9 l5

classification, BZ 7973-17

criteria, 82 1914-15

phylogenetic tree, 82 1917 (Fig )

rRNA sequence analysis, 82 1915-17

infection

gingiviris, Bl 614

oral cavity abscess, Bl 618

molecular analysis, 82.1931-2

normal microbiota,81.296 (Tab.), 81 301,

82 19324

oral cavity, 81.609, 82 1933

pathogenicity, 82 1936_8

pigment production, 82 1.976 (Fig ), 82 1926

see also individual species

P orp hy romo nas asaccharo lytica,

82.1924 (T ab ), Bz 7926-:7

normal microbiola, 82 7934

Porphyromonas cangingivalis, 82 1924 (Tab ),
82 7927

Porphyromonas canoris, 82 1924 (Tab,),

B27927

Porphyromonas cansulci, 82.1924 (Tab.),

B21.927

Porphyromonas catoniae, 82 192a Qab ),
82 l92l

P o r p h y r o monas circumden tar ia,

B.21924 (Tab ), 82 1928

P orp hy romonas crev ioricans, BZ 7924 (T ab ),
B.21.928

Porphyromonas endodontalis, 82 1924 (Tab.),

B.21928

Porphyromonas gingivalis, R2 1924 (Tab ),
B2 1928

infection, gingivitis, 81 614

normal microbiota, 82 1932

pathogenicity, 82.1936_8

adhesion, 82 1937

environmental factors, 82.1936

exotoxins, B2.1937

invasion, B2.L93'7-8

LPS, 82 193G7

neutrophil and monocyte responses,
82 1938

proteases/protease inhibitors, 82 1938

P orp hy romonas gingiv icans, 82 1928

Porphyromonas gulae, 82 792a (Tab )

Porphyromonas levii, 82 7928-9

distinguishing feature, 82 7924 (Tab)

Porphyromonas macacae, 82.7924 (Tab ),
B21929

Post-abortion pelvic inflammatory disease,

C hlamy dia trac ho matis infection,

B220L2

Postgonococcal urethritis, Chlamydia

trschomatis infection, 82 2011

Postoperative enterocolit is, 82 1 119

Postoperative infections, Bl 37 4-5, 81.384-5

prevention, 81 387-8

see also specific infectktns

Post-replication recombination, DNA repair,

Bt457J

Post-segregational kil l ing see Plasmid(s)

Post-translational modification, recombinant

gene expression, 81 123

Potassium cyanide growth, Enterobacteriaceae

identif ication, 82 1319 (Tab )

Potatoes, spoilage, B1 267

Poultry, 81 276 8

chicks and poults, B1.276-7

infection

Pasteurella gallinarum, 82.1 654

Pasteurella multocida, 82 16534

infections, waterborne bacteria, 81.212,

Br21.8,Bt2234
normal microbiota, Bl 277-8, 82 1934

predominant pathogens, B1 276

preservation

ionizing radiation. Bl 27 I-2, Bl 27 8

oxygen-inpermeable fi lms, Bl 27 7 -8

production,81276 8

bacterial resistance emergence, B1 363

carbon dioxide in atmosphere, 81 277-8

chil l ing, B1 277

dressing procedures, Bl 277

feed,81276-'7

kil l ing after purchase, B1 277

live,81277

modern slaughter operations, B1 277

new stock quarantine, Bl 276

plucking (picking), 81.277

post-evisceration washing, B1 277

scatding, B1 277

stress, Bl 277

transmission of microorganisms between

birds, 81 277

washing, 81 277

safety assurance, B1 288-9

goYernment reforms, B1 289

Salmonella infection

breeder stock feed, 81 276

chick and poults colonization, Bl 276-7

eggs, internal contamination, Bl 276

improvement programs, 81 276

irradiation, 81 278

Iitrer,81277

live poultry and symptomless excreters,

BI277

new stock quarantine, Bl 276

other sources, 81 276

safety assurance, Bl 289

slaughter operations, B1 277

spoilage causes, Bl271 8

Poultry barns, airborne bacteria, 81.189

Povidone-iodine solutions, B1 425

Prawns, 81 279-80

Precipitin reaction, Streptococcus pneumoniae

detection, B1 756

Precipit in tests, B1 719

Pregnancy

bacterial vaginosis, 81 668

bacteriuria, Bl 679

Carri6n's disease, 82 1889

Chlamydia trachomatis infection, 82 2011

Group B streptococci colonization, 81.668

Listeria monocytogenes, Bl 669

syphilis, 82 1842, 82.1856,B.21857

tetanus immunization, 82 1065

Preoperative preparation

antiseptic treatment, 8L 387

surgical wounds, 81 38.t-5

Preservation, definition, B1 421

Pressure, hydrostatic, 81.450, 81 454

Pressure sores, osteoyelitis see Osteonyelitis

Preterm birth, bacterial vaginosis association,

81 668

Prevalence

definition, 81 310

period, 81 310

point, 81 310

studies, 81.313-1a, 81 314 (Fig )

Prevotella, 82.1921-6

antibacterial susceptibility/resistance,

821930-r,B21.935,6

mechanisms, 82.1935

ce l l  wa l l  compos i l ion .  82  l9 l5

classification, B2.'1913-77

criteria, 82 1914-15

phylogenetic tree, 82.1917 (Fig )

rRNA sequence analysis, 82 1915 16

distinguishing features, 82.1924 (T al:.)

genus delinition, 82 7921.-6

infection

bacterial vaginosis, B1 665

gingivit is, B1 614

oral cavity abscess, Bl 618

non-pigmented species, 82 1921

nomal microbiota,Bl.296 (Tab ), 81.301,

B.2.1.9324

oral, 81 609, B2 7932, 82.L933

vagina, 82 7934

pathogenicity, 82 7936 8

pigments, 82.1916 (Fig ), B.21927,B.21.932-3

see also intlividual species

P rev otella albensis, B.2.1925

Prevotella bivia, 82 97L,82.1925, 82 7934

Prevotella brevis, 82 7925

P rev o tella bry antii, B2 1925-6

Prevotella buccqe, 82 1925

Prevotella buccalis, 82 7923

Prevotellq corporis, B2.1923, B.21.924 (Tab )

Prevotella dentalis, 82 1.925

P r ev o te ll a d.e nt ic o la, 82 1.922, 82 1 924 ('l ab )

P rev otella disierc, 82.L925, B.2.1934

P rev otella enoeca, B.2.1925

Prevotella gulae, 82 1928

P revotella heparinolytica, 82 7925

Prevotella intermedia, BZ 1.922-3

adhesion, 82 1937

distinguishing features, R2 1924 ('f ab.)

invasion, 82l%7 4

normal microbiot a, B2 7932, 82 1.934

Prevotella loescheii, 82 1,922, 82 1924 ('fab ),
B.27932

adhesion, B2.1937
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P rev ote lla me laninoge nicus, 82 1922,
82.1924 (Tab )

infection

intracranial abscess, Bl 584 5

stomatit is, 81 614

normal microbiota, 82 1934

Prevotella nigrescens, R2 1922-3, R2 1938

distinguishing feature, 82.1924 (Tab )
Prevotella oralis, R2 7923

Prevotella oris, 82 1925

Prevotellq oulora, 82 1925

Prevotella pallens, 82 1923, R2 1924 (Tab )
Prevotella ruminicola, B.2.1925, 82 1934

Prevotella sqlivae, 82 7926

Prevotella shqhii, 82 1926

Prevotella tannerae, 82 1924 (Tab.),B.21,925

Prevotella veroralis, 82 7923

P rev otella zoo gleoformans, B.2.7923-5

Primary atypical pneumonia (PAP), B1 633

Prions, B1.43zt-5

transmission prevention, 81 380

Pristinamycin, 81 489

Privileged site infections, Bl 7 47 -8

Probabil ity, B1 316

Probe hybridization, Bl 725

applications,B1725 6

definirion, B1 725

Procaine benzypenicillin, Bacillus anthracis,
82937 8

Procalcitonin levels, acute-phase response,
Bl'740

Process validation, steri l ization, B1 454.-5

Proctitis, Chlamy tlia t rac ho ma tis infection,
822012-13

Pro f lav ine .  as  mulagen.  B l  85  .b

Programed cell death (PCD), 81 443

Proinflammatory cytokines, Chlamydia
infection, 82 2009

Prokaryotes, Bl 11

plant relationships see Plant-bacteria
interactions

see also individual species

Proliferation, bacterial pathogenicity,
81 150-1

Promoter genes, 81 126

Propamidine, Bl 426

Properdin deficiency, meningococcal disease
in, 81.564

p-Propiolactone, B1 430

Propionate metabolism, Fusobacterium,
B21945,B.21948

P rop ionibac terium, 82 10302

an l ibac ter ia l  suscept ib i l i t y / res is tance.
82 1032

metronidazole, Bl 495

cell walls, 82 1010 (Tab ), 82 1031

classification, 82 1031 (Tab )
genus definit ion, 82 1030

culture, 82 1031

differential characterisrics, 82 1032 (Tab )
glucose phosphorylation, 81 50-1

habitats, 82 1031

dairy products, 82 7O30-I

historical perspective, 82 1030-1

isolation, 82 1013, 82 1031

norphology, 82 1031

as normal microbiota, 81 296 (Tab ), 81.303,
B1.304

pathogenicity, 82 1032

propionic acid fermentation, BL 56

virulence factors, 82 1032

Propionibact e ri u m acid i propionici,

82 1031 (Tab.)

Pro p ionibacterium acnes, Bl 304,
82 1031 (Tab )

an t ibac ter ia l  suscept ib i l i t y / res is lance.

B.21.032

cell wall, 82 1031

culture, 82 1031

differential characteristics, 82 1032 (Tab )
habitats, 82 1031

infection, 82 1030-l

acne vulgaris, 82 1032

endocarditis, 81.533, 82 7032

endophthalmitis, B1 603-4

intracranial abscess, B1 586

subdural empyema, B1 591

morphology, 82 1031

Propionibacterium austaliense, 82.1031 (Tab )
Propionibacterium av idum, 81..304,

82 1031 (Tab )

cell wall, 82 1031

culture, 82 1031

differential characteristics, R2 7032 (T ab )
habitats, 82 1031

human disease, 82 1030 1

pathogeniciry, 82 1032

Propionibacterium cy c loher anic urn,
82 1031 (Tab )

Propionibqcterium freutlenreichii, 82 1030,
82.1031 (Tab )

Prop ionibacterium granulos um, B\ 304,
82 1031 (Tab )

culture, 82 1031

differential characteristics, 82 1032 (Tab.)

human disease, 82 1030-1

morphology, 82 1031

pathogenicity, 82 1032

Propionibacterium jensenii, 82 1031 (Tab )
P r o p ioni b ac te r ium mic r o aer o p hi lum,

82 1031 (Tab )
Pro p ionibacterium modes tum, 81.56

P r o p io nib acte r i um p e n t o s o c c ium, BI.56

P r o p io nib act e r ium p r o p i onicum,
82 1031 (Tab.)

cell wall, 82 1031

cu l tu re ,82 .1031

differential characteristics, 82 1032 (Tab )
habitats, 82 1031

infection, 82 1030-1

morphology, 82 1031

pathogenicity, 82.1032

Pro p io nib acterium prop ionic us, 82 l0I7-72

Propionibacterium thoenii, 82.7037 (Tab )
Propionic acid,Bl42Z

fermentations, B1 56

Propionic acid bacteria, 81 56

Propylene glycol, B1 430

Propylene oxide, B1 430

3-( trimethoxysilyl)Propyloctadecyldimethyl

ammonium chloride, B1 426

Prosector's wart, 81 382

Prostatitis

acute, 81..673

chronic, 81 673

Prosthesis of antibiotic loaded acylic cement
(PROSTALAC), 81700

Prosthetic joint infection

causative pathogens, B1 690-1

challenges, B1 684

clinical features, 81.692

diagnosis

culture interpretation, 81 684, B1.695-6

histology, B1.696

laboratory, 81 693

PCR, 81.696

radiology, 81 6934

ultrasound, B1 694

epidemiology, B1.68.t-5, 81 686 (Tab.)

inflammatory responses, B1 689

prevention, 81 691

treatment, Bl 702 (Tab )

debridement and excision, 81 697

reconstruction, 81 697-8

systemic antibacterial drugs, 81 698-9

Prosthetic valve endocarditis, 82.910

Proteases

B ur kho lderia thailandensis, 8.2.1624

Pseutlomonss aeruginosa, 82 1600,

82 1600-1

20S Proteasome,81.47 8

Protein(s), 81 42

antibacterial agents, 81 438, 81 439

biosynthesis, 81.46_8

Boruelia metabolism, 82 1827 8

degradation, regulation, 81 47 8

folding, 81 47-8

SDS-PAGE analysis, B1 25

see also Polyacrylamide gel electrophoresis
(PAGE)

secretion, 81 160-4, 81.162 (Fig.)

gram-negative bacteria, 81 160-1

inner and outer membrane translocation,

81.160-4

inner membrane translocation, 81 160

regulation, B1 48

Sec machinery, 81 160

SRP-dependent machinery, 81 160

Tat machinery, B1.160

type I, 81.160-1, 81 162 (Fig ),
81.163 (rab )

type II, 81 1.61.-2,B1163 (Tab )

type III, 81 162, 81.162 (Fig ), Br763-4,

81 163 (Tab ), 81 16.t-s

type IV, 81 162-3 B1.162 (Fig ),
Bl 163 (Tab ), 81.175

type V, 81 164

synthesis, B1 46-8

bacteriocins, 81 137, 81 138

Protein A, 81.755

Protein inhibit ion, bacteriocins, 81.138

Protein inhibitors, Chlamydia trachomatis
infection therapy, BZ 2020

Protein vaccines, mycoplasma, 82.1993

Proteobacteria, 82 1331 (Fig ), 82.1332 (Fig),

B22072

Proteo b acte ria, 82 1532
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Proteus, B.2.143547

antibacterial susceptibility/resistance, B1 433,
82 7447,82.14434

cefamandole resistance, B2 1447-3
p-lactamases, 82 14414

nitrofurantoin resistance, 82.1441

antigens, 82 744+5

anti-swarming agents, 82 1438-9

cell envelope composition, 82 1444 5

characteristics, 82 1435

colonies, 82.1439

Phase A/B/C, 82 1439

culture, 82.1436 9

colonial appearances, 82 1439

media, 82 1436

morphology, B27345,82 1345 (Tab )
definition, 82 1435

extracellular products, 82 1440

fimbriae, 82.1.342-3, 82 7436-8, 82 7446

flagella, 82 1436-9

habitats, 82.1440

H antigens, B2.1444-5

hemolysins, 82 1 446, B2.1441

infection

anrmals, BZ 7447

bacteremia, 82 7447

endophthalmitis, B1 603

intestinal, 82 1347

intracranial abscess, B1.585

keratitis, Bl 601

neonatal, 82 7447

nosocomial infection, 81 398 (Tab ),
Bl 404-5

septic lesions, 82 1447

urinary tract, 82 L446J

isolation/identifi cation, B2 1440-1,
B2.1aa3 Fig.)

biochemical tests, 82.1442 (Tab )
deoxyribonuclease production, 82 1351
gelatin liquefaction, 82.1351

historical perspective, 82 1351

screening tests, 82.1349 (Tab )
lactose fermentation, plasmids, Bl 115

LPS, 82 1444

Rickettsia homology, 82 1444

metabolism, B2.1440

migration, 82 1438

morphology, 82 1436

as normal microbiota, 81296 (Tab )
O antigens, 821444-5

pathogenicity, B2 | 446-7
peptidoglycan, 82.1444

peritrichate fl agella, 82.1436

peritrichous fimbriae, 82 1436

physical and chemical agents susceptibility,
82 7441

proteinase, 82 1,147

quorum sensing, B2 7436-:7

species, 82 1435

sterilization, ionizing radiation, B1.271

swarm cells, B2 1437-9

chemotaxis, 82.1438-9

swarming, Bl 752, 82 7436, B2.1436-9

cause, 82 1438-9

continuous, 82.1438, 82 1438 (Fig )

discontinuous, R2 1438, R2 1a38 (Fig.)

factors and genes involved, B2.1436-7,
82 1a37 (Fig.)

process, 82 1436-8

virulence associated, 82.1447

typing methods, 82 1445-6

bacteriocin typing, 82 1445

bacteriophage typing, 82 1445

Dienes, 82 1445, 82 Ua5 Fig), B2.Iaa6

PCR, 82 1.445,B21446

Pls,  82' t446

ribotyping with pulsed lield gel
electrophoresis, 82 1445, B.2.1.446

urease, 82 1446,B27441

vegetative cells, 82 1436-9

virulence factors, 82.1439, 82 1446-:7

water

biofilms, B1220

bioremediation, B1212

Protew hauseri, 82 7435

biochemical tests, 82.1441, RZ 7442 (Tab )
EDTA-sensitive metalloproteinase, 82 7440

Proteu s i nconsta n s see Provid enc ia
alcalifaciens ; P rov idencis s tuartii

Proteus mirabilis, 82 7435

antibacterial susceptibility/resistance,
B.2L44t4

intrinsic, 82 1352 (Tab )
pJactamases, 82 1.4414

biochemical tests, 82 1,441,R2u42 (Tab)

EDTA-sensitive metalloproteinase, 82 I440

fimbriae, B2 1436, 82 1446

flagella, genes, 82 1436

hemolysins, 82 1 446, BZ 7447

HpmA and HlyA, 82 7440, 82 7447

infection, 82 7446, BZ 1447

burns, 82 1447

extraintestinal, 82.1 346-7

RA association, 82 1447

urinary tract, 8I674,8I616J, B1 680,
B27446J

isolation/identification, 82 1440-1

biochemical tests, 82 1319 (Tab )
screening tests, 82 1349 (Tab )
ty ping, 82.1445, 82 1 446

nosocomial infection, Bl 398 (Tab )
pathogenicity, BZ 1 446-7

physical and chemical agents susceptibility,
B27447

swarming, 81 152

urease, 81 676-7, B2 1 446, BZ 7447

virulence factors, 82 7 446-1

Proteus morganii see lWorganella morganii

Proteus myxofaciens, 82 1135

antibacterial susceptibilityhesistance,
B27447

biochemical tests, 82.1319 (Tab ), 82.1441,
827442 (Tab )

habitats, 82 1440

Proteus penneri, 82 L435

antibacterial susceptibility/resistance,
B2.74414

biochemical tests, 82 1319 (Tab ), B.2144).,
B21442 (Tab )

EDTA-sensitive metalloproteinas e, 82 7440

Prcteus rettgei see Providencia rettgeri

P r ote us v ulgaris, 82.1435

antibacterial susceptibility/resistance,
B214474

intrinsic, 82 1352 (Tab )
biochemical tests, 82 1319 (Tal:.),82.I4a1.,

821.442 (Tab)

EDTA-sensitive metalloproteinas e, 82.7 440

identification

DNA-DNA analysis, 82.1338

screening tests, 82 1349 (Tab.)

infection, 82 1447

nosocomial, 81.398 (Tab )
Proticins, 82 1445

Proton-motive force (pmf), Bl 64, Bl 69,
81 438

bacteriocins, 81 137-8

Proton pump inhibitors (PPIs), Helicobacter
pylo ri inlection treatment, 82.1575

Protoplast fusion, B1 106

Protozoa

antibacterial susceptibility/resistance, B1 434,
81 445

nosocomial infeclions, Bl 401

Providencia, 82 7450-2

antibacterial susceptibility/resistance,
B2.1452

antigens, 82 1451

biochemical groups, 82.1442 (Tab ),
82 1450

characteristics, 82 1435

classification, 82 1450

definition, 82 1450

differentiating characteristics, 82 7 450-1.

general properties, 82 1450-2

identification

screening tests, 82 1349 (Tab.)

typing methods, 82.1451

infection, 82 7451.-2

nosocomial, B1 398 (Tab.)

motility, 82.1450

normal microbiota, Rl 296 ('t ab )
species, 82 1450

P rov idencia alcalifociens, 82 1450

antibacterial susceptibilityhesistance,
B.21452

biochemical rests, 82 1319 (Tab.),
R2 7442 ('tab.)

biogroup 3 see Providencia rwtiSianii

identification, 82 1451

infection, diarrhea, 82 1451

Providencia friedericiqna see Providencta
rusttStanu

Providencia heimbachae, 82 1.450

biochemical tests, 82 1319 (Tab ),
8214r'2 ('tab.)

identification, 82 1451

P r ov ide ncia rett g eri, 82.7 45O

antibacterial susceptibility/resistance,
B.21452

intrinsic, 82 1.352 (T ab.)

biochemical tests, 82 1319 (Tab ),
B.27442 ('tab.)

classification, 82 1450

groups, 82 1451

infection. 82 1452
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Provid.encia rustigianii (friedericiana), R2 l45O

biochemical tests, 82 1319 (Tab.),

B21442 (Tab)

classification, 82 1450

identif ication, 82 1451

infection, 82 1452

Providencia stuartii, 82 7450

antibacterial susceptibil i ty/resistance, Bl 433,
B.21452

chlorhexidine resistance, 81 442

biochemical tests, 82 1319 (Tab.),

B21442 (Tab )

biogroups, 82 1442 (Tab )
infection, 82 1451

MR/K fimbriae, 82 1451

nosocomial infection, B1 398 (Tab.)

properties, 82 1451

typing, 82 1451

Prozone reaction, syphil is serological tests,
82 t846

Prunes, spoilage, 81.283

Pseudobacteremia, B1 393

Pseudogenes, Borrelia, 82 78234

Pseudomembranous coliris, Rt396.-7 , R2.I1I9

Pseudomonaceae. cereals, RI 284-5

Pseudomonads

aerobic

cell envelopes, 82 1594

growth temperatures, 82 1595

habitats, 82 1593

metabolism, 82 1598-603

as opportunistic pathogens, 82 1591,
B.27593

plasmids, 82.1597

xenobiotic compounds degradation,
82 1598

see also Pseud,omonas

infection, risk categorization, RL762

phytopathogenicity, Bl 202

poultry, B1.277-8

vegetables, 81 281

Pseudomonas

adhesins, Bl 149

airborne bacteria, B1 189

concentrations in facil i t ies, 81 186 (Tab )
chromopeptides, B2.1596

classil ication, 82 1591

phylogeny,B.21592 3

conjugation, 81 103

diversity, 82.1598

E coli phylogenetic relationship,B.21592 3

fluorescent and non-fluorescent species,
82 1591, 82 7592

in foods

butter, 81 250

fish, 81 279

meat and meat products, 81 273

milk, 81 230, 81.233

pI{,Bl266J

poultry, 81 277 8

glucose catabolisn, 81 59-60

oxidative pathway for hexoses, 81.59-60

phosphorylated routes, B1 59

habitats, 81 211, Bt 220, Bl 224-5, R2 t593

historical perspective, 82.1591

identification, B2 1592-3

anaerobic arginine degradation, 82 1598

antigenic epitope, 82.1595

culture characteristics, 82.1595-6

DNA-DNA hybridization studies, Bl 25,
B.2.r592

DNA GC content, 82 159L,B.21.602

EDTA sensitiviry, 82.1595

fatty acids and ubiquinone, 82.1597

incompatibility groups, 82.1597

metabolic diversity, 82 1592

ribosomal RNA groups, 82 f592, 82.1597

rRNA, 82.1593

rRNA-DNA hybridization, 82 1.592-3

of species, 82.1592-3

infection

endophthalmitis, B1 603

intracranial abscess, Bl 585

keratit is, Bl 601

nosocomial, B1..3'16-7, 81.401 (Tab ),
82 1593

pneumonia, B1 637

mercury resistance, B1 114

metabolism, 82 1598-603

arginine dihydrolase pathway, 82 1598

carbohydrates, 82 1598

carbon sources, 82 1591 2

catabolic plasmids, 82 1597

fatty acid composition, 82 1597

glucose catabolism see above

nitrif ication, B1 200

substrate changes and colonization.
Bt t99-200

monoclonal antibodies, 82 1595

morphology and structure, 82 7593-6

fimbriae/pili, 82 1594

flagella, 82 1593

mesosomes and rhapidosomes, 82 1594

refractile granules, 82 1594

siderophores, 82 1596

ubiquinones, 82 1597

natural competence, B1 99

nomenclature, 82 1592

changes, B1 32

as normal microbiota, 81.301

pigmentation, B2 7596-'7

fluorescent, 82 1596

lemonnierin, 82 1597

phenazine, 82 1596-7

plasmids, 82 1597

TOL and NAH, 82.1597

as soil pathogens, 81.203

phytopathogenici ty, 81.202

steril ization, ionizing radiation, Bl 271

virulence factors, LPSs, 81 158 9

waterborne, B1 221

Pseudomonas acidovorans see Delftia
(Comamonas ) acid.ovorans

Pseudomonas aeruginosa

active efflux, 82 1599 600

adhesins, B1 627

antibacterial susceptibility/resi stance, Bl 422,
8t.425-6, Br 433, Rt 438, Bt 442,
81 499 (Tab ), 82 1599-600

aminoglycosides, B1.482

biocide-antibiotic linked, 81 444

biofi lms, 81443

chloramphenicol, 81 484

modification reactions, 82 1600

quinolone resistance, Bl 492-3,
81 493 (Tab )

tetracycline resistance, B2 1600

antigenic epitope, B2.1595

bacteriocins, 81.136-8

cellular structure, 82 7593-6, 82 1598-9,

82.1s99 (Fig.)

alginate,B1..627

biofi lms, 81 149, B1.688, 82 1594

fimbriae/pili, B2.1594, B2 1607

flagella see below

outer-membrane proteins, B2.1.592-3,
82 7595, 82.7599400

porins, 82.1592-3, B2.1600

culture, 82.1594, 82 1595

growth  (empera tures .  82  1595

in cystic f ibrosis. Burkholderia cepacia
co-infection, B2.1617

exotoxins, 82.1600

57RP strain, 82 1594

flagella, 82 1593-4

genetic control, 82 1,5934

monotrichous cells, 82 1598-9,

B2.1s99 (Fig )

virulence, 82 1601

genetics, chromosomes, B1 81

habitats, 81.215, 81 216 (Tab ),B122+5

infection

bacteremia due, B1 521

blue pus, 82 1598

bone and joint infection, 81 690-1

chronic sinusitis, 81.615

conjunctivitis, 81 599

corneal, 82.1600

in cystic f ibrosis, 81.399, 81 650

endocarditis, Bl 526, Bl 532

intracranial abscess, B1 585

keratit is, 81.601

lung, 82 1601

malignant external otit is, B1 618

nosocomial infection see below

opportunistic, 82 7593, 82 1-600

as opportunistic pathogen, 82.1598-9

otit is media, 81 617

respiratory tract, virulence factors
promoting, Bl 627

spinal epidural abscess, 81.593

see also Nosocomial infections (below)

iron-dependent repression, 81 165-6

metabolism, 82 1598

alkaline protease, B1.650

catabolite repression, B1 73

elastase, 81 650, 82 1600-1

iron scavenging, 81 151

oxidative pathway for hexoses, B1 60

proteases, 82 1600-1

monoclonal antibodies, 82.1595

morphology, 82 1593-6

motil i ty, 82 1594

chemotaxis, BZ 1594, B2.760l

salicylate effect, B2 1594
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P s e utlo m onas ae r uginos a

molility (Continued)

swarming, 82 1593 5

swimming, 82 1594

twitching, 82 1594, 82 1 601

mucoid colonies, 82 1595

as normal microbiota, 81296 (Tab )

nosocomial infection, Bl 372, 81397 -9,

B.2.r593

burns, B1 385, 81397-9

food-borne, 81.377

neonates, B1 395

pneumonia, Bl 389, 81 640-1,

81 640 (Tab )

sinusitis, B1 615

spread, B1 397-9

Opr F, 82 1592-3, 82 1600

phenotypes, 82 1594

pigments, 81 650, 82 1596 7

sensory networks, B1 165

quorum-sensing, Bl 77V2, Bl 171 (Fig ),
B2L602

signal transduction

subversion of host cell, 8L 164

two-component systems, 81 167 8

toxins, 81.627

typing, Bl 399, 82 7602

bacteriocins, 82 1602

DNA restriction analysis, 82 1602

serology, 82 1602

virulence factors, B1.627, 82 1.600-2

adhesins, 81 149

biolilms, Bl L49, BI 17 1-2

exopolysaccharides, B1 154

type IV pili, 81 149

P s eudom o nqs alcali ge nes, B2.I59 |

metabolism, 82 1598

Pseudomonas cepacia see Burkholderia cepacia

P s e udo m onas denitrificans, Bl 200

Pseudomonas diminuta see Brevund imonas
diminuta

Pseudomonas fluorescens, 82 1591 ,B2.'1592,
82 1602-3

biological control agent against plant

pathogens, Bl2024

biovars, 82 1595-'7 ,82.1.602-3

culture characteristics, 82.1595

denitrification, 82.1603

EDTA sensitivity, 82 1603

in food, chilling, 81 264

genetically engineered, plant frost injury
protection, Bl 198

infection, Crohn's disease, 82 1603

oxidative pathway for hexoses, 81 59

catabolite repression, 81 73

pigment, 82 1597, 82.L602-3

root population estimates, 81 204

slime formation, 82.1603

waterborne, BI224-5

Pseudomonas mallei see Burkholderia mallei

P seudomonas marginalis, Bl 281

Pseudomonqs marginata see Burkholderia

gladioli

P s e udomo nqs me ndo c ina, B.2.7603

metabolism, 82 1598

Pseudomonas pseudoalcaligenes, 82 1.59L,

B.27594

metabolism, 82 1598

Pseutlomonas putitla, B.2.1591, 82 1592

culture odor, 82 1595

plasmids, 82 1597

waterborne, 81224-5

Pseudomonas stutzeri, 82 1597, 82 1.603

culture characteristics, 82 1595-6

flagella, 82 15934

genetic control, 82 1.5934

metabolism, 82 1598

waterborne, Bl224-5

Pseudomonas syringae

genetically engineered, 81 198

phytopathogenicity, BI 202

P seudomonas the rmotolerans, B.2.1593

P s eudono c ardia, B2.I1 50

Pseudo-outbreaks, B1 403

Pseudopeptidoglycan (pseudomurein), B1.44

P s e udo ramib acte r alact o ly ticus

differential characteristics, 82 1029 (Tab )

pathogenicity, 82 7029 -30

Pseudoreversion

base pair substitutions, 81 86

frame-shift mutations, B1 85

Psittacosis see Chlamydia psittaci infection

Psoralens, B1 281

Psychrophiles

Aeromonas, B2.1529

temperature range for growth, 81 264

Psychrotrophs

fish and fish products, Bl 279

meat and meat products, 81213-5

temperature

freezing, BI 269, 87 270

range for growth, 81 264

vegerables, B1 282

Public health, breakdown of infrastructure

causing re-emergence of disease, 81 364

Public Health Laboratory Service (PHLS),

Meningococcal Reference U nit, 8I.322

PubMed, 82 1339

pUC cloning vectors, 81 120

Puerperal fever, 82 910

Pulex irritans,822037

Pullunase secretion system, 81.48

Pulmonary arterio-venous (AV)

malformations, Bl 583

Pulmonary involvement, infective endocarditis

81.535

Pulse-field gel electrophoresis (PFGE), 81 81

epidemiological strain typing, B1 735-6

hospital acquired infection investigation,

81 404-5

species detected

Bordetella,B.2.1792 3

C ampy I o b acte r, B.2.l 5 49

Enterobacteriaceae typing, 82.1352

Enterococcus, B2 894

Legionella, 82 7776

Nocardia, 82 1 148-9

rapidly growing mycobacteria, 82 724+6

Salmonella molecular Iyping, 82 1409-"lI

Salmonella Typhi, 82 1410

Salmonella Typhimurium, 82.1410

S almo ne lla Typhimurium antibacterial
resistance, 82.1413

Punch biopsies, Borreliq infection, B.2.1828

Purified Protein Derivative of Tuberculin
(PPD), B2.1185

Purines, synthesis, B1 60-1

Purple bacteria

photosynthesis, B1 67-8

sulfur oxidation, B1.201

Putrefaction

definition, B1.,t-5

historical aspects, 81.4-5

pUT transposon vectors. Bl 125

limitations, B1.125

Pyelonephritis, acfie, BI.673, 81.67 5

clinical features, 81.673

Escherichis colr, uropathogenic adherence
specificity, 81 747-B

pregnancy, 81.679

Proteus, B2 7446

treatment, B1.679

Pyocins, 81.138, 82 1602

Pyocyanin, Rl650, B.2.1.596J , 82 1.6012

Pyomelanin, 82.1596

Pyorubin, 82.1596

Pyoverdines, 82.1596

Pyrazinamide (PZA), B1^.481

Mycobacterium, 82 7797 ,B2.12L8
Pyrimidine, synthesis, 81 60-1

Pyrrolidonyl-B-naphthylamide (PYR), 82 882

Pyruvate, 81.54

fomation from glucose by KDPG pathway,
81 58

glyceraldehyde-3-phosphate conversion to,
Bl51,2

lactate formation, 8L.54

oxidation and decarboxylation, B1 55-6

Pyruvate carboxylase, 81 61

Pyruvate decarboxylase, 81.54

Pyruvate dehydrogenase (PDH) complex,
B1.5Z

Pyruvate:ferredoxin oxidoreductase, 81 55-6

Pyruvate kinase, 81 52

Qac A genes, B1.442, BI 4M

QacB genes, Bl 442, 8I.444

QacC genes,BL442

QacG genes,Bl.44Z

QacH genes,81..442

Q fever, 81 231, 81 636

clinical features, B1.636

endocarditis, 81.533, 81.534, B1 536,
R1.537,B1748,82.2076

hepatitis, 82 2076

control,B.22079

chloroform-methanol residue vaccines,
B.22075

disinfectants, 82 2079

risk reduction, 82 2079

vaccine see below

diagnosis, Rl 636, Bl 7 48, 82 2077

associated risks, 82 2O77

direct immunofl uorcscence, B.2.2077
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Q fever

diagnosis (Continued)

indirect immunofluorescence, 82.2077

PCR,B.22077

retrospective ser olo gy, 82 207 7

endocarditis, Rl 7 48, R2.207 6

epidemiology, 82 207 8-9

incubation period, 82 ZO7 6

outbreaks, 82.2078

as zoonosis, 82 207 6, 82 2078

htstory, 82 2072

pathogenesis, B2.2077

acid phosphatase , RZ 2077

Mip protein, 82 2077

pneumonia, Bl 636

pneumonitis, 82.2076

reinfection immunity, 82 2076

selfJimiting, 82 2078

transmission, 82 2076

passive phagocyt osis, 82 20'7 7

treatment, Bl 636, BZ 2077 8

doxycycline, 82 2078

fluoroquinolones , 82 2078

tetracyclines, B2.2078

v accine, 82 207 3, 82 207 5

Quality assurance materials, biosafety, B1 761

Quantitative polymerase chain reaction
(aPCR), airborne bacteria detection,
81 .191

Quarantine, B1 347

Quaternary ammonium compounds (QeCs1,
Bl.aB (Tab.),RL426

action, 81 437 (Tab ), 81 a39

resrstance to, Bl 442, Bl 444

see also specific compounds

Queensland tick fever, clinical manifestations,
B22039 ('tab.),B.22040

Quellung reaction, Rl 63I-2

Streptococcus pneumoniae detection, B1 756

Questionnaires, epidemiological, B1.311

design, B1 311

Quinoline, derivatives, 81 428

Quinolones, 81.4924

in gas gangrene, 82 1116

intracranial abscess, 81 588

mode of action, B1 492

DNA gyrase (topoisomerase II), Bl 492

pharmacodynamics. dose-dependency.
Br 469-'t0

pharmacology, 81 493

resistance, Bl 492-3

C ampy lobacter, 81.493 (Tab.)

Campylobacter jejuni, Rl 492-3

chromosomal mutation, Rl 492-3

Enterococcus, 82 892 (Tab )
Enterococcus faecalis, BI 493 (Tab )
Escherichia coli, Bl 493 (Tab )
mechanisms, B1 493 (Tab.)

N eiss eria gonorrhoeae, 8l.66I

prevention, B1 470

spectrum of activity, Bl 492

C amp y I o b acter, 82.75 48

C h I am y d i a. Bl.4S2, 82.202 |

Legionella, B2.I777

mycobacteria, 81 492

Mycoplasma, 82 7992

structure, Bl a92, Bl 494 (Fig.)

toxicity/side effects, B1 493-4

see aho specifc types

Quinones, 81 63, Bl 64, Bl67-8,B1427-8

chemotaxonomy, 81 24

Quinupristin, 81 489

spectrum of activity, B1 499 (Tab )

structure, 81 489 (Fig.)

Quorum-sensing, 81 167 (Fig ), RL1.69-'13

Burkholderia cepacia complex, B2.1617

Proteus, 82 1436 7

Ps eutlomo nas ae ru gin o s a, Bl 77 V2,
81 171 (Fig ), 82.1602

staphylococcal,4GR system, Bl 772-3,
Bl 173 (Fig.)

system, 81 72

Rabbit infectivity testing (RIT), syphilis
diagnosis, 82 1851

PCR vs, 82.1852

Rabbits

A c tino b acil lus ca p s u latus infection,
B.276654

Francisella infection, 82 1753

Rabies

laboratory worker immunization, BI767

vaccines, historical aspects, 81 7

Radiation

susceptibility/resistance to

Azotobacter, Bl46

chromosomal polyploidy, 81.46

Legionella, 82 7777

M y c o b a c te rtum, B2.l2I7

see also Ionizing radiation

Radioimmunoassays (RIAs), Bl 7 79-ZO

human brucellosis diagnosis, 82 773940

Radiology, bone and joint infections, B16934,
81693 (F ig . )

Raffinose fermentation

Enterobacteriaceae identif ication,
82 1319 (Tab )

plasmids, 81 115

Rafting cells, bioaerosols, Bl 185-7

Rahnella, 821.496-:7

antibacterial susceptibility/resistance,

82.1497

biochemical tests, 82 1496

culture, 82 1496

definit ion, 82 1496

habitats, 82 1497

pathogeniciry, 82 1497

Rahnella aquatilis, 82 1496

biochemical tests, 82 1319 (Tab )

DNA-DNA analysis, 82 1338

habitars, 82.1497

pathogenicity, 82 1497

Rain, bacteriology of , Bl 21.7-72,

81272 (Tab ),81213
Ralstoniq, 82 7635

Ralstoniq eutrophica, BZ 7635

Ralstonia merallidurans, 82 1635

Ralstonia pickettii, BZ 1.635

nosocomial infection, 82 1635

Ra ls to nia s o lnnac e arum, B2.1635

Random amplification of polymorphic DNA
(RAPD)

aerobic actinomycetes, B2 1.L47

Aeromonas, 8.2.1535

B ur kholderia thailandensis, 82 1623

Enterococcus, 82 894

Escherichia, 82 7371

Helicobacter, BZ 1570

Myco bqcterium abscessrc, 82.1248-9

principle, BI.7 26 (T ab )

S almone lla, B.2.1. 409, 82.1471.

Yersinia, 82 7467

Random cloned sequence (RCCS) typing,

Salmonella, B21.409

Randomized controlled trials, 81 313

Rapidly growing mycobacteria (RGM) see
Mycobacteria, rapidly growing (RGM)

RapIDonE test,82.1463

Rapid plasma reagin (RPR) test, 81.663,

B2 1845-6, 82 1846 (Tab ), 82.1858

Rapid urease lest, Helicobacter pylori, 82 7571
(Tab.),B2.1572

Rash

bacterial meningitis, 81559, Bf 565 6

pneumonia with, 81634

Rat-bite fever

causative organism see Spiri l lum minus

S p irillum min us, 82 1908

Streptobacillus monilfomis, 82 1908,

B.21.91.L

Rats, listeriosis, 82 963

Reaction centers, Cyanobacteria, 81 68

Reactive arthritis

Clostrid.ium dfficile infection, 82 1.72I-2

Shigella tlexneri infection, 82 1387

Real-time polynerase chain reaction
(RT-PCR), 81.727 -9, BI 727 (Fig ),
B2937

automation technologies, 81 729

C hlamy d ia detection, 82 201.8-79

principle, BI 726-7, BI.7 26 (^l ab )
probes, 81.728-9

recA gene

Burkholderia, 82 1609, BZ 1.61.2

DNA damage repair, Bl 457-2

Helico bacter, B2.1.567 -B

Recall, errors, 81 311

Recombination, 81 88 (Fig.), 81.98 (Fig )

discovery, Bl 13

Record keeping, hazard analysis critical

control point system, Bl 288

Rectal thermometers, nosocomial infections
from, 81.379-80

Redmouth disease of fish, 82 1459

Redox potential

mea|81273

microbial growth effect, 81.267

Reductive pentose phosphate pathway (Calvin

cycle), B1..62

Reductive TCA cycle, carbon dioxide lixation,
B l 6 2

Red water disease, cattle, 81.203

Reed Frost model, B1.337, 81.343

Reference cultures, 81.28-9

Refrigeration, eggs and egg products, 81 278
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Refugees/refugee camps, emergence/
resurgence of bacterial infection, B1.360

Regional lymphadenopathy, cat-scratch

disease, 82 1891-2

Rei te r  p ro te in  complement  f i xa l ion  assay .
81745-6

Relapsing fever (Botelia)

causative organisms, 82 1822

Borrelia crocidurae, 82-1822, 82 182'7

B o r r e lia dutt onii, 82 1822, 82 1 827

B o r re lia recurrentis, BZ 1822, B.2.1823,
B27827

cospeciation, 82 1822

epidemic, 82 1823

epidemiology, 82.1823

history, 82 1818

relapses, 82 1827

serology, 82.1830

transmission, 82 1823

Relative humidity, airborne bacteria and
bacterial survival, 81 187

Relative risk, 81 316

Removal mechanisms, host resistance to
bacterial infection, Bl 176

Renal abscess, B1 673

Renal diseases/disorders

infective endocarditis, Bl 535

Mycob acterium abscessus, B2.1250

syphil is, 82 1842

Renal failure, secondary amyloidosis due to
leprosy, 82.1204

Renal transplantalion, Nocsrdia asteroides
infection, 82 1156

Renal tubule scarring, leptospire infection,
82.1881

Repetit ive element sequence (REP)-
polymerase chain reaction,

Enterococcus, 82 894

Replica plating, 81 84

Replicate organism detection and counting
(RODAC), 81 1e0

Replication

errors, mutations, Bf 87, 81 88 (Fig.)

plasmid genes, 81 107

Replication forks, 81 46

Replicative transposition, B1 93 (Fig ), 81 95

Replicons, B urkholderia cepacia complex,
82 7610

Repressors, in operons, B1 70-1

lactose, B1 70-1

Reptile importation, B1 360

Reservoirs

Afipia,821900-1

glanders, 82 1633

melioidosis, 82 1628

Resistance genes

plasmids see Plasmid(s)

transposons, 81 111-12

Resistance/nodulation/cell division family
(RND) ,  81440

Resolvase, 81 96

Respiration, 81 63-7

aerobic, B1 63-5

Respiratory chains, B1 63-4

Respiratory epithelium

anatomy, 81 606

Burkholderia intracellular infection,

B.21.615-1.6

Respiratory equipment, contamination, B1 390

Respiratory failure, tetanus, 82 1065-6

Respiratory syncytial virus (RSV) infection

children, B1 400

nosocomial, Bl.3'12, 81.37 4, 81 390, 81 400

periodicity, 81.633 (Fig.)

Respiratory tract

anatomy, 81606-:7

ethmoid sinus, B1 606-7

frontal sinus, B1606-7

infundibulum, Bl606 
'7

lacrimal duct, 81 60G7

middle ear, 81 606

nasal airways, Bl 606-'7

oral cavity, 81 606

paranasal sinuses, B1 606-7

respiratory epithelium, B1 606

sinuses, B1 606

sphenoid sinus, 81 606-7

stratified squamous epithelium, B1 606

turbinate, Bl 606-7

B cell, 81 608

colonization, Bl 625-6

in cystic fibrosis, B1 649-50

goblet cells, 81 623 (Fig )

host defence defects, 81.608, 81625-6

cellular immune defects, B1.626

environmental influences, 81 626

epithelial barriers and reflexes, 81.626

immunoglobulin deficiency, B1 626

mucociliary clearance defects, B1 626

phagocytic activity reduction, 81 626

host defence mechanisms, B1.607-8,

Br622-5
airway architectur e, Bl 622-3
alveolar macrophage, Bl 624-5

antibacterial secretions, 81 607-8

cellular mechanisms, 81 608

complement, B1 624

epithelial barrier, Bl 623

factors in airway secretions , BI 623,

8t624

immunoglobulins, 81 624

mucociliary clearance, Bl 623

mucus, 81 607-8

primary, 81 607

recruited, Bl 622, 81.625

resident, BI622-5

secondary, B1 607

secretory IgA, 81 607-8

infections see below

nomal microbiora, Bl 295-302, B1609,

81 628

secretions, Bl 6234

Respiratory tract infections, Bl 622-56

acute bronchitis, 81 647

bronchiectasis, B1.649

children, 82 1669

children in day-care centers, B1 361

chronic, in immunodefi ciency, 81.626

emergence/resurgence of bacterial infection,

81.361

lower, 82 1654 5

nosocomial, 81 389

prevalence and mortality, B1.389

pathogenesis, B1 625-8

bacterial virulence, BI 626-8

upper tracl see below

viral, role in bacterial meningitis

pathophysiology, B1 556

see also individual species; specific diseases/

disortlers

Respiratory tract infections, upper, B1 628-9

airborne bacteria, 81.188

bacterial virulence mechanisms, B1 608-9

colonization, 81.608

Pas teurella multocida, 82 1.65+5

pathogenesis, 81 608

antibacterial therapy, B1.608

environmental effects, 81.608

trauma, 81 608

vitamin A deficiency, 81 608

specimens, 81.609-10

collection, 81 609-10

culture, 81.610

Gram stain, 81 610

transport, 81.610

see also individual species; specific diseases/

disorders

Restriction endonuclease analysis (REA)

Brucella, 82 1729 30

Legionella pneumophilia, 82 1776

leptospires, 82.1880

mycobacteria (slow-growing) identification,

B2 7L93

Mycoplasma, B.2.19944

rapidly growing mycobacteria, BZ 7243,

B.21244

Restriction enzymes see DNA endonucleases

(restriction enzymes)

Restriction fragment length polymorphisms

(RFLPS)

Actinomyces, 82 1017

Aeromonas typing, 82 1535

Brevibacterium, 82 979

Burkholderia, B.2.1609

C ory n e b ac ter ium, B2.97 9

C oxie lla bumetii, 82 207 4

Enterococcus, B.2.894

epidemiological strain typing, 81 735

Helicobacter, B.2.L570

Legionella pneumophilia, 82 7776

M ycobacterium tuberculosis, 82 7194

Mycoplasma, B.21995

rapidly growing mycobacleria, 82.1244

syphil is, 82.1853

Ve illonells identification, 82 1315

Vibrio, B.21516

Reticulate body (RB), Chlamydia, 82 2007 -a

Retortamonss intestinalis, as normal

microbiota, Bt 296 (T ab.)

Retropharyngeal abscesses, B1 618

Retroviruses, 81.435 6

Reverse transcriptase, 81 435-6

Reverse transcription polymerase chain

reaction (RT-PCR), 81.726 (Tab )

syphil is detection, 82.1853

Reversion mutants, mis-sense mutations,

8187
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RFLP see Restriction fragment length
polymorphisms (RFLPs)

L-Rhamnose fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Rhapidosomes, 82 1594

Rheumatic fever see Streptococcus pyogenes
infection

Rheumatic heart disease, endocarditis in,
B1.525-6

Rheumatoid arthritis, Proteus mirab ilis
association, 82.1447

Rhinitis, atrophic, in swine. R216534,
82  1795,  82  1810

Rhinoscleroma, Bl 616-11, Rl 629

causative organisms, B1 616

clinical features, 81.616

epidemiology, Bl 616

in HIV infection, 81616-77

treatment, B1 617

Rhipicephalus sanguineus, R2 2037

Rhizobium

legume relationship, 81 197

natural competence, B1 99

Rhizobium etli, Bl6l

Rhizobium meliloti, B.21729 ('tab )
Rhizopus

in cereals, 81 284

fruit, 81 283

nosocomial infection, Bl 379

vegetables, B1 281

Rhizosphere, Bl 197 8

classification. B1 197

endorhizosphere, Bl 197

operational definit ion in sampling and
detection, B1 204

recovery of populations, B1204-5

rhizoplane, 81 197

sampling, Bl204J

size estimates, 81 197-8

soil ratio, Bl 197-8

spermosphere, Bl 197

R ho d o b act e r s p ha e ro itle s

chromosomes, B146

external appendages, B1 44

movement, Bl 44

Rhodococcus, 82 1737-8, 82 1166-8

antibacterial susceptibil i tyhesistance,
82 1145

classification, B21737 8

identif ication, 82 11 44-5

microscopic morphology, B2.1147-3

Middlebrook opacification, 82 1144

molecu la r  me lhods ,  BZ l l40

ribotyping, 82.1 147

staining, 82 1139 40

menaquinones, BZ 1145, 82 1166-j

molecular identincation, 82 1147

mycolic acids, BZ 7746, B2.lI5l, 82 1.166 7

substrate decomposition, 82 1144

Rhorlococcus equi

in fec t ion ,  821167 8

horse/pig exposure, 82 1168

intracranial abscess, B1 586

nosocomial, Bl 401 (Tab.)

pneumonia, in HIV infection, 81645

pulmonary in HIV infection, B.21167-8

molecular identif ication, 82 1146

strain typing, 82 1148

Rhodococcus fascians, 82 1168

Rhodococcus globerulis, 82 1.1.68

Ribonucleic acid see RNA

RiboPrinter! ' , Bl 735

Ribose metabolism, 8157, Bl 59

23S Ribosomal DNA, Coxiella burnetii,
B22072

Ribosomal RNA (rRNA)

165 screening see below

content, 81 42

degradation, 81 40

DNA ratio, 81 206

eubacterial primers, 82 1147-8

gene numbers in bacteria, 81 47

gene restriction pattern examination,

82 t947-8

operons, 81 47, 822074-5

soil bacteria metabolism quantification,

81206

165 Ribosomal RNA (rRNA) probes, gram-
positive anaerobic cocci identification,

B.2.907

165 Ribosomal RNA (rRNA) sequencing,

81.22 ('tab ), Br 25, 81.26

aerobic actinomyceles, BZ 17 47

Cedeces,82.7338

Coxiel La bumetii, B.2.2072

Enterobacteriaceae, 82 1318, 82 1338

Enterococcus, 82 884-5, 82 890

evolution and controversy, B1.30-1

groups, Bl 31

problems, Bl26,Bl32-3

rapidly growing mycobacteria, 82 1237,
B.272434

Veillone lla identifi cation. 82 1315

Ribosomes

composition, B1 46-7

degradation in bacterial death phase, Bl 40

mycoplasmas, 82 1980

proteins (r-proteins), 81 46 7

synthesis, B1 47

RNA see above

translocation, B1 47

Ribotyping

aerobic actinomycetes, 82 1147

Burkholderia cepacia, 82 161.4-75

B urkho lderia thailandensis, 82 1623

Chlamydia, B22078-19

Escherichis, 82 1371

Legione lla, 82 177 5, 82 777 6

Salmonella, B2.1409, 82 14 l0

S teno trop homonas maltop hilia, R2.1,637

Ribulose biphosphate carboxylase, B1.62

Ribulose monophosphate carboxylase (RuMP)
pathway, 81 62-3

Rice, Bl 285-6

production, B1 285-6

storage, B1.286

water activity, 81.285-6
'Rice water' stools, cholera, B.2151.6-17

Rickettsia

adhesion to host cells, 82 2034

antibiotic susceptibility testing, 82 2042-3

arthropod model, 82 2042

cell culture models, 82.2042-3

embryonated egg nodel, 82.2042

antigens, B.22031-2

cell wall cornposition, 82 20372, 82 2034

classilication, 82 2026, 82.2027 (Fig ),
Bzz028(Fig) ,B22030 1

genetics, B220334, 82 2033 (Tab )
ATP-ADP translocase genes, 82 2027,

B220334

Omp genes,822033-5

open reading frames, 82.2033

ProP transporter, B2.2033 4

habitats and epidemiology, B.2.2037 -8,

82.2038 (Fig )
identification

immunofl uorescent antibody tests,
Bt75Z-3

immunological, 82.2037

PCR,82.2036-7
phenotypic classifi cation, B2.2031-3

staining procedures, 82 2030, B2.2034-5

Weil-Felix reaction, Bl 7 52-3

infection ree Rickettsial diseases; Typhus

isolation, B.22034-5

LPS, Proteus vs ,82.7444
metabolism, 82 2034

microenvironment (intracellular), B2.2030

morphology, 82 2030
pathogenicity, 82.2034

host cell damage, 82 2030

Rickettsia(e), virulence factors, 82 2034

R ic ke tts ia a e s c hlimannii

antibacterial susceptibility/resistance,
822043,B.22043 (Tab)

classification, B.2.2030-1, B2 2031. ('fab ),
B2.2032

identification, 82 2026

infection, 82 2039 (T ab ), 82 2040

see a/so Rickettsial diseases

isolation, B.22034-5

Rickettsia africae

classification, BZ 2030 I, B.2.2031. ('f ab )
detection, 82 2037
geographical distribution, 82 2038 (Fig.)

identification, 82 2026

infection, BZ 2039 (T ab ), B2 2040,
82.2040 (Fig.)

see a/so Rickettsial diseases

Western blot, B2.2036 (Fig)

Rickettsia akari

habitats, vectors and hosts, 82 2037

infection, 82 2039 (Tab ),82.2041
see ako Rickettsial diseases

pathogenicity and virulence, 82.2034

characteristics, 82 2033 (Tab )
classification, 82203L-2, 82 2031 (Tab )

Ric ke tts ia amb ly o mmii, BZ 2030_7,
82 2031 (Tab )

Rickettsia awtlalis

characteristics, B.22033 (Tab )
classification, B2.2031.-2, 82 2031 (Tab )
geographical distribution, 82 2038 (Fig )
inf ection, 82 2039 ('f ab ), 82 2040

see a/so Rickettsial diseases

Rickettsia bellii

cell wall composition, B.2.203 4
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Ri c k e t t s ia b e I lii (C o ntinue d)

classification, 82.2031 (Tab ), B22032,

B.22033

Rickettsia canadensis, 82 2033 (Tab )

cell wall composition, 82 2034

classification, B220312, 82 2031 (Tab ),
B.22032,B.22033

Ric kettsia c onorii, 82 2030, 82 2032-3,

822033 (Tab)

cell wall composition, B2 2034

classification, 82 2031-2' 82 2031 (Tab )

detection, 82 2037

genetics, 82.2027 , B2 2033, R2 2033 (Tat: )

geographical distribution, 82.2038 (Fig )

habitats, vectors and hosts, B.2203I (Tab),

B.22037

identifi cation, B.2.2026, 82 202'7

Western blot, 82 2036 (Fig )

infection see Mediterranean spotted fever

isolation, 82 2034-5

metabolism, 82 2034

pathogenicity and virulence, 82 2034

Rickettsia cooleyi,822030 1, 82 2031 (Tab.)

Rickettsia diaporica see Coxiella burnetii

Rickettsia felis

classification, B22030-L, 82 2031 (Tab )

habitats, vectors and hosts, 82 2037

identif ication, B2.2026

infection, 82 2039 (Tab ), 82 2041

see also Rickettsial disease:

isolation, 82 2034-5

Ri c ke tts ia hei lo n g j ang hens i s

classification, 82 2031 (Tab )

infection, 82 2039 (T ab ), 82 2040

see a/so Rickettsial diseases

Rickettsia helvetica

classification, 822030-L, 82 2031 (Tab )

geographical distribution, B2 2038 (Fig )

identif ication, 82 2026

infection, 82 2039 (Tab )

see also Rickettsial diseases

isolation, B.22034-5

Rickettsia honei

classilication, 82 2030-1, 82 2031 (T ab )
geographical distribution, 82 2038 (Fig )

identification, B2.2026

infection, 82 2039 (Tab ),82.2040

see also Ricketlsial diseases

Rickettsia japonica

classification, 822030-1, 82 2031 (Tab.)

geographical distribution, 82 2038 (Fig )

identification, 82 2026

infection, 8.22039 (T^b ),B2.2040

see a/so Rickettsial diseases

Rickettsial diseases, 82 2029 (T ab.)

antibody detection, Bl'152 3

clinical manifestations, 82 2038-42,

82.2039 (Tab)

cytopathology, 82 2034

diagnosis, 82 2034-'7

inmunofl uorescent antibody tests,

B l75Z-3

immunological, 82.2037

PCR,B22036-:7

serological assays, 82 2035 6

Weil-Felix reaction, 81752 3

epidemiology and natural history, B2 2037

geographical distribution, 82 2031 (Tab.),

82.2037 , 82.2038 (Fig )

pathogenesis, 82 2030, 82 2034

treatment, 82 2043

see a/so Typhus

Rickettsial pox, 82 2039 (T ab ), 82 2047

Rickettsia massiliae

characteristics, 82 2033 (Tab )

classification, 82 2O3O l. 82 2037 ('tab ),
B22032-3

isolation, B.2.203+5

Ricke ttsia mongo lo timonae

classification, R2203C_1, 82 2031 (Tab )

geographical distribution, 82 2038 (Fig )

identilication, 82 2026

infection, 82 2039 (T ab ). 82 2040

see a/so Rickettsial diseases

isolation, BZ2034-5

Ric kettsia montanensis, B.2.2032-3

characteristics, 82 2033 (Tab )

classification, R2 2031,-2, 82 2031 (Tab )

Rickettsia parkeri, B2203I-2, 82 2031 (Tab )

Rickettsia peacockii, 8.22030-1, BZ 2031. (Tab )

Rickettsia prowazekii

antibiotic susceptibil i ty testing, 82 2042-3

cell wall composition, 82 2034

characteristics, 82 2033 (Tab )

classification, 82 2027, 82 2027 (Fig ),
B.22031-2, 82 2031 (Tab )

detection, 82 2037

genetics, 82 2027, BZ 2033, 82 2033 (T ab )

habitats, vectors and hosts, B.22037,82204I

infection, 82.2039 (Tab ),822041

infi ltration of host t issues, 81 [53

see a/so Rickettsial diseases

metabolism, 82.2034

microbiology, 82 203t)

pathogenicity and virulence, 82 2034

S layer, 81 155

Rickeusia rhipicephali

characteristics, 82.2033 (Tab )

classification, R2 2031, 2, 82 2031 (Tab )

Rickettsiq ickeusii, 82 2032 3

characteristics, 82 2033 (Tab )

classification, 82 2021 (.Fig ), BZ 2,0312,

82 2031 (Tab )
geographical distribution, 82 2038 (Fig.)

habitats, Yectors and hosts, 82 2037

infection see Rickettsial diseases; Rocky

Mountain spotted fever

inli l tration of host t issues, 81 153

isolation, 82.2034 5

pathogenicity and virulence, 82 2034

R ic ke ns ia s ib iric a, 82 2032-3

characteristics, 82 2033 (Tab )

classification, B.22030-2' 82 2031 (Tab )

geographical distribution, 82 2038 (Fig )

inf ection, 82 2039 ('t ab ), 82.2040

see ak, Rickettsial diseases

Rickettsia slovaca

classilication, B.22030-7, 82 2031 (Tab.)

detection, 82.2037

identiflcation. 82 2026

infection, R2 2039 (T ab ), 82.2040,

82.2040 (Fig )

see a/so Rickettsial diseases

isolation, 82.203+5

Rickettsia typhi

characteristics, 822033 (Tab )

classilication, B.22031-2, 82 2031 (Tab )

detection,82.2037

habitats, vectors and hosts, 82.2037

identification, 82 2026

infection, B2.2039 (Tab )

see a/so Rickettsial diseases

isolation, B.22034-5

Rickeusiella, 82 2026

Rickettsiella grylli, 82.2027 (Fig )

Ridley-Jopling classification, leprosy,

B27204

Rifabutin

M ycob acterium, 82.1277, B.2.1222

spectrum of activity, 81.494

Rifampicin

cat-scratch disease treatment, 82 1898-9

human brucellosis treatment, B.2.7742-3

leprosy treatment, B2 1203

resistance, Brucella, 82 17 42 3

spectrum of activity

Act ino b acillus ac tin o my c e te m c o m itans,

B.27664

Actinomyces, 82 l0l1

Cardio b acte r ium hominis, 82 7672-3

Haemophilus, 82 1702 (Tab ), 82.1703,

82.1710

Listeria, B2.957-8

My cob acterium, 82 12L8, BZ 1222

Mycobacterium tubercuLosis, B2.L797,

B.27200,82.1218

Staphylococcus, B.2194 (Tab )

verruga peruana treatment, 82 1891

Rifampin

spectrum of activity, 81 494, 81 499 (Tab )

structure, 81 a94 (Fig.)

Rifamycins, B1.494

mode of action, 81 494

pharmacology, 81.494

oral contraceptives, 81 494

resistance, 81 494

spectrum of activity, 81.494

Mycobacterium, 82 7222

structure, BI 494, Bl 494 (Fig )

toxicity/side effects, 81 494

oral contraceptive combination, 81.494

see also specific types
'ring immunization', Bl 328-9

Risk, relative, 81 316

Risk reduction, Q fever control, 82 2079

River

RNA

water, RI.21.3-74, 81.215 (Tab.), 81.218,
Bt227

analysis, Brucella, 82 1730

content, 81.42

probes, application, BI 725

ribosome see Ribosomal RNA (rRNA)

sequence studies

C o ry ne b a ct e rium, 82 97 9

Listeria, 82 955,B.2958
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RNA (Continued)

sigma tactors ree Sigma (o) factors

synthesis, Bl 46-8

regulation, B1.46-7

RNA polymerase

subunits, B1.46-7

Ro c ha limae q q ui nt ana, 82 2026

Rocholimaea, B2.2026

Rocky Mountain spotted fever

causative organisms see Rickettsia

clinical manifestations, 82.2038-9,
82.2039 (Tab.)

diagnosis, 82 2040

discovery, 82.2021-30

epidemiology and natural history, 82 2037,
B22038

fatality rares, 82 2039

transmission and vectors, 82 2037 -B

treatment, 82 2043

Rolling-circle replication, plasmid genes,
B1.107

Rolling-circle transposition, 81 95

Ropey bread, Bl 285

Rothia,B2.99I

cell wall composition, 82 1010 (Tab )
chemotaxonomic characteristics,

82 978 (Tab )
isolation, 82 1013

Rothia dentocariosa, R2 991

biochemical characteristics, 82.993 (Tab )
disease associations, 82 981 (Tab )
habitats, 82 977-8

as normal microbiota, 81296 (Tab )
Rothia mucilaginosa, BZ 997

as normal microbiota, 81 296 (Tab )
Roth spots, endocarditis, B1 528

Rots, plant disease source, B1 202

Rough mulanls. Sulmonella O antigen.
B.2.1402

Roxithromycin

Chlamy dia pneumoniae infection therapy,
B22027

Haemophilus, 82.1710

Pasku rel Ia m ul rod do, B2.1655

structure, B1 486

Roya l  Co l lege o f  Genera l  Prac t i t ioners
(RCGP), reporting system, B1.320,
B1.321 (Tab.)

R/S (rhizosphere/soil) ratio, 81.197-8

RTX proteins, 82 1796-l

Rubella

congenital rubella syndrome, 81 349-51

control, 81 349-51

vaccines, Bl 348

epidemics, Bl 349-51

maternal, B1 349

rn pregnancy, 81 349

prevention, 81 349-51

see also Below, vaccinqtion

vacclnatlon

coverage and congenital syndrome
incidence, B1 350 (Fig )

laboratory workers, B1 767

policy implications, 81 351

policy options, 81 350

risks/benefits of policies, 81 350-1

selective policy, 81.350

universal policy, 81.350

Rumen bacteria, 82 1934

Ruminobacter, B.21.930

normal microbiota, BZ 1934

Rumino bacter amy lop hilus, R2 1934

Ruminococcus, 8.2.9034, 82 976

classification, 82.905 (Tab )
growth requirements, 82 906

identifi cation, B.2.906-7

normal microbiota, B2 970

Ruminococcus flavefaciens, 82 904

Ruminococcus p roductus, 8.2.904, 82.916

biochemical characteristics, 82 908 (Tab.)

defi nition/characteristics, B2 916

normal microbiota, Bl296 (Tab ), 82.910
'Runs', f lagella movement, 8144

Russia, tuberculosis rates, 81 364

S acc haro mono s p o ra, B.2.1139

microscopic morphology, 82 1143

S accharomy ces cerev isiae, Bt 283

Saccharopolyspora, R2 1139

microscopic morphology, 82 1143

Safranin O, 82 1735

S a I i b aci I lus, B.2.922-3

taxonomy, B2922-3

Salicin fermentation, Enterobacteriaceae
identif ication, 82 1319 (Tab )

Salicylanil ides, 81.428, 81.43G8

Salicylic acid

B ur kho ld.e r ia, 82 1676-77

Chlamydia pneumoniae infection therapy,
B.22021

Saliva

immunoserology, Bl 753

normal microbiota, 81 609 (Tab )

Sqlmonella, B.21398434

antibacterial susceptibility/resistance,

B.27412-1.6

developed countries, R2 1412-14

developing countries, BZ 741.4-1.5,
82.141s (Tab )

food-animal xe, B2 1 412-3

immunocompromised patients, 82.1414

plasmid-mediated, 82 1,472

quinolone resistance, B1 493 (Tab )
antigens, 82 \4Ol-2

fimbrial antigens, 82.7342-3, 82 7407

flagellar antigens see below

H antigen see below

Kauffmann-White nomenclature, B1 757,
B2 1402, 82 1403 (Tab )

nomenclature, 82.1402

O anligen see below

Yr antigen see below

virulence effects, 82 1340

see also Below, serotyping

biochemistry, 82.1319 (Tab.), 82 7400-1.,
82.1401 (Tab )

differentiation, 82 1400 (Tab )
gelatin l iquefaction, 82 1401

lactose fermentation, 81.115

sugar fermentation, 81 115

biotyping, B2 1409

chemical agent susceptibility/resistance,
B27400

dyes, 82 1400

classification, 82.1398

evolutionary relationships, 82 1318

culture, 82 1399-400

carbon source, BZ 1399400

enrichment media, 82 1400

morphology, 82 1345 (Tab.)

screening media, 82 1401

epidemiology, B2 1.41I-16

habitats, 82 1411-12

speciflc host relationships, BZ 1411-12

extracellular slime, 82 1343

flagellar antigens , 82 7405

flagellins, 82 1404

triphasic strains, 82 1405-6

in food

butter, B1.250

cheese, 81 253-4

coconuts, 81 287

crean,8L248

crustacea, BI279-80

eggs,81278-9

fruit, B1 283

hazard analysis, 81.288

herbs and spices, 81.288

ice cream, 81251

meat and meat products, 81273-5,B1289

milk, 81.230-2, 81.235, 81235 (Tab.),
8t.237-8

milk powder, BI.245, Bl.246J
poultry see Poultry

spray drying, 81 269

vegetables, B1 282

wheat, 81.28,t-5

H antigen, 82.1401, 82 7404-5

Citrobacter vs , 82 1402

diphasic variation, B2.1,404

molecular characterization, 82.1407

monophasic serotypes, 82 1404
serotyping, 82.1403 (Tab )

historical perspective, 82.1398

identification

gelatin liquefaction, 82 1351

historical perspective, 82 1350, 82 1351

out-membrane protein typing, 82.1411
problem strains, 82 1348-50

screening tests, 82 1349 (Tab )
serotyprng see below

infection see Salmonellosis

infiltration of host tissues, B1.152

LPS, 81 158

in typing, 82 7411

molecular typing, 82 1409-11

chromosomes, B2 l4lF71.

enterobacterial repetitive intergenic
consensus, 82.7409, B2 1471.

fluorescent amplified fragment length
polymorphism, 82 1411

insertion sequence typing, 82.1409,
82 7470

plasmid typing, BZ 7409-10
pulse-field gel electrophoresis, 82 1409-11
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Salmonella
molecular ty ping (C o nt i nue d)

random amplilied polymorphic DNA,
82 1409, 82 1411

random cloned sequence typing, 82.1409

ribotyping, BZ 7409, 82 7410

single-enzyme amplified fragment length
polymorphism,82.1411

variable number of tandem repeat,
82 l4r7

morphology, 82 1399

fimbriae, 82.1342-3, 82 1399

notility, B2.1342

nonmotile strains, 82 1405-o

nomenclature, B.2.1337 , 82 1398-9

DNA-hybridization groups, BZ 1.398 9

serotypes, 82 1399

serotype vs seovar, 82 1337

O antigen, 82.74014
'chemotypes,' 821401 2

lysogenic conversion, 82 7402-3,
B.214034

molecular characterization, 82 1 407

plasmid conversion, 82 7404

rough mutants, 82 1402

serotype classifi cation, 82.1402

serotyping, 82 1403 (Tab )
structure, 82 140I-z

pathogenicity, BZ 1.424-7

experimental studies, 82 1425 7

invasive infection, 82 1425

Salmonella pathogenicity island, B1 164,
82 7425

salmonella plasmid virulence (spv) genes,
B27426

serotype-specific plasmids, 82 1426

toxrns, BZ 7426-7

phenotype, B27399407

plasmids, 81.115

population structure, 82 1407

MLEE analysis, 82 1407

multilocus sequence typing, 82.1407

serotyping, 82.140V9

fluorescent amplified fragment length
polymorphism, B2.1408-9

Kauffmann-White nomenclature, 82 7402,
82 1403 (Tab )

serotypes involved in gastroenter i t is .
B1.283

see also specific serotypes

signal transduction, 81 164, 81 167-8

subversion of host cell, 81 164

subspecies lI, 82 1.403 (T ab ), 82 1423

subspecies lIIa, 82 1403 (Tab.),B.2.74234

subspecies IIIb, 82 1403 (Tab),B.21.4234

subspecies IV, 82 1403 (Tab),827424

subspecies V, 82.1403 (Tab ), 82 7424

subspecies VI, 82 1403 ('ta6),R21.424

Vi antigen, 82 1406

antiphagocytic effects, 82 1406

detection, 82 1406

strains, 82 1406

virulence factors

LPSs, Bl 158-9

Sips, 81 152

waterborne, R1272,81.274, 81215 (Tab ),
B121s-19,B1236

Salmonella Agona, 82 1416-17

bacteriophage typing, 82 L416 77

biotyping, 82 1409

MLEE typing, B.27416 17

serotyping, 82 1403 (Tab.), B2 1408

Salmonella Anatum, 82.1403 (Tab )

Salmonella bongori, 82 7424

biochemical tests, 82.1319 (Tab ),
82 1400 (Tab )

classification, 82 7398, 82 7399

serotypes, 82.1402

Salmonella Brandenburg, 82.1403 (Tab )

Salmonella Bredeney, 82 1403 (Tab.)

Salmonella Choleraesuis. 82 1417

biochemical tests, 82 1319 (Tab ),
82 1401 (Tab.), B.27417 (Tab )

endocarditis, 81 532

flagellar antigens, mutants, 82 1405

infection, 82 1417

see a/so Salmonellosis

MLEE analysis, 82 1417

pathogenicity, serotype-specific plasmids,

B.2.L426

serotyping, 82 1403 (Tab )

Salmonella Derby, 82 1403 (Tab.)

Salmonella Dublin, 82 1417-18

infection, 82.L411-18

see also Salmonellosis

MLEE typing, 82.1418

pathogenicity

Salmonella pathogenicity island, 82 L425

serotype-specific plasmids, B2.1478,

B.21426

Vi antigen, B2.1406

virulence factors, Bl 71,4.B.21478

plasmids, B1 114

serotyping, 82 1403 (Tab )

Salmonella Ealing, B1 315

Salmonella enterica

classification, 82 1398

biochemical typing, 82 1401

see also individual subspecies

subspecies arizonae, B.2.1399, 82 14234

biochemical typing, 82 1400 (Tab )

fimbriae, 82 1399

osteomyelitis, 81 690

serotypes, 82 1402

subspecies diarizonae, 82 7399, 82 1.4234

biochemical typing, 82 1400 (Tab )

epidemiology, 82 1423

fimbriae, 82.1399

serotypes, 82 1402

subspecies enterica, B2.1399

biochemical typing, 82 1a00 (Tab )

classification, 82 1398

serotypes, 82 1402

see also individual serotypes

subspecies houtenae, 82'1399, 82 1424

biochemical typing, 82 1400 (Tab ),
82.1401

serotypes, 82 1402

subspecies inclica, 82.1399, 82 1424

biochemical typing, 82 1400 (Tab ),
B.27401

serotypes, 82 1402

subspecies salqmae, 9.2.1399, 82 L423

biochemical typing, 82 1400 (Tab )

fimbriae, 82 1399

serotypes, 82.1402

Salmonella enterica subspecies arizonae see

Salmonella enterica

Salmonella enterica sttbspecies diarizonae see

Salmonella enterica

Salmonella enterica s\bspecies enterica see

Salmonella entericq

Salmonella enterica stbspecies houtenae see

Salmonella entertca

Salmonella enterica sttbspecies indics see

Salmonella enterica

Salmonella enterica stbspecies salamae see

Salmonella enterica

S almonella Enteritidis, B2.I4I8-79

adhesins, 81.148-9

antibacterial susceptibility/resistance,

B.2L41U1.9

bacteriophage type 4b detection, Bl 322

curli synthesis, 81.148-9

fimbriae, 82.1399

in food

eggs,Bl276,81.278

ice cream, 81.251

infection, 82 1418

in chickens, 82 1418

endocarditis, 81 532

see a/so Salmonellosis

molecular typing, insertion sequence typing

82.1410

nonmotile strains, 82 1406

pathogenicity, serotype-specific plasmids,

82.1426

plasmid typing, 82.1 409-10

PT4,B1251.

serology, 82 1403 (Tab.)

serotyping, 82.1408

S almo nella Gall inarum, 82.1419

biochemical tests, 82 1319 (Tab ), 82 1a01,

82.1401 (Tab )

culture, 82.1401

nonmotile strains, 82 1406

pathogenicity, serotype-specific plasmids,

82L426

serotyping, 82 1403 (Tab )

Salmonella Hadar, 82.1419

pathogenicity, serotype-specific plasmids,

B.27426

serotyping, 82 1403 (Tab ), 82.1408

Salmonella Heidelberg, 82 7479-20

flagellar antigens , BZ 1405

infection, 82 1419

see also Salmonellosis

insertion sequence typing, 82.747910

multiple antibacterial resistance, 82.1414

serotyping, 82.1403 (Tab )

Salmonella Infantis, 82 1420

infection,82.142O

see also Salmonellosis

insertion sequence typing, 82 7420

serotyping, 82 1403 (Tab )

Salmonella Johannesburg, 82 1415 (Tab )

Salmonella Kedougou, 82 1403 (Tab )
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S qlmo ne I la Livingstone

biotyping, 82 1409

serotyping, 82 1403 (Tab )
Salmonella Mbandaka, 82 1403 (Tab )
Salmonella Montevideo, 82 1420

biotyping, BZ 1409, B2.I42O

serotyping, 82 1403 (Tab )
SqlmoneLlq Muenchen

flagellar antigens, R2 1405

mutants, 82 1405

serotyping, 82.1403 (Tab.)

Salmonella Newport

multiple antibacterial resistance, 82 1414

serotyping, 82 1403 (Tab )
Salmonellq Oranienburg, B1 283

antibacterial susceptibil i ty/resistance,

82 1415 (Tab )
Salmonel Ia P anama, B2 1420

serotyping, 82 1403 (Tab ),B.21420
Salmonella Paratyphi A, B.2.7420-1

antibacterial susceptibil i ty/resistance,
82  t4 I6

ciprofloxacin, 82 1421

biochemistry.82.1319 (Tab.), 82 1401 (Tab ),
82 r4Z0

culture, 82 1401
f lagellar antigen mutanrs, 82.1405

H antigen, 82.1404

MLEE typing, B.21.420-I

O antigen, 82 1341-2

serotyping, 82 1403 (Tab )
Salmone I la Paratyphi B, RZ 7421

bacteriophage typing, B,2.7421

biotyping, 82 1409

culture, 82 1400

gastroenterit is, 82 1421

insertion sequence typing, 82 1410

MLEE typing, 82 1421

serotyping, 82 1403 (Tab ), 82 1408

Salmonella Paratyphi C

biochemistry, 82 I4l7 (T ab.)

serotyping, 82 1403 (Tab )
Vi antigen, 82 1406

Salmonella pathogenicity island, 82 1425

Salmonella Dublin, 82 1425

Salmonella plasmid virulence (spv) genes,
B.27426

Salmonella Pullorum, 82 1419

biochemical tests, 82.1319 (Tab ), 82 1a01,
82 1401 (Tab )

culture, 82 1401

nonmotile strains, 82.1406

pathogenicity, serotype-specifi c plasmids,
B21426

Salmonella Rubislaw

flagellar antigen mutants, 82 1405

serotyping, 82 1403 (Tab )
Salmonella Saintpaul

multiple antibacterial resistance. 82 1414

serotyping, 82 1403 (Tab )
Salmonella Salinatus, 82 1399

Salmonells Schwarzengrund, 82 1403 (Tab )
Salmonella Sendar

culture, 82 1401

mannose-resistance and eluting
hemagglutinins, 82 1399

S almone I la Senftenberg

antibacterial resistance, 82 1415 (Tab.)

serotyping, 82 1403 (Tab )
Salmonella Stanley, 82.1403 (Tab )
Salmonella Thompson, 82 1403 (Tab )
Salmonella Typh| 82 1427-2

antibacterial susceptibil i ty/resistance,

82 1415-76

ampicil l in, 82 1416

ciprofloxacin, 82 1416

developing countries, 82.1,475-16

multidrug resistance, 82 1421

trimethoprim, 82 1416

culture, 82 1401

flagellar antigens, 82 7405

food, hazard analysis, 81.288

genone size,82.1422

H antigens, B1.744

monophasic serotypes, 82 7404-5

historical perspective, 82 1318-31

identification

bacteriophage typing, 82 1408

biochemical tests, 82 1319 (Tab ), 82 1401,
82 1401 (Tab )

pulse-field gel electrophoresis, 82.1410

screening tests, 82 1349 (Tab )
serotyping, B2 1403 (Tab )

infection

animal infection, 82.1425

laboratory acquired, 81 761

see a/so Salmonellosis; Typhoid

intracranial abscess, 81.586

O antigens, 81 744

Vi antigen, B1..7 44, RZ 7406, 82 7408

strain differentiation. 82 1422

Salmonella Typhinurium, 82 1422

adhesins, B1.148-9

antibacterial susceptibility/resistance,
B.21.412-14

antibacterial use in animals, B.21,413-1,4

bacteriophage-m ediated, B.2.1472

chromosomally associated, 82 1413

developing countries, 82 1415 (Tab )
DT 104 strain, R21412-14

multiple resistance, B.2.l4l2-14, 82 7422

plasmid-acquired, Bl 110, 82 1413

pulse-field gel electrophoresis, 82 1413

artificial competence, B1 99

covalent modifi cation, 81.76

curli synthesis, 81 148 9

developing countries, B2.I4I+15

DT104 bacteriophage ty pe, 81 237

fimbriae, 82.1399

flagellar antigens , B2 1405

mutants, 82 1405

in food

cheese, Bl 254

cream, 81 248

meat,81275-6

milk, 81.231, 81235 (Tab.), Blz37-8

milk powder, B1 246

poultry, 81.276

H antigen, diphasic variation, BZ 1404

identification

biotyping, 82 1409

molecular typing see below

serotyping, 82.1403 (Tab ), 82 1408

infection

animal infection, 82 1425

endocarditis, 81.532

milk-borne, Bl 235 (Tab.)

see a/so Salmonellosis

infiltration of host tissues, B1 152

ion gradient-linked transport, 81 49

iron-dependent repression, 81.165-6

molecular typing

insertion sequence typing, 82 1410

pulse-field gel electrophoresis, 82 1410

nomenclature, 82.1399

O antigen,8.2.1341.-2

pathogenicity, serotype-specific plasmids,

B27426

periplasmic-binding protein dependent
transport, Bl 49

phase variation, B1 90

population structure, MLEE analysis,
82 7407

Salmonella Typhisuis

biochemisrry, 82 1.40L, 82 1417 (Tab )
culture, 82 1401

S almone lla Virchow, 82.I 422-3

antibacterial suscept ibil i ty/resistance.
B.21423

bacteriophage-typing scheme, 82 7422-3

pathogenicity, serotype-specific plasmids,

821.426

serotyping, 82 1403 (Tab ), 82.1408

Salmonella Wien, 82 1415 (Tab )
Salmonellosis, 82.7424-5

AIDS patients, 8.2.1424-5

bacteremia, B1.521

bone and joints, 81 690

day-care centers, 81.361

developing countries, 82.1,474-1,5

diarrhea, B2 1426

elderly, 81 394

endocarditis, B1 532

enterrc fever,82.7424

intestinal, 82 1347

intracranial abscess, 81.586

mastit is, 81230

nosocomial, B1 397

food-borne, 81 377

person-to-person spread, 81 377

subdural empyema, 81 591

subtype specifi cities, B2.l 424

systemic disease, 82 1424

Salpingitis, Chlamydia trqchomatis infection,
82.2010-71., 82 2011 (Fig.)

Salr/salting

Campylobacter resistance, 82 1545

lood processing and preservalion.

81 268 (Tab )

meat and meat products, BL27+5

Sampl ing  f rame.  B l  314.  B l .3 l5

Sarafloxacin, B1 492

S ar c ina, 82 903-4, B2 977

classification, 82 905 (Tab )
definition/characteristics, 82 917

growth requirements, 82.906

identification, 82 906-7
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Sarcina (Continued)

normal microbiota, 82 910

Sausages

fermented and acidulated, B12754

frankfurters, B1 275

ionizing radiation, 81.27 1,-2

perishable raw salted, Bl27+5

pickled, B1 275

Scabies, B1.403

Scallops, B1 280

Scardovia, 82 1.025

Scardovia inopinata, 82 1025 (Tab )
pathogenicity, 82 1026

Scarlet fever

milk-borne, B1230

see also Streptococcus pyogenes infection

Schick test, Bl 348

Schools, airborne bacteria, 81 186 (Tab )

Schwann cells, M y cob ac terium leprae, 82.1204

Sclerotina, 81.281

Sclerotina sclerotiorum, celery 'pink rot, '

81.281

Scombroid poisoning, Bl 280

S c o p u I a r i o p s i s, B1.27 6

Scotochromogens, 82 1 181

Screening

diphtheria diagnosis, Bl 612

Enterobacteriaceae identif ication, 82.1 348,

82 1349 (Tab.)

Escherichia coli identif ication, 82 1349 (Tab )

Hafnia idenlification, 82.1349 (Tab.)

infection control, 81.347

vaccine efficacy studies, Bl 324-5

Screening media, Salmonella culture, 82 1401

Scrub typhus, B2 2030-1, 82 2031 (Tab ),
B22041.-2

causative organism see Orientia

lsutsugamushl

clinical nanifestations, 82 2039 (Tab ),
B22041-2

epidemiology and natural history, 82 2041

Scytonema,81707

SDS-PAGE see Polyacrylamide gel

electrophoresis (PAGE)

Seasonal f luctuations

meningococcal meningitis, 81 562

rain water bacteria, 81 212 (Tab )

SecB protein, 81 45

function, 81 47

Secretory immunoglobulin A (sIgA), 81624

respiratory tract, 81 607 8

Sec system, 81.45

protein secretion, Bl 48

Seeds, B1.28G7

Selective decontamination of the digestive

tract (SDD), 81 390

Selective media

Aeromonas, B2.1532

Boruelia, B2l8Z8

Brucella, 82 1734-5, 82 f739

Burkholderia cepacia complex, 82 1609 10

H elico bact er p y lori, B.2.1.572

Selenomonas, B.2.L930

normal microbiota, 81296 (Tab )

Semi-conservative transposition, B1 95

Sensory networks, 81 165-73

bacterial, 81 1.65-73

Sepsis

definit ion, 81 510, 81 511 (Tab.)

signs of, Bl 511 12, 81 511 (Tab )

Septic arthritis

acute

epidemiology, 81.685, Bl 686 (Tab.)

treatment, 81 702 (Tab )

causative pathogens, B1 690

Kingella kingae, 82.1669 :70

see also individual species

chronic

epidemiology, B1 686 (Tab )

treatment, 81702 (Tab )

clinical manifestations, B1 685 (Tab )

diagnosis, radiology, B1 693

prevention, B1 691

Septicemia

definit ion, 81 511 (Tab.)

hemorrhagic, cattle, 82 1653-4

listeriosis, B1.243

meloidosis, B2.1626 7

meningococcal infection, B1 565-6

My co bacteium absce ss us case history,

B.21250

Pasteurella multocidq, 82 1654 5

streptococcal infection, 81.244

urinary tract infection, B1 389

Septic shock

definit ion, 81 510, 81 511 (Tab )

treatment, 81 393

virulence factors, curli, 81.148 9

Sequential organ failure assessment (SOFA),

81 .510

Serology/serological diagnosis, B1.778-20

Actinomyces, B.2.10"17

Carri6n's disease, 82 1890

cat-scratch disease, 82 1897-8

characterization testing, Bl 22 (Tab ), Bf 2a

C hlamy dia infection, 82 2019-20

C. psittaci,822020

C. t rac homatis, BZ 2019 -20

glanders, 82 1634

Helicobacter pylori infection, 82.1571 (Tab.),

B.27573

human brucellosis, B2 17 3941

methods, 81 718-20

My c o p las ma infection, R2 1969, BZ 7994-5

PCR vs,82.L996-'7

precipit in tests, B1 719

Q fever,B22077

relapsing fever ( Borrelia), 82 1830

surveil lance, 81 324

routine, 81 321-2

vaccine efficacy, 81 324

see also Immunoserology; specific assays

Serotype-specific plasmids, Salmonella

serotypes, 82 1418, 82 7426

Serotypingi serotypes

Aeromonas, 82 1535

Bordetella pertussls, 82.1804 (Fig )

Chlamydia, B2.2018

Salmonella, 82 1403 (Tab.), 82 1408

Stre pto co ccus p neumo niae, Bl 57 0

Serovars, 82 1290-7

Seruatia, B21487-90

antibacterial susceptibility/resistance,
82 1488-9

intrinsic, R2 7352 ('tab )
antigens, 82 1489

biochemistry, 82.1488

characteristics, 82 1487

classification, 82.L487 -8

culture, 82.1488

pigment producti on, 82 1345

Iemperatwe,B.2.1344

definition, 82 1487

fimbriae, B21.342-3

habitats, 82 1490

identification

deoxyribonuclease production, 82 1351

gelatin liquefaction, 82 1351

historical perspective, 82 1351

screening tests, 82.1349 (Tab.)

as indigenous bacteria in water, 81 211

infection, B2 1490

bacteremia, 81 521

intestinal, 82 1347

nosocomial infection, Bl 372, 81.378,
81398 (Tab )

morphology, 82 1488

normal microbiota, 81.296 (Tab.)

pathogenicity, 82.1490

typing methods, B.2.1489-90

Serratia entomop hila, B2 1,487 -8

biochemical tests, 82 1319 (Tab.)

Se rratia fcaria, 82 7487 -8

biochenical tests, 82 1319 (Tab.)

characteristics, 82 1489 (Tab.)

pathogenicity, 82 1490

Serratia fonticola, 82 148'7-8

biochemical tests, 82.1319 (Tab )
characteristics, 82 1488, 82.1489 (Tab.)

pathogenicity, 82 1490

Serratia grimesii, 82 L487-8

Serratia liquefaciens, 82.1487 8

antigens, 82.1489

biochemical tests, 82 1319 (Tab )
characteristics, 82 1489 (Tab.)

culture, 82.1488

pathogenicity, 82 1490

in poultry, B1277-8

S er ratia mar c es c e ns, 82.7487

antibacterial susceptibilityhesistance, 81 433,
82 1488-9

intrinsic, B21.352 (Tab )
antigens, 82.1489

virulence effects, 82.1340

as arthropod pathogen, 812034

characteristics, 82 1489 (Tab.)

classification, 82 1487

culture, 82.1488

filtration sterilization, B1.a5a (Tab.)

habitats, B2 1490

historical perspective, 82 1318 31

identification

biochemical tests, 82 1319 (Tab )
problem strains, 82 1.348-50

screening tests, 82 1349 (Tab )
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Seruatio marcescens

identif ication (Continued)

typing methods. RZ 7489-90

infection

conjunctivit is, B1.599

endocarditis, B1 532

extraintestinal, 82 7346 1

keratit is, B1.601

nosocomial infection, B1 398 (Tab )
iron scavenging, Bl 151

morphology, 82 1488

pathogenicity, 82 1490

Serratia odori.fera, 82 1487-B

biochemical tests, 82.1319 (Tab )
characteristics, 82 1489 (Tab )
culture, 82 1488

pathogenicity, 82 1490

typing methods, 82 1490

Serrqtia plymuthica, 82 1487 8

biochemical tests, 82.1319 (Tab )
characteristics, 82 1489 (Tab )
culture, 82 1488

pathogenicity, 82 1490

Serratia rubidaea, 82 1487-8

biochemical tests, 82 1319 (Tab )
characteristics, 82.1488, 82 1489 (Tab )
culture, 82 1488

pathogenicity, 82 1490

Serum media. leptospires, 82 1872

Service culture collections, Bl 28-9

Set yogurt, B1.248

Severe acute respiratory syndrome (SARS)

epidemiology

basic reproduction number (Re),
81 340 (Tab.), B1341-2

case-finding, B1 347

modeling approaches, 81 337 8

laboratory practices, Bl 764

nosocomial infection, Bl 3721

quarantine and isolation, 81 347

transmission prevention, Bl 355, 81.373

Severe sepsis, definit ion, 81 510, 81.511 (Tab )
Sewage, bacteriology of , Bl 272, Bl 217,

B l  2 1 9  ( T a b  ) , B l 2 2 r , B r z 2 4
Sex pheromones, Enterococcus, 82 886

Sex pil i

Enterobacteriace ae, 82 7342, 82 1343

Sexual abuse, Neisseria gonorrhoeae typing,
8r662

Sexual behaviour changes, emergence/
resurgence ol bacterial infection, B1 361

Sexual intercourse, urinary tract infection,
81 673. Bl 679-80

Sexually acquired reactive arthrit is (SARA),

C hlamy dia tracho matis infection,
822013

Sexually transmitted diseases (STD)

behavioural prevention, 81.354

epidemiological modeling, Bl 337-8

Mycoplasma, 82 7991

prevalence studies, B1 313-1a, B1 314 (Fig.)

reporting system, B1.320-1,81.321 (Tab )
see ako indivitlual diseases/disord.ers

'sharps', safety precautions, B1 767

Sheep

abortion, 82 1549

ewes'milk, 81231-2

infection

A ctino b ac illus seminis, B.2.1 665-6

Brucella melitensis, 82 7722

Campy lobacte r, 82.7549

listeriosis, B2.954, 82 963

M ann heimia haemo ly tic a, 82 1 65 4

pneumonic pasteurellosis, 82 1654

Shellfish

cholera due to,81216

cultivation, B1 216

see a/so Crustacea; Mollusks

Shewanella, Bl67

S hew ane I la p u tr efaci ens

fish, 81.279

poultry, 81 277-8

Shiga toxin, 82.1390

mechanism of action, 81 156 (Tab.)

nomenclature, 82 1339

Shigella, 82.1186-97

characteristics, B.27392,82 1393 (Tab )
classification, 82.1386

Escherichia coli vs ,B.2.1318

serotypes, 82 1388, 82 1392, 82.1393 (Tab )

species, 82 1386

culture, morphology, 82.1345 (Tab )
definit ion, 82 1386

diagnosis, B27391.-2

invasive phenotype, 82 L392

molecular, 82 1392

epidemiology, 82.1387-8

in food, 82 1388

crustacea, B1279-80

fruit, 81 283

vegetables, B1.282

genetics, 82 1388

habitats, 82 1387

historical perspective, 82 1386

identification, 82 1392

historical perspective, 82 1351

screening tests, 82 1349 (Tab.)

infection see Dysentery; Shigellosis

invasion/pathogenic mechanism, B1 152

actin polymerization, 82 1389-90

bacteria-host cell cross talks, 82 1389-90

cell binding, 82 1389-90

epithelial barrier invasion and
infl ammatory destruction, 82.1388-9,
82 1391

macrophage apoptosis, 82 1388-9

M cells, 82 1388-9

polymorphonuclear cell infiltration,
82 1388-9

isolation, B.2l39I-Z

optimization, 82 1391

LPS, Br 1s8, 82.1390

non-motility, 82 1342

O antigen, Escherichia coli vs ,82.7341

pathogenicity, 82 1388-91

determinants, 82 1389

virulence faclors see below

reservoirs, 82 1387

serogroups! 82 1388, 82.1392, 82 1393 (Tab )
serogroup A see Shigella dysenteriae

serogroup B see Shigella flexneri

serogroup C see Shigella boydii

serogroup D see Shigella sonnei

transmission, 82.1387

fecal-oral, 82.1387, 82 1388

in foods see above

infective dose, 82 1388

routes, 82.1388

sexual, 82.1388

waterborne, B1 212

virulence factors, 82.1388-91

chromosomally-encoded, 82 1390

E-cadherin, 82 1390

Ipa proteins, 82.1389-90

Ipas, B1 152

Ipg proteins, 82 1389

N-WASP, 82 1390

pathogenicity island, 82.1389

peptidoglycan, 82 1390

plasmid-encoded , BZ 1389

ShETI enterotoxin, 82.1390

spa and mxi loci, 82 1389

type III secretion system, 82 1389

virB/virG, 82 1389, B.2.1390

virulence plasmid, 82.1389

Shigella boytlii, 82 7386

characteristics, 82 1393 (Tab )

identification, 82 1392

biochemical tests, 82.1319 (Tab.)

screening rests, 82 13a9 (Tab.)

Shigella dysenteiae, 82 1386

identification, 82.1392

biochemical tesrs, 82 1319 (Tab )

screening tests, 82 13a9 (Tab )
neuraminidase, B1 153 (Tab.)

serotype 1, 82.1388

antibacterial susceptibility/resistance,

81 363-4

characteristics, 82 1393 (Tab.)

hemolytic uremic syndrome ,B21387

infection, 82 1391

acute disasters, 81.360

child mortality, 82.1388

clinical manifestations, 82.1387

refugees, B1 360

symptoms, 82 1387

see also Dysentery

toxins see Shiga toxin

virulence factors, 81 153 (Tab )
S hige lla fl exneri, 8.2.7386

antibacterial susceptibility/resistance,
plasmids, 81 110

characteristics, 82 1393 (Tab.)

fimbriae, 82.7342-3

genetics, 82.1388

identification, 82.1392

biochemical tests, 82 1319 (Tab.)

screening tests, 82 1349 (Tab )
infection, 82 1391

infiltration of host tissues, B1.1,52-3

laboratory acquired, 81.761

reactive arthrit is, 82 1387

serotype distributions, 82 1388

Shigella sonnei proportion vr, B2.1388

virulence factors

chromosomally-encoded, 82 1390
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Shigella flexneri
virulence factor s (C o nt inue d)

LPS, 82.1390

peptidoglycan, 82 1390

plasmids, 82.1389

Shigella sonnei, 82 7386

antibacterial susceptibility/resistance,

plasmids, 81 110

characteristics, 82 1393 (Tab )

identif ication, B2.1392

biochemical rests, 82 1319 (Tab.)

screening tests, 82 1349 (Tab )
infection

distribution, 82 1388

vaccination, 82 1394-5

Shigellosis, 82.1387

clinical features, 82 1387

growth retardation in infants, 82.1387

epidemiology, 82 1387-8

day-care centers, 81 361

developing world, 82 1387 8

endemics and epidemics, 82 1388

international travel, 81 360

fatality, 82 1387

food, vegetables, 81.282

histopathological analysis, 82 1387

host-pathogen interaction, B2.1388

intestinal, 82 1347

morbidity, 82.1387

pathogenesis, 82 1388-91

prevention, B.21.39+5

serotype-specific protection, 82 1394

vaccines, 82 7394-5

treatment, B273924

see a/so Dysentery' individual species

Shipping fev er, B.2.7654

see a/so Pneumonic pasteurellosis

Shock, in gas gangrene, 82 1114

Short direct repeats (SDRs), transposable

elements, Bl 94

Shoulder joint infection, inflammatory

responses, B1 689

Showers, Legionnaires' disease, B1 375-6,

Br 634-5

Shrimps

freeze-drying, Bl269

microbiology, BL27 9 -80

Shuttle vectors, plasmid cloning vectors,

Bt.t27

S huttlew o rthia, B2.1028

SHV-1 enzymes, pJactamases, BI 4721

Sialadentit is, B1 619

Sickle cell anemia, bone and joint infection,

81 690

Siderophores, 82.1793

BurkhoLderia cepacia complex, 82 1676-77

B urkholderia thailandensis, B.2.1624

iron scavenging, 81 151

Pseudomonas, 82 L596

Yersinia ruckeri, 82 1.470

Sigma (o) factors, 817,t-5

alternative, B1 7z[-5

Bacillus subtilis, Bl 7 5

Escherichia coli, Bl 7 4-5

o32 (heat shock-specific), R! 74, B1.448

o" (synthesis) and resistance, B1 61

oxygen radical tolerance, Bl 65

primary, B1.74

Signal transduction

bac ter ia l  subvers ion ,  B l . l64  5

subversion of host cell, 81.152, 81 16,t-5

two-component, Bl 7 5, Bl 767 -9

Signature-tagged mutagenesis (STM), 81 97,

8r.1.77 8
Silage, L ist er ia, 82.9 5 4

Silver, 81 428

action, 81 437 (Tab ), 81 438

resistance to, 81.L1.4, Bl 442

Si lver  impregnated  an t ibac ter ia l  u r inary

catheters, B1 389

Silver nitrate, B1 428

Silver sulfadiazine, Bl 428

Similarity matrices, 8127 (Fig ), 8128

Simmons test, Enterobacteriaceae

identif ication, 82.1319 (Tab )

Simonsiella, 82.I271

Simple diffusion, B1 48 9

Single-enzyme amplified fragment length

polymorphism (SAFLP), 82.141 1

Sintered glass filters, 81.453

Sinuses, anatomy, B1.606

Sinusitis, 81.615 16, 81 628

acute, 81 615

causative organisms, 81 615, 81 615 (Tab.),

81.628

Moraxella (Branhamella) cataruhalis,

B21307

chronic, Bl 615, 81.628

clinical features, 81 616

diagnosis, 81 616

epidemiology, Bl 615

in HIV infection, 81.645

immune deficiencies, B1 616

intracranial abscess, 81 582, Bl 584 (Tab ),
81 585

nosocomial infection, 81 615

risk factors, 81.616

pathogenesis, 81.615

prevention, 81.616

sphenoid/frontal, Bl 615

subdural empyema! 81.590-2,81.591 (Tab )

treatment, 81.616

Siphov iridae bacteriophage, 82 1 535

Site-directed mutagenesis s?e Mutation

Situs inversus, 81.626

Skin

as barrier to infection, 81 17 5-6, 81.294,

81.304

normal microbiota, B1 304

gram-posrtrve anaerobic cocci, 82 907 10

Staphylococcus, 82 77 5 9

Skin diseases/disorders

leprosy diagnosis, 82.1205

Lyme borreliosis, 82.7828

Sk in  f ragmenls .  a i rborne  bac ter ia .

81 186 (rab )

Slackia, 82 976-17

classification, 82 L028-9

Slackia exigua, differential characteristics,

82 1029 (Tab )

S I ac kia he lio trinr e duc ens

biochemical characteristics, 82 908 (Tab.)

classification, 82 904

definition/characteristics, 82 916_17

SJayers, 81 44, 81 155

Aeromonas, 82 1525,B.2.1526 (Fig.)

Slide agglutination test, Streptococcus

pneumoniae detection, Bl 756

Slow-growing mycobacteria see Mycobacteria

(slow-growing)

Small acid-soluble spore proteins (SASP$,

81.443,Br448-9

Small intestine, normal microbiota, 81302

Small multidrug resistance family (SMR),

B1.440

Smallpox

eradication, B1 345

mode of spread, 81 374

quarantine and isolation, 81 347

Small repetitive elements (SRE), Nelsseri4

827276-:7

Small round structured viruses (SRSV) see

Noroviruses

Smoking

meat and meat products, B1274-5

tobacco see Tobacco smoking

Sneezing, B1.176

Snow, bacteriology of, 81 211-13

Snow, J, 81 335

Snow mountain agent, mollusks, 81 280

Social factors

bacterial infection emergence! B1 360-1

effects on population immunity, B1 353-5

Sodium carbonat e, 8I.4224

Sodium dodecyl sulfate polyacrylamide gel

electrophoresis see Polyacrylamide gel

electrophoresis (PAGE)

Sodium gradient, oxaloacetate substrate use,

B1,56

Sodium hydroxide, 81 4224

Sodium hypochlorite, BI 4224

methanol, 81.432

Sodium-motive force, 81.65

Sodium polyanethol sulfonate (SPS)

blood cultures, 81 514

gram-positive anaerobic cocci, 82 907

Soil

bacteria see below

carbon cycling, arthropods, 81.199

carbon:nitrogen (C:N) ratios, Bl 200

clay particles, 81.196

cross-sectional view, B1 195-6

fertility, B1.200

formation, 81 195-6

horizons, 81 195-6

liquid phase, BI.196-:7

nutrient cycling, 81.9

organic matter decomposition, 81.9

organic matter, B1 195-6

oxygen supply, Bll96J

plant roots environment modification,

B1.197-8

pore size distribution, 81.796-1

quality, 81 195-6

structure, 81.L96-7

taxonomy, 81 195-6

texture, 81.195-6
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Soil bacteria

adsorption, 81 796-7

as anaerobes

facultative, BI796-'1

oxic conditions survival, B1.196-7

strict, 81 196-7

applications

antibiotics, 81 199-200

biological control agents, Bl 198,
Br2024

bioremediation, Bl 799, Rl 201-2

biotra nsformatio n, BI 2O7-2

frost injury protection, 81 198

genetically engineered microorganisms,
B1.198, B1.204

biogeochemical transformations, Bl 799 201

carbon cycling, 81.199-200

sulfur, 81.201

biomass, 81 195-6

denitrification, B1 200

detection/analysis, Bl 204 7

biofilms, 81.205

biomass, Bl 205

direct methods, B1.204

enumeration, 81204-5

indirect methods, 81 204

leaf and root surface microbes separation
methods, 81204-5

marker and reporter genes, 81 207

metabolic acrivity in soil, 81 205-8

microscopy, Bl 207

most probable number estimates, 81 204

PCR techniques, Bl20G7

propagules, 81 205

quantitative estimation, Bl-204-5

rRNA:DNA ratio, 81 206

in situ observations, B1 204

spatial distribution, 81.205, B1 208

spores, 81 205

total adenine nucleotide, B1 206

habitats

quality, Bl 195-6

suitabil ity, Bl 196

methodologies for study, B1 195

nutrient limitation escape mechanisms,
81 199-200

rhizosphere ratio, 81 197-8

sampling, 81207

heterogeneity, 81 205-6, B1 208

natural populations, 81 208

sample scale, 81 208

sample units, 81.208

structure contribution, 81.196-:7

substrate changes and colonization,
81 199 200

vegetable contamination, 81 280-1

see also Rhizospherel. individ.ual species

Solid media, Enterobacteriaceae culture,
B21344-5

Solid surfaces, bacterial growth, B1 42

Solid waste (rubbish), bacteriology of, 81 213,
B1.213 (Tab.)

Somatic cell count test for milk, 81233

Sorbic acid, Bl 422, BI 434

action, 81.437 (Tab ), 81 438

pH,B l432

D-Sorbitol fermentation, Enterobacteriaceae

identif ication, 82 1319 (Tab )
Sorbitol-Macconkey agar (SMAC),

Enterobacteriaceae culture, 82.1347

SOS system, 81 440

uv,Bt.457-2
SoxABCD quinol oxidase complex, Bl 69

SoxR proteins, B1 65

Species/speciation, B1.30

concept, 81 77 ,81.20-2, 81 29-30

nomenclature, 81 18, 81 20,

8122,B131 3

changes, 81.18, 81 31-3

patenting, Bl 31-2

Species-specific tropism, bacterial adherence,
81.147-8

Specimens, Bl7I7-I2

collection, Bl77I-12

laboratory receipt, 81.712

skin antisepsis, Bl 712

contamination site and source, Bl.77I-1.2,
Bl.7l2 (Tab.)

preparation, 81724-5

suitabil ity, B1.724

transport and handling, B1 712

for virus detection, Bl 724

see a/so Molecular assays

Spectinomycin

characteristics, B1.482

gonorrhea treatment, B1 661

Haemophilus, 82 7770

structure, 81.483 (Fig )

S p hae rop horus, B.2.1945

Sphaerotilus, Bl 60

Sphaerotilus natans

bioremediation, 81 212

paper processing w aste, Bl ZIZ-13

Sphenoid sinus, anatomy, Bl6OG7

Spheroplasts, leptospires, B2.1868,
82 1868 (Fig )

Spices, B1.287-8

Spinal epidural abscess, Bl 592-4, 81 593 (Fig )
clinical features, Bf 593-4

diagnosis, B1 594

epidemiology, Bl 592

management, Bf 594, 81 594 (Tab.)

pathogenesis, B1 593

predisposing conditions, Bl 592-3

Spiramycin I, structure, B1.a86 (Fig )
S p irillum minus, 82.7908

antibacterial susceptibility/resistance,

82 1909

definition, 82 1908

habitats, 82.1908

historical perspective, 82 1908

infection see Rat-bite fever

staining reactions and culturabil ity, 82.1908

Spirochaeta icterogenes, BZ l86o

S pirochaeta icterohaemorrhagiae, R2 1866

Spirochaeta interrogans, R2 1866

Spirochaetales, 82 1838

Spirochaeta pallitla see Treponema pallidum

Spirochaetes

infection

antibody detection, 81.753

oral, 82.1859-60

syphilis see Syphilis

non-pathogenic of genital region, 82 1860

Spiroplasma, B2 1958 (Tab )
classification, 82 L967, BZ 19'70

energy-yielding pathways, 82 797 1,-2

genetic analysis

DNA replication and repair, 82 1979

genome structure, 82 I9734

insect associations, 82 7965

merabolism, 82.1969-7 0

motility, 82 1961

phytopathogenici ty, Bl 202

serological techniques, 82.1994

vector-transmitted plant diseases, B2 1,965-6,
B.27985-6

S p iro p lasma citi, B.2.I97 9

cell morphology, 82 1959 (Fig )
genetic analysis

comparative genomics, 82 1976

DNA replication and repai, B2 1979

gene transfer, 82 1981

genome sequencing and gene annotation,
B21974

pathogenicity associated genes, 82 1985-6

transposition, 82 1981

motil i ty, 82 1961

pathogenicity, associated genes, 82.1985-6

Spirop lasma ixodetis, B.2.197 34

Spiroplasma kunkelii

genetic analysis

comparative genomics, B2.797 5-6

genome sequencing and gene annotation,

B2.1.974

metabolism, 82L9754

Spirop lasma leptinotarsa, B.2.19634

S p iro p lasma me I liferum

cell membrane proteins, 82.1970

energy-yielding pathways, 82 197 12

genetic analysis

DNA replication and repair, 82.7979

proteome and transcriptome analysis and
bioinformatics, 82.1978

Sp iro p lasma mirum, 82.1966

Spiroplasma platyhelix, B2 79734

Spiroplasma pouk onii, 82 19634

Splenomegaly

human brucellosis, 82.1738

infective endocarditis, 81.535

Splinter hemorrhages, infective endocarditis,
BL s3+s, 81 s3a (Fig )

Spoligotyping, Mycobacterium tuberculosis

complex, 8211.95,B.21196 (Tab )
Spontaneous transversions, point mutations,

81 85

Sporadic infection, definition, 81 310
'Spore repair, '  81 452

Spores

antibacterial agents, Bl 438-9, B1.a41 (Tab )
resistance, 8I.442-3

C lo str idium, 82.7091. 2

food

freezing, B1.264, BI 27 0

heating, 81.265-6

heat-resistance, B1 449

sterilization

biological indicators, Bl 454
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Spores

sterilization (Continued)

dry heat, Bl 449

hydrostatic pressure, Bl 450

ionizing radiation, 81 451

moist heat, Bl 449

oxic/anoxic conditions, Bl 454

ultraviolet radiation, BI 457, Rl 452

water content, B1 449

Sporicides, Bl 433

action, 81 438-9

Sporistatic agents, 81.433

Sporomusa, B2 1,929-30

Sporosarcina, BZ 922-3

Spotted fever

causative agents, R2 2030-2, RZ 203I (Tab )
B2.2033,B.22041

antibacterial susceptibil i ty/resistance,
822043 (Tab)

see also Rickettsia

clinical manifestations, 82 2039 (Tab )
treatment, 82 2043

see a/so Rocky Mountain spotted fever

Spray drying, food preservation, B1.269

Spreading factors, 81 152, Bl 153 (Tab )
Spread of bacterial infection, 81.329

airborne, B1 329

direct contact, 81.329

indirect contact, 81.377-80

by inoculation, 81 380+

percutaneous, 81.310, B1 329

spreading factors, Bl 152, 81 153 (Tab.)

waterborne, B1.375

in  hosp i ta ls .  B l  375.  B l  376

Spring waters, Bl 215

Sputum

in bronchiectasis, 81 649

culture, in chronic bronchitis, 81 648

Mycob acte rium tube rculos is

microscopy, 82 1190

primary culture, 82 1190

St re ptococcus p ne umon iae pneumonia.

8t.637, Br 632
Stainer Scholte (SS) medium, 82.1791

Stains/staining

Afipia,82.1903

Brucella,B.21723

Helicobacter pylorl identification, 82 1571

Legionella, B.2.7773

methods, 81712-74, 81 713 (Tab ),
historical aspects, 81.6-7

Legionella, 82 1773. 82 1773 (Fig)

see also specifc methods; specific stains

Standard tube-agglutination test (SAT),

human brucellosis diagnosis,
B2773940

Staphylococcal enterocolit is, 82.1119

Staphylococcal scalded skin syndrome (SSSS),
82.786 (Tab),82.789

Staphylococci

autoinducing peptides, 81.172

coagulase-negative

bacteremia due to, B1.393

identification, B1.20

infection, 81.518, 82 816

nosocomial infection, 81 401 (Tab )

on skin, 81 304

detection

antiphospholysin test, 81.750

enzyme immunoassays, 81.750

immunoserology, B1 756

infection

antibody detection, B1.750

bacteremia, 81 518

endocarditis, 81.531. 81 535, 81 539-40

spreading factors, 81 153 (Tab.)

as normal microbiota, 81 296 (Tab ), 81 304

nares and nasopharynx, 81.295-300

oropharynx and tonsils, B1 301

quorum sensing AGR system, 81.172-3,
81 173 (Fig )

virulence factors

hyaluronidase, Bl 153 (Tab )
leukocidins, 81 153 (Tab )
staphylokinase, 81. 153 (Tab.)

d toxin, 81 153 (Tab )

Staphylococcus

antibacterial susceptibility/resistance,

82 793-805, B2.794 (Tab )
aminoglycosides, B2 804

BJactam antibiotics, BZ'193 802

fluoroquinolones, 82 804

macrolide, lincosamide and streptogramin,

B2.803

tetracycline, 82.8034

trimethoprim, B2.804

biofilms, 82.784-5

cellular components, B2 781-90

adhesins, 82.7 824, R2 7 83 ('l ab ), 82 7 84

bacteriocins, B2.790

cell membrane, 82.781 2

cell wall, 82 782

exocellular material, 82 78+5

extracellular proteins, 82 785-9,

82 786 (Tab )
gene regulation, 82 789-90

characteristics, 82 806 (Tab )

classification,82771 5

as airborne bacteria, Bl 189

species,827724

subspecies, B.2.774-5

culture, 82 779-80

broth, B2 780

semisolid media, 82 780

definrIion,8277Z

genetics, B.2.790-3

bacteriophages, B2.792

genetic exchange mechanisms, 82 790,
82.797

plasmids, B.279'1 2

habitats, 82 775-9

anterior nares, BZ 777-9

cutaneous skin excluding the nose,

82775-7

in milk, B1.230-1

identification, 82 805-9

differentiating characteristics, 82 90G7

light microscopy and staining reactions,

82.779

typing methods, 82 809

infection

clinical significance, 82 808-9

host range, B.2.775,B.2.776 (Tab.),
82 793-805

keratitis, B1.601

isolation, 82.805-9

metabolism, B2.780-1.

amino acid biosynthesis and nitrogen
requirements, B2.781

carbohydrates, B2.780-1

coagulase, 82.7 86 (T at:.), B.2.1 89

fi brinolytic enzymes, 82.786 (T ab.), 82.789

heavy metal resistance, 82.79a (Tat:),
82.8021.-5

respiration, 82.781

thermonuclease, 82 7 86 (T ab.), 82 7 89

urease, 82 786 (Tab )
morphology

cellular, 82.779-80

colony,B2.779-80

slime production, 82.784-5

species, 82 772-5 ,B.2.773 (^fab ),
82.774 (Fig)

subspecies, B2 77 4 (Fig.), 82.77 5 (T ab.)

toxins, 82.785 9,82786 (Tab.)

S tap hy lo co ccw albw, B.2.7 7 I-2

upper airway abscesses, 81 608-9

Stap hy lococcus arlettae, 82 77 3 (T ab )
culture, 82 780

host range, B2.776 ('fab )
Staphy lococcus aureus, B2.77 1-2,

82.773 (Tab ), 82 806 (Tab )
adhesins, 81.149

cell surface associated and secreted,
B.27824,82.783 (Tab.)

role in disease pathogenesis, 82 810-11

antibacterial susceptibility/resistance,
81 436-4, Bl 447-2, 81 a99 (Tab ),
82794 ('tab )

aminoglycosides, 82 804

fluoroquinolones, 82 804

gentamicin-resistance, Bl 442, 82.77 9-40,
B2797,82794 (Tab ), 82 804

BJactam antibiotic resistance, B1 363,
B2793-802

nacrolide, lincosanide and streptogramin
resistance, 82 803

methicillin resistance see Methicillin-
resistant Slaphy lococcus aure6 (MRSA)

multiple resistance, 81.395
plasmids, 81.111

quinolone resistance, Bl 492-3,
B1.493 (Tab.)

small colony variants, B.2779-80

trimethoprim, 82 804

vanA gene spread, B1.363

vancomycin resistance see Vancomycin-
rcsistant Staphylococcus aure6 (VRSA)

bacteriophages, B2.792

biocide resistance , Bl426, Bl441--2

biofilms, 81.688-9

biofilm-associated protein (Bap),
82.783 (Tab.)

bone sialoprotein-binding protein (Bbp),
82 783 (Tab )

carriage, 82177-9

adherence, 82 778

caniage p atterns, B2.7 7 7

carriage rates, 82 777-8
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Staphvlococcus aureus

cariage (Continued)

colonization resistance, 82.7'78 9

epithelium, 82 778

eradication for prevention of infection,

8 2 8 1 3  1 4

Hlv-positive patients, 82 777 3

host phenotype, 82 777

cellular components, 82 781-90

cell membrane, 82781 2

extracellular proteins, 82 785-9,

82 786 (Tab )

gene regulation, 82 7 89-90

classification. epidemic strains, 81 395

clumping factor A (ClfA), 82 783 (Tab ),
82 810-1 I

vaccine target investigation, 82.815

clumping factor B (ClfB), 82 778,
82 783 (Tab )

coagulase activity, 82.789

collagen-binding protein Cna, 82.783 (Tab )

vaccine target candidate, 82 815-16

culture, 82 779

elastin-binding protein EbpS, 82 783 (Tab ),
B.2784

evolution, B1 30

fibronectin-binding proteins A and B
(FnBPA and FnBPB), Bl 687, Bl 688,
82  7R3 (Tah ) .  82  810- l  I

infection determinants, 82.81 1

role in disease pathogenesis, 82.810-11

vaccine target investigation, 82 815

in foods

butter, 81 250

cheese, B1.253

cream, Bl 248

crustacea,81.279 80

ice cream, 81 251

meat and meat products, 812734

milk, 81 230-2,

Bt234-5

milk powder, 81245-6

poultry, B1 276

vegetables, B1 282

water activity, 81.266

genetics,B.2790 3

agr locus, B1.688

artif icial competence, Bl 99

conjugation, 81.104

exchange mechanisms, 82 790-7

genome sequence, B2 192-3

lca operon, 81 688

lactose operon, B1.71

Map/Eap, 82783 (Tab ),82184

serine-aspartate multigene family (SdrC,

SdrD and SdrE), 82 783 (Tab )

vanA gene,81363

habirats, 82 777-9

heavy metal resistance, B2794 (Tab),

82 80,r-5

infection see below

isolation/identifi cation, B2 805-9

ELISA, 82 2018

typing, 82 809

L-form cells, 82779-80

metabolism

anino acid biosynthesis and nitrogen

requirements, 82 781

carbohydrates, 82.780-1

respiration, B2.781

morphology

cellular,B.2179

colony, B2 779-80

as normal microbiota, 81296 (Tab ), 81.304

nares and nasopharynx, 81 295-300

oropharynx and tonsils, B1.301

skin, Bl304,B2.777

pathogenicity, 82 772

plasmids, 82790-2

plasmin-sensitive protein Pls, 82 783 (Tab.)

po ly -N-succ iny l  be ta- l  -6  g lucosamine.

82 81s-16

proteases, 82.786 (Tab ),82789
quorum sensing, Bl 772-3

signal transduction, 81 167-8

small colony variants, 81 688-9, 82779-80

infection, B1.518

staphylokinase, 82 789

toxins, 82.786 (Tab.)

Alpha-toxin, 82.785, 82 786 (Tab )

Beta-toxin, 82 785, 82 786 (Tab.)

Delta-toxin, 82 785, 82 786 (Tab )

exfoliative toxins (exfoliatin A &

exfoliatin B) (ETA & ETB),

82 786 (Tab ), 82 789

Gamma-toxin, 82 785, 82 786 (Tab )

pyrogenic toxin superantigens,

82 786 (Tab ), R2789

toxic shock syndrome toxin-1, 82 789,

B2.812 13

V factor, 82 1695

virulence factors

K-antigens, 81 154

plasmid determination, Bl 115

staphylococcal coagulase, 81 153 (Tab )

Staphylococcus aureus infection, 82.810-11

adhesins role, 82 810-11

animal models, 82 808

bacteremia, 81 517, 81 518, 82 811

antibacterial susceptibility/resistance,

81.524

hospital-acquired, 81 517

vaccination potential application, 82.815

bones/joints, Bl 690, 82.811-12

adhesion, 81 687, 81 688

arthrit is, 82 811-12

bone resorption process, Bl 690

cell and molecular basis of joint

destruction, 81.690

epidemiology, 81 685

hematogenous spread, 81 687

mechanisms of persistence, 81.688-9

osteomyelitis, 82 870-12

prognosis, 81 701

quorum sensing, Bl 688

carriage eradication, 82 813-14

clinical interpretation of cultures, 82 808 9

clinical manifestations, 82.808 9, 82 811-13

bacterenia see above

bones/joints see above

Brodies abscess, Bl 7 40, BI.7 47

chronic sinusitis, Bl 615

conjunctivitis, 81 599, 81 600

endocarditis see below

epiglottitis, B1.613

eye. 81 386

genital tract, Bl 668-9

intracranial abscess, B1 583-5, 81 588-q

Job's syndrome (hyperimmunoglobulin E
syndrome), 82 810

mastitis, 81.230

otitis media, 81.617

peritonsillar abscess, B1.618

pneumonia see below

pulmonary infection, 82 812

sinusitis, 81.615, 81-615 (Tab )
spinal epidural abscess, 81.593, B1 594

staphylococcal scalded skin syndrome,
82 786 (Tab ), B.2789,B2812

subdural empyema, 81 591

suppurative parotitis, 81.61 9

toxic shock syndrone, B1.668-9, 82.789,
B2.872-13

urinary tract infection, 81 673

wound sepsis, 81 385

in cystic librosis, 81 650

determinants, 82.810-11

endocarditis, 81.525, B1.526, Bl 527, 81.537,
82 811

blood culture, Bl 537

determinants, 82.810 11

intravenous drug users, Bl 527 , Bl 537

native valves, Bl 531.-2

prosthetic valves, B1 531-2, 82.813

treatment, 81 539+0

vaccination potential application, 82.815

virulence factors, B1.527

host factors, 82 810

host range, 82 77 5, 82 77 6 ('l ab.)

lmmune response

acute-phase response, 81.740

dysfunction, 82 810

evasion, 81.154

management, 82.813

neonatal, 81.395

nosocomial, B1 395-6

airborne spread, B1 385

antibiotic era,81377

bacteremia, B1.393

burns, Bl 385

colonization of intravascular cannulae,
81 391

control, Bl 396

control and antibiotic prophylaxis,
82 815

epidemiological typing, 81.404

eye, 81 386

nosocomial spread, Bl 374

operating theater, B1 375

pneumonia, B1 389

role, 81 395

sinusitis, 81.615

spread by contact with staff, 81.378

treatment, B1396

pneumonia, Bl 636, 82 gfz

diagnosis and treatment, B1.636
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Stap hy lococcus aureus jnfeclion

pneumonia (Continued)

nosocomial, 81 640-1, 81 6a0 (Tab )
prevention, 82 813 16

vaccination, 82 815-16

prosthetic material, 82.810, 82 813

surgical wounds, B1 385

toxin-mediated, 82 812-73

S tap hy ktcoccus auricula r is, Rl 304, 82 77 3,

82.773 (Tab)

culture, 82 780

genetics, B.2.791.-2

habitats,82777

host  range,82776 (Ta6)

S tap hy lococcus b ov icus, 82 772

Staphylococcus capitis, 82 773 (T ab )

cell morphology, 82 779

cellular components, B2.784-5

characteristics, B2.806 (Tab )

habirats, 82'777

host range, B.2776 (Tab.)

identification, B2.807

infection

bacteremia, B1 518

endocarditis, 81 532

merabolism, B2;180 1

skin colonization, B1 304

slime production, 82 784-5

Stap hy loc occus caprae, 82 77 3 (T ab.)

endocarditis, 81 532

host range, 82 77 5, 82 71 6 (T ab )

Staphylococcus carnosus, B.2173 (Tab )
genetics, 82 791

host range, 82776 (Tab.)

S tap hy lococcus carouse licus, 82 77 2

Stap hy lococcus caseoly ticus, 82 772

culture, 82 779

Staphylococcus chromogenes, 82.713 (Tab )

host range, 82776 (Tab )

metabolism, B2.780-1

Stap hy loco ccus citreus, 82 7 7 1-2

Staphylococcus cohnii, B.2773 (Tab )

antibacterial susceptibility/resistance,

82794 (Tab)

macrolide and streptogramin, 82 803

cell morphology, 82 779

host range, B.2716 (Tab.)

Staphy lococcus condimenti, 82 773 (T ab )

S tap hy lococcus de lp hini, 82 713 (T ab.)

cellular components, 82 786 (Tab ), 82 789

host range, 82776 (' lab )

Staphylococcus epidermidis, B2.772,

B.2773 (Tab)

adhesins, 82 784

antibacterial susceptibility/resistance, B1 426,

B.2794 (^tab )

BJactam antibiotics, 82 7 93, BZ 801

fluoroquinolones, 82 804

gentamicin-resist ant, B.2.'7 9l

macrolide, lincosamide and streptogramin,
82 803

macrolide and streptogramin, 82 803

methicillin, 82 801

trimethoprim, 82 804

bacteriocins, 82 790

bacteriophages, 82.792

biofilms, 81 149-50, Bl 688

cellular components, 82 I 82, 82 784-5,

82.786 (Tab ), 82 789-90

characteristics, 82 806 (Tab )

culture, 82 780

genetics, BZ 7 90, 82 791, 82 792

habltats,82777

heavy metal resistance, 82 804-5

identification, 82.807

infection see below

lantibiotics, 82 790

L-form cells, 82 779

metabolism, 82 780-1

morphology

cellular, 82 779

colony, 82 779-80

polysaccharide intercellular adhesin,

B.2.779-80

quorum sensing, B1.172-3

skin colonization, Bl 304

slime production, 82 784-5

virulence factors, 81 149 50

Stap hy lococcu e p ide rmidis infection

bacteremia, B1518

bone and joint infection, 81 688, 81 690

conjunctivitis, Bl 600

endocarditis, B1.532

endophthalmitis, 81.603

eye, B1.386

host range, B2.7'76 (Tab )

nosocomial

colonization of intravascular cannulae,

81 391

endophthalmitis, B1 386

multi-resistant strains, B1.372

neonates, B1 395

operating theater, Bl 375

peritoneal, 81 386-7

Stap hy lo coccus equip ercicus, 82 772

Staphylococcus equorum, 82 773 (T ab )

culture, 82 780

host range, 82.776 (Tab)

metabolism, 82 781

Staphylococcus felis, R2713 (Tab )

characteristics, 82.806 (Tab )

host range, 82 776 (Tab )

identification, 82 807

Staphylococcus fluerettii, B2'773 (Tab )

Staphylococcus gallinarum, B.2773 ('lat: )

bacteriocins, 82 790

Gallidermin, 82 790

host range, 82776 (Tab )

Staphylococcus haemolyticus, 82 773 (Tab )

antibacterial susceptibilityhesistance,

82.794 (-tab )

fluoroquinolones, 82 804

bacteriocins, B2 790

cellular componenrs, 82 78,t-5, 82.786 (Tab.)

characteristics, 82.806 (Tab )

genetics,82797

habitars, 82 777

host range, R2776 (Tab.)

identification, 82 807

infection, bacteremia, 81.518

metabolism, B.2.780-I

morphology, 82 779

slime production, 82 784-5

Staphy lococcus homints, B2.77 3 (T ab )

antibacterial susceptibility/resistance,

82.79a (Tab )

fluoroquinolones, 82 804

macrolide and streptogramin, 82.803

trimethoprim, 82 804

cell morphology, 82 779

cellular components, 82 78,t-5

characteristics, 82 806 (Tab.)

culture, 82.780

genetics, 82.791

habitals,B2.777

identification, B2.807

infection

bacteremia, 81 518

endocarditis, B1 532

host range, 82776 (Tab.)

metabolism, B.2780-1

slime production, BZ 784-5

Staphylococcus hyicus

antibacterial susceptibilityhesistance,

82.794 (Tab.)

macrolide. l incosamide and streptogramin.

82 803

cellular components, 82.786 (Tab ), 82 789

characteristics, 82 806 (Tab )

host range, 82716 (Tab.)

identification, 82 807

metabolism, 82 781

Staphylococcus intermedius, 82 773 (Tab )

antibacterial susceptibility/resistance,

82794 (Tab )

macrolide, l incosamide and streptogramin,

82.803

cellular components, B.2.7 81 2,

B.2786 (Tab.),82789

characteristics, 82 806 (Tab )

colony morpholo gy, 82.77 9

host range, R2776 (' lab.)

identification, 82 807

infection, butter, 81 250

metabolism, 82 780-1

Staphylococcus klo o s ii, B2 77 3 (T ab.)

culture, 82 780

host range, 82.776 (Tab )

metabolism, B2.781

Staphylococcus lentus, B.2773,82773 (Tab )

colony morphology, 82 779

ctltve,B.2.779,B.2780

host range, R2776 (Tal:.)

metabolism, 8278VL

Staphy lococcus lugdunensis, 82.773 (Tab )

adhesins, 82.784

cadmium and zinc resistance,82794 (Tab )

cellular components, 82 784, B.2.789-90

characteristics, 82.806 (Tab )

culture, B2 780

habirats, 82 777

heavy metal resistance, 82.80,f-5

identiflcation, 82 807

infection

bacteremia, 81 518
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Stap hy loco ccus lugdune ns is
infection (Continued)

endocarditis, 81 532

host range, 82.176 (Tab )
metabolism, 82.781

quorum sensing, Bl 772-3

Stap hy lococc us lutrae, R2 77 3 (T ab ),
82.776 (Tab.)

Stap hy lococcus mus cae, 82 77 3 (T ab.)

Staphy lococcus pasteuri, R2 773 (Tab ),
B2774-5

hos t  range,82776 (Tab)

Staphy lococcus piscifermentans, 82.713 (Tab )
Stap hy lo c o c c us saccha ro Iy ticus, 82 7 72,

82773 (Tab)

cellular components, 82 789

culture, 82 779

host range, 82776 (Tab)

metabolism, 82.780-l

Stap hy lococcus sap ro phy t icus, R2 7 72,
B.2.173 (^tab )

antibacterial susceptibility/resistance

fluoroquinolones, 82 804

macrolide and streptogramin, 82 803

bacteremia, B1.518

cellular components, 82 786 (Tab )
characteristics, B2 806 (Tab )
habitats, 82.777

heavy metal resistance, 82.80,t-5

identif ication, 82.807

infection, 82 816

cell morphology, 82 779

endocarditis, B1 532

host range. 82776 (Tab)

urinary tract, Bl 67 4, Bl 67 6-7

metabolism, 82 780-1

virulence factor, urease, B1676-7

Staphylococcus schleiferi, BZ 773 (Tat: )
adhesins, 82 784

cellular components, 82 784, 82 786 (Tab ),
B2.789

characteristics, 82.806 (Tab )
culture, 82 780

genetics, 82791-2

habrtats,8277'7

identification, 82 807

infection

bacteremia, 81 518

endocarditis, 81 532

host range, 8.2.776 (Tab )
Stap hy lococcus s ciuri, 82 77 3, R2 77 3 (T ab )

an t ibac ter ia l  suscepr ib i l i t y / res is tance

fluoroquinolones, 82 804

methicil l in, 82 801

cellular components, 82 789

ctltve,B.2779,R278O

genetics, 82 791-z

hos t  range,82776 (Tab)

identif ication, 82 807

infection, endocarditis, B1 532

metabolism, 82.780-1

S tap hy lococcus simulans, 82 7 7 3 (T ab )
cellular components, 82 786 (Tab ),

B2.789-90

characteristics, 82,806 (Tab.)

genetics, 82.791

identification, 82 807

infection

bacteremia, B1 518

endocarditis, B1.532

host range, 82776 (Tab)

S taphy lococcus succinus, 82 77 2-3,
B.2773 (Tab.)

Stap hy lococcus ureo lyticus, 82 807

Stap hy lococcus vilulinus, 82 77 3, 82 773 (T ab )
ctlture,82 779, 82 780

host range, 82 77 6 ('lab )

Staphylococcus warneri, B.2773 ('tab ),
B2774-5

cellular components, 82 784-5, B2.789-90

characteristics, 82 806 (Tab.)

fluoroquinolone /resistance, 82 804

identilication, 82 807

infection

bacteremia, Bl 518

endocarditis, Bl 532

host range, 82776 (Tab.)

merabolism, B2780_7

Staphylococcus xylosus, R2773 (Tab )
antibacterial susceptibil i ty/resistance.

82794 (Tab)

macrolide, lincosamide and streptogramin,
82.803

catabolite repression, B1 73-4

cellular components, 82 786 (Tab )
heavy metal resistance, 82794 (Tab )
host range, 82 77 5, 82 77 6 (T ab.)

merabolism, B2.7 80, 82 7 8l

Staphylokinase, functions, 81.153 (Tab )

Starvation

Bacillus subtilis response, 81 75

bacterial death phase, B1 40

Escherichia coli, Bl75

stress response, B1 40

Static agents, B1.427-2

Statistical analysis

contingency table, 81.316, Bl 316 (Tab.)

epidemiology, 81.316

p values, 81.316

type II errors, 81 316

univariate, 81 316

Steam, steri l ization, BI 429-30, B1 a45 (Tab.),

81.447-8,B1454

Stenotrophomonas maltophilia (Pseud.omonas

ma I t op ht lia ), B.2.1636-'7

antibacterial susceptibility/resistance,

B2.1637

pJactam resistance, Rl 472-3

p-latam resistance, 82 1637

classification, 82 1636

habitats, 82 1636

infection, 82.1636

cystic fibrosis, 82 1637

endocarditis, 82 1.636-7

in HIV infection, 82 1636

nosocomial, BI 37 f , Bl 37 6-7,
81 401 (Tab.), 82 1636

typing,B.2.1631

PCR, 82 1637

ribotyping, 82 1637

waterborne, 81224-5

Sterile vegetation, endocarditis, Bl 526-7

Sterility assurance level (SAL), 81.455

Sterilization, 81 445-55, 81 445 (Tab )

aseptic packaging, 81 271

combined synergistic treatments, 81.454

container integrity, 81.27 |

definit ion, B1.421

dry heat, Bl 449, 81 454 (Tab )

flltration, 81 453, 81 454 (Tab )

flash, 81 447

gas plasmas, 81.453

historical aspects, 81.5

ionizing radiation see Ionizing radiation

liquid sterilization systems, 81.4534

moist heat see Moist heat

new low-temperature technologies , BI 4534

surgical instruments, 81.388

ultraviolet radiation, Bl 45I-2

validation and monitoring, Bl 454-5,

814s4 (Tab.)

Sterilized milk, B1.233

Sternal wounds, infection, 81 385

Steroids

Haemophi.lus influenzae type b (Hib)

meningitis, 81574

meningococcal disease treatment, Bl 567

pneumococcal meningitis treatment, B1 571

Stevens-Johnson syndrome, 81 634

Stickland reaction, 82 1095

Stigmatella aurantiaca, 81 81

Stirred yogurt, 81 248

Stochastic models, 81 344

infectious disease, 81 331-2

Stokes' method, antibacterial susceptibility

testing, 81.498

Stomach

normal microbiota, Bl 302

Stomatit is, 81.614

Stool antigen test, Helicobacter pylori infection

diagnosis, 82 1571 (Tab ),B.27573

Strand-displacement amplification (SDA),

81.730

Stratified squamous epithelium, 81 606

Streptobacillw mo nilifomis, 82 1909-77

antibacterial susceptibility/resistance,
82 1911

antigens, 82 1910

cell wall and envelope composition,

B.27970

characteristics, 82 1909

classification, 82 1909

culture characteristics, 82 1909-10

dennition, 82.1909

differential characteristics, 82 1910 (Tab )
growth requirements, 82 1909-10

habitats, 82 1909

infection

endocarditis, B1 532

experimental, 82.1911

milk-borne, 81.235, 81.244, B.2.191.1

isolation/identification, 82.1911

L-phase variant, 82.1909-10

metabolism, 82 1910

in milk, 81 235, 8I 244, 82 7971

morphology, 82 1909
'string of beads', 82 1909
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S t re p tob acillus mo niliformis (Continued)

pathogenicity and virulence factors,
82 1971

Streptococcaceae, 82 833

Streptococcal pyrogenic exotoxin (Spe),
81 157 (Tab )

Streptococci

group A infection

adherence, 81 149

bone and joint infection, B1 690

day-care centers, 81 361

see also streptococcus pyogenes

group B infection

endocarditis, B1 530

neonatal meningitis, Bl 574

pneumonia, B1.637

prevention, B1.668

see also Streptococcus agalactiae

group D

antigen, 82 887

endocarditis, 81 529-30

infection

antibody detection, Bl 750-1

conjunctivit is, B1 598-9

endocardiris, B1.528

immunoserology, 81 756

nosocomial, 81 401 (Tab )
spreading factors, 81 153 (Tab.)

as normal microbiota, 81296 (Tab )
nares and nasopharynx, B1.295-300

oropharynx and tonsils, 81 301

nutritionally v ariant see Abiotrophia;
Grqnulicatells

'pyogenic', endocarditis, Bl 530

viridans (oral), endocarditis, 81.525, Bl 5Z'7 -

9, 81 539

virulence factors, 81 153 (Tab )
S tr ep t o c o c c us, 82 833-63

antibacterial susceptibil i tyhesistance,
82.861.-2

antibacterial susceptibility testing, 82 862

antigens, BZ 842-3

bacteriocins, 82 8502

bacteriophage, 82.839

cell wall, B284C 3

carbohydrates, 82 840-2

peptidoglycan, 82 840, 82 8a1 (Fig )
proteins, 82 842

classification, 82 833-6, 82 843-9

anginosus group, 82 846

bovis group,B.284'7-8

genus definition, 82 833

rntragenenc structure, BZ 843-9

mitis group, B.2846-7

mutans group, 82 848

pyogenic group, 82 844-6

salivarius group, 82 847

species, 82 834 (Tab.)

competence stimulating peptide, 82 839

conjugation, Bl 103

culture, 82 836-7

genetics, B2 838 40

habitats, 82 835-6

in milk, 81 230-1

nuts. Bl 287

hemolysis, 82.837

historical perspective, 82.833-5

infection

keratitis, B1 601

nosocomial infection, 81 401 (Tab )
isolation/identific ation, B1.2234, B2 849-50,

B2.906J

metabolism, B.2837-8

carbohydrates, B.2.83'7-8, 82.838 (Fig )
other nutritional requirements, 82.838
pyruvate, 82 837, 82 838 (Fig )

morphology, 82 836

as norrnal microbiota, 82 852

nasopharynx, 81 609

oral cavity, Bl 609

pasteurization, 8I.232-3

pathogenicity, 82 853-61
plasmid, 82 839

transposons, 82 83940

virulence factors, 82.853-61

staphylokinase, 81 153 (Tab )
waterborne, Bl 272, Bl 223 4

S tr e p I o c o c cus acidomin imus

characteristics, 82 834 (Tab )
classification, 82 848

S trepto co ccus adj ac ens, 82.862

Streptococcus agalactiae, 82 834 (Tab ),
82.849 (Tab )

antigens, 82 842, 82 843

bacteriocins, 82 85C.2

CAMP factor, 82.859

capsule, 82 859

cell wall, 82847,B.2842

classification, 82 844

culture, 81 668, 82 836

genetics, 82.839-40

hemolysin, 82 859

infection

bacteremia, 81 519, Bl 520

endocarditis, 81.530

mastitis, Bl 230

nosocomial, 81.401 (Tab )
treatment, 81 668

vaginitis, B1 668

isolation/identification, B1 668, 82 849

typing, 82 860

metabolism, 82 837, 82.838

neuraminidase production, 82 859

in normal microbiota, Bl 668, 82.852
pathogenicity/virulence facton, 82 859-60

Streptococcus alactolyticus, 82 834 (Tab )
classification, B2 848

Streptococcus anginosus, R2 834 (T ab -),
82 851 (Tab )

classification, 82 846

culture, 82 836

genetics, 82 839-40

infection

bacteremia, B1.519

endocarditis, 81 529

per i tonsi l lar  abscess.  Bl  6 l  E

isolation/identifi cation, 82.850

metabolism. 82.838

Streptococcw austalis, 82 834 (Tab ),
82 8s1 (Tab )

classification, 82 84G7

isolation/identilication, 82 850

Streptococcus bovis, 82.834 (Tab.)

antibacterial susceptibility/resistance,

B.286t-2

classification, 82 847 -a

genetics, 8.2.83940

infection, endocarditis, 91.529, 81.539

waterborne, 8I.2234

Streptococcw canis, 82 834 (Tab ),
82.849 (Tab )

classification, 82 844, 82 845

Streptococcus constellatw, 82 834 (Tab.),

82 851 (Tab.)

classification, 82.846

infection

bacteremia, 81 519

endocarditis, 8L 529

isolation/identifi cation, 82.850

Streptococcw uicetus, 82.834 (Tab.)

classification, 82 848

Streptococcus crista, B.2.851, (Tab.)

classification, 82 846-7

isolation/identification, B2 850

Streptococcus cristatus, 82 834 (^Iab )

amended name,B2.844

S trep to c o c c6 defe ctiv us, B.2.862

Streptococcus didelphis, 82.834 (Tab.),

82 849 (Tab )

classification, 82.845

Streptococcw downeii, 82 834 (Tab.)

classification, 82 848

Streplococcus (Enterococcus) durans,
B.2882-3

Streptococcus dysgalactiae, 82.834 (Tab ),
82.849 (Tab.)

bacteriocins, 82.8502

cell wall, 82.841

classification, B2.844-5

mastitis, 81.230

Streptococcus enteicus, 82 834 (Tab )

Streptococcus equi, 82 834 (Tab ),
82.849 (Tab.)

bacteriocins, 82.8502

cell wall, 82 841

Streptococcus equinw, 82.834 (Tab )

classifi cation, 82 847 -g

waterborne, 81.2234

Streptococcw equisimilis, 82 839-40, 82 844-5

Streptococcw faecalis see Enterococcw faecalis
Streptococcus faecium see Enterococcus

faecium

Streptococcus feras, 82 834 (Tab.)

classification, 82.848

Streptococcus gallinaceus, 82.834 (T ab.)

S treptococcus gallolyticus, 81.529-30,
82.834 (Tab.)

classification, B2.848

Streptococcus gordonii, BI 529, 82 83a (Tab ),
82.8s1 (Tab.)

cell wall, 82 841

classifi cation, 82 846-:7

culture, 82 836

genetics, 82 839
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St re ptoc occ us gordonii (Continue d)

infection

bacteremia, B1.519

endocarditis, 81 528-q

isolation/identilication, 82 850

S lre p to c occus hans e nii, B2.904

Streptococc us hy o intestinalis, 82.834 (Tab.),

82.849 (rab.)

classilication, 82 845

Streptococcus hyovaginalk

characteristic, 82 834 (Tab ), 82 849 (Tab )

classification, 82 848-9

Streptococcus infantarius, B1 529-30,

82 834 (Tab.)

classifi cation, B2.847 -8

Slreplococcus infantis, B.2.846, 82 847

cell wall,B2840-2

characteristics, 82 834 (Tab ), 82.851 (Tab.)

genetics, 82 839

isolation/identifi cation, B2 850

Streptococcus iniae, 82.834 ('l ab.),
82 8a9 (Tab )

classilication, 82 845

Streptococcus intermedius, 82 83a (Tab ),
82.851 (Tab )

classification, B2.846

infection

bac teremia ,  81519

endocarditis, B1 529

intracranial abscess, B1 583-4

isolation/identil ication, B2 850

Streptococcus intestinalis, 82.83a (Tab )

classification, 82 845

Streptococcus lutetiensis, 82 834 (Tab )

classification, BZ 847 -8

Streptococcus mqcacae, 82 834 (Tab )

classification, 82 848

Streptococcus macedonicus, B2 848

S trep tococcus milleri infection

endocarditis, B1.529

intracranial abscess, 81 585, B1 588-9

spinal epidural abscess, B1 593

subdural empyema, 81 591

streptococcw mitis, 82 834 (Tab ),
82 851 (Tab )

antibacterial susceptibil i ty/resistance,
B2862

cell wall

carbohydrates, B2 840-2

peptidoglycan, 82 840

classification, B.2.846, BZ 847

genetics, B.2.83940

infection

bacteremia, 81 519

endocarditis, Bl 528-9

isolation/identil ication, 82 850

in normal microbiota, 82 852

oral caYity, 81 609

Streptococcus mutans, 82 834 (Tab ),
82 8s1 (Tab )

bacteriocins, 8285VZ

cell wall, 82 842

classification, 82 848

culture, 82.837 (Fig.)

genetics, 82 839

infection

dental caries, Bl 608-9

endocarditis, B1 528-9

metabolism, 82.837, 82 838

in normal microbiota, 82 852

oral cavity, 81.609

virulence factors, exopolysaccharides, B1 154

Streptococcw oligofermentans, 82 851 (Tab )

classification, B2.847

Streptococcus oralis,81.529, 82 834 (Tab.),

82 851 (Tab )

antibacterial susceptibility/resistance, B2 862

cell wall

carbohydrates, 8284Vz

peptidoglycan, 82 840

classification, 82.847

culture, 82 836

endocarditis, infection, Bl 527 -9

genetics, 82 83940

infection, bacteremia, B1 519

isolation/identifi cation, 82 850

in normal microbiota, 81 674, 82 852

streptococcus orisratti, R2 834 (Tab )

classification, 82 848

Streptoclccus ovls, 82 834 (Tab )

classification, 82 849

Streptococcus parasnnguis, 82 834 (Tab ),
82 8s1 (Tab )

classification, 82.846, B2 847

amended name, 82 8.K

infection, endocarditis, Bl 527

isolation/identification, 82 850

Streptococcus pqrauberis, 82 834 (Tab ),
82.849 (Tab )

classification, B2.845

Strepto co ccus p arv u lus, B.2.904

Streptococcus p6teurianus, 82 834 (Tab )

classifl cation, BZ 847 -8

Streptococcus perorls, 82 834 (Tab.),

82 851 (Tab.)

classilication, 82.846, 82 841

isolation/identification, B2 850

Streptococcus phocae, 82 834 (Tab ),
82.849 (Tab )

isolation/identification, 82.849 50

Streptococcus pluranimalium, 82 834 (Tab )

classification, B2.848-9

S tr e p to c o c c us p ne umo n i ae

adhesin, B1 627

antibacterial susceptibility/resistance, Bl 363,

81 499 (Tab.), Bl 569, B2.86L2

emergence and resurgence, 81.360,

81 363, Br 363 (Fig )

international travel, Bl 360

penicil l in, 81.519, 81 571, Bl 632

quinolone resistance, Bl 493 (Tab )

antigens, 82 842,82 843

see also individual qntigens

autolysin (LytA), 82 861

capsule, 82 860

antibodies, B1 631

swelling, B1637-2

cell wall, 81 557

carbohydrates, 8284VZ

proteins, 82.842

characteristics, 82 834 (Tab.), 82.851 (Tab )

choline binding protein A, 81.627

culture, 82.836

genetics, 82.839-40

artificial competence, 81 99 100

natural competence, B1 99

habitats, B1 608-9

IgAl protease, 82 860-1

infection see below

isolation/identilication

development, B1 751

precipit in reaction, 81.756

Quellung reaction, B1 756

serology, 81757-8

slide agglutination test, 81 756

typing, 82 861

metabolism, 82 837, 82 838

neuraminidases (NanA and NanB), 82 861

pathogenicity, 82.860'1

phosphocholine, 82 860

pneumococcal surface protein (PspA),

B2867

pneumolysin, Bl 627, 82 861

polysaccharides, B1 632

quorum sensing, 81.72, Bl 172

serotypes, 81.570

teichoic acids, 82 860

vaccines, Bl 569, Bl 632-3

23-valent,81.57L, Bl 512, 8I.632

conjugated polysaccharide, 81 572

multivalent, B1571

purified polysaccharides, B1 571-2

revaccination, B1.572

virulence factors, Bl 627, 82 860-1

K-antigens, B1 154

zinc-metallo-proteinases, B2 860-1

S t r e p to co c c as pneumo niae infection

bacteremia, Bl 519, Bl 569, 81 570 (Fig.),

B1.632

bone and joint infection, 81 690-1

carriage rates, 81.556

chronic bronchitis, 81 648

conjunctivitis, B1.599, 81.600

emergence and resurgence

day-care centers, B1 361

drug-resistance, B1 361

international travel, B1 360

Russia, 81 364

USA, 81 364

endocarditis, BI 525, B1.527 , Bl 530

epiglottit is, 81.613

immune response, 81 572 (Tab )

evasion, B1 154

intracranial abscess, 81 585

nosocomial, B13734, 81 401 (Tab )

pneumonia, B1.389

otit is media, 81 617-18

pneumonia, B1.630-3

in AIDS,81.630-1

antibody absence, 81 631

clinical features, 81 631, 81 631 (Fig.)

complications, 81.632, Bl 647-3

epidemiology, Bl 630-1

laboratory findings, 81.631-2

nosocomial, 81 640-1, 81 640 (Tab )

pathogenesis, B1.631
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S t r e p t o c o c c us p neumoniae inf ection
pneumonia (Continued)

prevention, 81 632-3

therapy, 81 632

predisposition factors, 81 55?

respiratory tract, Bl 627

sinusitis, Bl 615, 81 615 (Tab )

spinal epidural abscess, 81 593

Streptococcus porcinus, 82 834 (T ab ),
82 849 (Tab.)

classification, 82 845

S treptococc us py ogene s, 82.833-5,

82.834 (Tab ), B2.8a9 (Tab )
adherence, Bl 149

antibacterial susceptibility/resistance,

B1.499 (Tab.), B2.861.-2

generation, Bl 467-8

antigens, 82 843

bacteriocins, 82 8502

C5a peptidase (SCP), 82 857-8

capsule, 82 855

cell wall, 82 840

carbohydrates,B.2841 2

proteins, 82 842

classification, B2.844

genetics, B.2.83940

hyaluronidase, B2.858

isolation/identification, B2 849-50

antiDNase B assays, Bl 750-1

antistrepsolysin O titer, 81.750-1

by molecular techniques, B1723 (Tab.)

typing, 82 858

metabolism, 82 838

morphology, 82 836 (Fig )

M protein family, 82 853-5, 82 853 (Fig ),
82 8sa (Fig.)

cross-reactions with host tissues, 82.855

discovery, 81 12

lunction, 82 85,t 5

pathogenesis, 81 610-11

neuraminidase, 82 858

in normal microbiota, 82.852

nucleases, 82.858

pathogenicity, B2 853-8

protein F, 82.855-6

pyrogenic exotoxins (Spe), 81 157 (Tab ),
82.856, B2 857

pyrogenic exotoxin A (SPE-A), 82 856

pyrogenic exotoxin B (SPE-B), B.2856-7

pyrogenic exotoxin C (SPE-C), 82 856

serum-opacity factor, 82 858

skin colonization, 81.304

streptokinase, 82 857

streptolysins, B2 857

superantigens, 82 856

virulence factors, 82 853-8

Streptococcus plogenes infection

bacteremia, B1 519, B1.520

endocardiris, B1.525

keratit is, B1 601

milk-borne scarlet fever, B1230-7

nosocomial

antibiotic era, 81.371

burns, 81 385, Bl 401 (Tab )
early twentieth century, 81 371

hospital spread, 81 374, Bf 401 (Tab )

operating theater, 81 375

otit is media, 81617

pathogenesis, 82 853-8

peritonsil lar abscess, 81.618

pharyngitis see Pharyngitis

sinusitis, Bl 615, 81.615 (Tab )

Streptococcw ratti,B2834 (Tab )

name amendmenl,B2844

Strep tococc us s aliv arius, 82 834 (T ab ),
82.851 (Tab.)

bacteriocins, 82 850-2

cheesemaking, 81 252

classification, 82 847

infection, endocarditis, B1 528-9

isolation/identifi cation, 82 850

in normal microbiota, 82 852

oral cavity, 81 609

Streptococcus sanguinis, Bl 529

infection, endocarditis, B1 528-9

in normal microbiota, 81614

oral cavity, 81 609

see also Streptococcus sanguis

Streptococcus sanguis, BZ 834 (T ab.),

82 8s1 (Tab )

amended name, 82 844

cell wall, B2 841, 82.842

classification, B2.846 7

culture, 82 836

genetics, 82.839-40

infection, bacteremia, 81.-519

isolation/identification, B2 850

metabolism, 82.838

morphology, 82 836

in normal microbiota, 82 852

see also Streptococcus sunguinis

Streptococcus sinensis, 82.834 (^lab ),
82 851 (Tab )

classification, 82 846, 82 841

Streptococcus sobrinus, 82 834 (T ab ),
82 851 (Tab )

classification, 82 848

metabolism, 82 838

in normal microbiota, 82 852

Streptococcw sui,r 82 834 (Tab ), 82 8a9 (Tab.)

antigens, 82.843

classification, 82 848

isolation/identifi cation, 82 849-50

Streptococcus thermophilus, 82 834 (Tab ),
82 851 (Tab.)

classification, 82 847

isolation/identification, B2 849

as yogurt starter, 81 249

Streptococcus thorahensis, 82 834 (Tab.),

82 849 (Tab.)

classification, 82 848

Streptococcus uberis, B2 834 (Tab ),
82 849 (Tab )

classification, 82 845

infection, mastitis, 81.230

Streptococcus urinalis, B2 834 (T ab.),

82 849 (Tab )

classification, 82 845 6

Streptococcus vestibulsris, 82 834 (Tab ),
82 8s1 (Tab )

classification. 82 847

isolation/identification, 82.850

Streptoco ccus zooe p klemicw, 82 845

in cheese, 81.253

in cream, 81248

mastitis, 81230

in milk, 81.230, B1235,81235 (Tab),
Bt244-5

Streptogramins, B1 489

S taphy lococcus resistance, BZ 7 94 (T ab.),
82 803

Streptokinase, functions, 81 153 (Tab.)

Streptomy ces, B'2.7737 -8, 82.1168-9

antibacterial susceptibility/resistance,
Bl.71.45

classifi cation, 82 1.13'7 -8

conjugation, 81.103

diaminopimelic acid and sugars, 82.1145

genet ics.  chromosomes. Bl  8-

identification

microscopic morphology, 82.1143

molecular metho ds, 82 11 46-l

infection, 82.1169

treatment, 82.1169

nitrification, 81.200

phytopathogenicity, 8L202

Streptomy ces coelicolor, B1 1 13-14

Streptomlces griseoviridis, Bl 202-3

Stre ptomy ce s muris ratt i, 82.1909

Stre p tomy ce s s omallensis, 82 1769

Streptomycin
plagte,B2.1466

resistance, Coxiella bumetii resistance,
B.22077-8

spectrum of activity

Brucella, B2.1742

Citrobacter, B.2.1.476

Enterobacter, 82 748+5

Ewingella, 82.7493

Klebsiella, B.2.L480

Leclercis, 82 1495

Listeria, 82 956-8

My co b acte rium, 82 121.8-L9, B.2.L222-3

My cobacterium tuberculosis, 82 1200,
B.212L8-1.9

S trepto co c cus, B2.8672

Tro phery ma whippelii, 82 1002

structure, 81 a83 (Fig )
tularemia treatment, 82 1755

Stress genes, 81.74

Stringent response, B1 40

String test, Helicobacter pylorl infection
diagnosis, 82 1574

Study of the Efficacy of Nosocomial Infection
Control (SEN IC). 81.405

Subacute bacterial endocarditis (SBE)

immune response , 81-747-8

pathology, 81.747-8

Subarachnoid space, bacteria in, 81.557

Subdural empyema, 81.589-92, 81.590 (Fig )
bacteriology, 81.591, 81.591 (Tab.)

clinical features, B1.591, 81.592 (Tab.)

diagnostic methods, R1.591.-2, 81.592 (Fig )
epidemiology, 81 590

pathogenesis, B1.590

treatment, 81591 (Tab ),B1592
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Succinate, Bl 53

production, B1.53

Succinate dehydrogenase (SDH), 81.52-3

Succinate-ubiquinone oxidoreductase, B1 64

Succinic acid formation, 81 52

Succinivibrio dextrinosolvens, 81 296 (Tab )
Succinyl-CoA, B1.61

Sucrose fermentation

Enterobacteriaceae identification,
82 1319 (Tab.)

Escherichia col1, plasmids, Bl 115

N eis seria detection, 81.757

plasmids, B1 115

Porp hy romonas identification, 82.Dza (T ab.)

Prevotella identification, 82 7924 (T ab )
Sudden infant death syndrome (SIDS), infant

botulism vs , 82 1070

Sugar cane production, waterborne bacteria,
B t 2 l 2

Sugaring, food processing and preservation,
81.268 (Tab.)

Sugar metabolism, acid production, B1.23,
81.23 (Fig.)

Suicide vectors, plasmid cloning vectors,
BI.1234

Sulbactam

intracranial abscess, Bl 588

structure, 81 479 (Fig )

Sulfadiazine

Ewingella, 82.1493

Leclercia, 82 1495

structure, B1 490 (Fig.)

Yokenella, 82 1498

Sulfadimidine

pharmacology, B1 491

structure, 81 490 (Fig )
Sulfadoxine, 81.491

Sulfafurazole, 81 a90 (Fig.)

Sulfalinamide, B1 a90 @ig.)
Sulfamethizole, 81491

Sulfamethoxazole

pharmacology, B1.491

spectrum of activity, Bf 499 (Tab )
Ente ro bacter, 82 1.484-5

structure, 81 490 (Fig )
Sulfate reduction, Bf.66, 81.201

Sulfites, 81.423 (Tab ), 81.429

waste water, Bl212-73

Sulfolobus

metabolism, Bl69J0

sulfur oxidation, 8L.201

Sulfolobus s olfatar ic us, Rl.7 0

Sulfonamides, 81 490-1

discovery, B1 561

in meningococcal diseases, 81.561

mode of action, 81.491

pharmacology, B1 491

resistance, B1 491

spectrum of activity, 81.490-1

Citrobacter, 82 1476

Edwardsiella, B.214912

Escherichia, B.2.1370

Nocardia, 82 1765-6

structure, 81 490-1, 81 a90 (Fig )
toxicity/side effects, 81.491

see also specifc types

Sulfone, 81 471 (Fig )

Sulfur

biogeochemical transformations, B1.201

Sulfur dioxide, Bl 429, Bl 430

Sulfuric acid, 81 422

Summit-lesions, 82 1120

Sun drying, B126&9

fruit, 81 283

nuts and seeds, 81.287

rice, 81 285-6

Sunlight, Bl 452

Superantigens (type 1 toxins), 81.157,

81.1s7 (Tab.)

see also specific types

Superoxide anion, Bl 65

Superoxide dismutase (SOD), 81.65, 82.1932

B ruce lla, 82 17 3L, B.2.17 36

H e licobacter pathogenicity, 82 1576

Nocardia, B2.L149

oxic conditions in soil, 81 196-7

Superoxidized water, B1 425

Suppurative parotitis, 81 619

Surecell 3 , R2 2079

Surface-active agents, 81.425-6, Bl 432

iodophors, Bl 425

Surface adherence, colonization, B1 147

Surface waters, BIZI3-1.4, 81 215 (Tab ),
Bt22r

Surfactant proteins, lung, 81 623-4

Surfactants, amphoteric, Bl 423 (T ab.), B1.425

Surgeons

hepatiris B, 81.382

hepatitis C and HIV infections of, 81.382-3

infection prevention, 81 387

Surgery

elective, infections after, Bl 387

gas gangrene

after, 82 1111-13

treatment, 82.1115

infection prevention guidelines, 81 383

infections ^fter, 81.37 4-5

prophylactic antibiotics, B1 387-8
'surgical fever', 81 5-6

Surgical instruments

nosocomial infections from, Bl 379-80

sterilization, B1 388

Surgical wound infection

cardiac, 81.385

Mycobacterium abscessus case histories,
B.21.247_9,

B21249-50

Mycobacterium chelonae, 82 1252

M y cobacterium fortuitum, 82 1255

M ycobacteium sme gmatis, 82.126'1,

M y cobacteium wo linsky i, 82.1262

nosocomial, 81.38,t-5

peritoneal, 81.386_7

prevalence, B1 384

Surgical wounds, 'clean' and 'clean

contaminated', Bl 384

Surveillance, epidemiological, Bl 377 -26

action consequent on, Bl 322-3

information dissemination, B1 322

definit ion, 81.317, 81.405

evaluation guidelines, 81 318

historical background, Bl 317

importance, 81.317

methods, Bl 318

nosocomial infection, Bl 403-6

process and results, 81 405-6

objectives, 81.317-18

principles, 81.318

reporting methods, B1 318

routine serologic al, B1.321.-2

targeted and selective, Bl 405-6

uses, Bl 322 3

assessment for inteilention, 81.322-3

early detection for rapid control, B1 322

evaluation of preventive programs, B1 323

new/rare disease detection, 81.323

planning/costing health services, B1 323

prevalent infections for clinical care,

81323

Suttonella ind.ologenes, 82 1668 (Tab )

clinical signiflcance, B2 1.6'7 0

taxonomy, B2.1.66&9

Swallowing reflex, failure, 81 626

Swimming pools, 81215

Swine

erysipelas, B.2970-3

see also Erysipelothrix rhusiopathiae,

infection

viruses, 81.434

see also Pig(s)

SYBR-Green I,81727 (Fig ), 81 728

applications, 81.728-9

Symport, 81 49

Synechocy stis, B2.197 6

Synergistic bacterial infection, gram-positive

anaerobic cocci, 82.910-11

Synthetic components, bioremediation,

Bt.20t-2

Syphilis, 81 662-3, 82 1839 (Tab ),
B.2.1843-53

animal studies, B1 662

causative organism see Treponema pallidum

chancres, B2.1841, B2.1842

clinical features, 81.662, 82 7842-3

congenital

clinical signs, 82.1843

diagnosis, 82 1848, 82 1855 (Tab ),
82.1856

early, 82 1842

diagnosis, B.21854, 82 1854 (Tab )
Jarisch-Herxheimer reaction, B2.1857

latent stage, 82.1842

treatment, 82 1857

endemic se€ Syphilis, endemic (bejel)

epidemiology, Bl 662-3, 82.1847

experimental, 81 662
gumma,82.1842-3

HlV-infection with, Bl 662-3, 82 1843

diagnosis, 82.L856, 82 L85'7

treatment, 82.1857

immune response, 82 1.842

humoral, B1.745-6

late (tertiary), Bl 662, BZ 7842-3,
B2.1.842 (Tab.)

diagnosis, 82.1855

treatment, 82.1857-8
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Syphi\s (Continued)

meningitis in, 81 575, 82 1843

pathology and manifestations, 82 7842-3

pregnancy, 82 1842, B.2.1856-7

serology see Syphilis, serological tests

sexual transmission, 82 1842

men who have sex with men, 82 1841

site of infection, 82 1842

cardiovascular, 82 1855, 82 1855 (Tab )

CNS see Neurosyphilis

stages, 81 662, 82 1842 (Tab )

secondary stage, Bl 662, 82 1842

treatment, 81 662 3, 82.1857-8

antibacterial susceptibil i ty testing, 82.1858

evaluation, 82 1858

Syphil is, endemic (bejel), 82.1839 (Tab.)

clinical features, 82 1858-9

Syphil is, serological tesrs, B1 663, 82.1845 51,

B2.1Sas (Tab )

interpretation, B.2.1.853_J

early syphil is, 82 1854

late (tertiary), 82 1855

neurosyphil is, 82 1848

non-treponemal tests, 82.1845-7

capture-s solid phase red blood cell
adherence assay, 82 1846

flocculation tests, 82 1845-6

problems, 82 1846-7

sensitivity and specificity, 82 7845-6

VDRL-cerebrospinal f luid, 82 1846

treponemal tests, 82 1847-51

enzyme immunoassay tests, 82 1849

false positives, 82 1.847 , 82 7850-7

fluorescent antibody tests, 82.1847-8

hemagglutination methods, 82 1848

immunoblotting, 82 1849-50

immunochromatographic strip tests,

82 1850

latex agglutination methods, 82 1849

particle agglutination methods, 82 1848-9

problems, 82 1850-1

Syphil is diagnosis, 81.663, Bl 7 45-6

congenital, 82 1848, 82 1855 (Tab ), 82 1856

culture, 81.745-6

direct antigen detection, 82 1851-3

animal inoculation, B2 1851

direct microscopy, 81.663, 82.1843-5

darkfield microscopy, 82 1844

direct fluorescent antibody techniques,

B2.1.84+5
immunohistochemical  techniques.

B.2.184+,5

early syphilis, 82.1854 (Tab )
enzyme immunoassays, Bl 746

fluorescent treponemal antibody test, Bl 7 46

in HIV infection, 9.2.1856-'7

Iate syphilis, 82 1855 (Tab )
non-rreponemal tests, B1 663, 82.1845 (Tab.),

82 1846 (Tab.)

false positive results, 82 1847 (Tab )
in HIV infection, 82.1857

sensitivity and specificity, 82.1846 (Tab.)

see also specific tests

PCR-based tests, 82.1851-3

Reiter protein complement fixation assay,
8t.745-6

restriction fragment length polymorphism,

82.1853

sexually acquired, 82.185,t-5

treponemal tests, 81 663, 82.1845 (Tab ),
82 18s0 (Tab )

false positives, B2 1851 (Tab )

in HIV infection, 82 1857

sensitivity and specificity, 82 1851 (Tab )

see also specirtc ksts

Treponema pallidam immobilization test,

Bt'746

USA case number, 82 1841,82.1841 (Fig.)

use and interpretation, 82 1853-7

Systemic inflammatory response syndrome
(SIRS), Br s10, 81 51 I (rab )

Systemic lupus erythematosus (SLE), Nocardia

asteroides infection, 82 1157

T4 bacteriophage (Myoviridae), B1-.I4I

Talampicil l in, B1.475

Tamm-Horsfall glycoprotein, B1 673

Tampons, toxic shock syndrome, 81.362

Tannins, food,81261

TaqMan@, RI728 9

Tar, phenol production, 81.422

Tatum, E, 81 13

Tatumella, 82 7497

antibacterial susceptibility/resistance,

82 7497

biochemical tests, 82.1497

classification, 82.1497

culture, 82 1497

definit ion, 82 1497

motllity, 82 7342

Tatumella ptyseos, BZ 1497

biochemical tests, 82 1319 (Tab )

Tautomeric shifts, point mutations, 81.84,

818s  (F ig  )

Taxon description, 81.18-9

Taxonomy see Classification/taxonomy
(bacterial)

Taxospecies, BI29-30

Tazobactam

Enterobqcter, 82 1486

structure, B1.a79 (Fig )

T cells

Chlamydia infection, 82 2009

defects/dysfunction, pneumonia in, 81 644-5

Iung host defence mechanism, B1 625

respiratory tract, B1.608

Technetium-labeled white cell scans,

osteomyelitis, 81 694

Teeth

bacteria colonizing, Bl 301

factors influencin g, Bl 294-5

normal microbiota, 81 609

Tego series, 81.425

Teichoic acid,87.42-3

chemotaxonomy, B1 24

Teichuronic acid, 81 43

chemotaxonomy, 81 24

Teicoplanin

osteomyelitis, B1.698-9

Stap hy lococ cus resistance, BZ 802-3

structure, 81 480 (Fig )

Telangiectasia, hereditary hemorrhagic,
intracranial abscess complication,
B1.583

Telithronycin

spectrum of activity, 81 499 (Tab )
structure, B1 486 (Fig.)

Tellurium, resistance to, B1 114

TEM-1 enzymes, 81.472-3

TEM-2 enzymes, 81.472-3

Temocillin

pharmacology, 81 475

spectrum of activity, 81.475

Temperatures

antibacterial activity, Bl 437 2,
81431 (Tab.)

BruceIIa cllntre, BZ 1735

Enterobacteriaceae culture, 82.7344-6

food,Bl2644

heat shock response, B1.74

hydrostatic pressure, 81 450

N e is s e rla ctlture, B.2.127 5

susceptibility/resistance to

airborne bacteria, 81.187

C amp y I ob acte r, B.2.I5 45

Clostidium, 82.L095

H aemophtlus, B.2.1.6954

Lactobacillus, 82.866

Legionella, 82 1777

My cob acterium, 82.1216, 82 1217, B2.1242

Proteus,82.7441

streptococcrc, 82.862

Temperature-sensitive mutants, B1 38

Tergitols, B1.432

Termocillin, structure, Bl/1 a Fig )
Tetanospasmin see Clostridium tetant

Tetanus, RI.203, 82.7040-2, 82 1065-6

classification, 82.1065

cephalic, 82 1066

generalized, 82.70654

clinical features, B.2.1036, 82.1065-6

diagnosis, 82 1066

epidemiology, 82 1041 (Tab ), 82 1065

etiology, 82 1042

historical perspective, B.21037 , B2.1.040_2

immunization, 82.1.065, 82 1.066

laboratory worke.'S, B1..7 67

local, 82 1066

milestones in understanding , 82 703842

neonatal, 82.1065, B2.1066

nosocomial, 81.401 (Tab )
safety precautions, 82 707 6

therapy, 82 1066

human tetanus immunoglobulin, 82 1066

transmission lo CNS, 82 1065

Tetanus toxoid (TT), 82.1053, 82 1065

Tet gene,82.1600

TetM gene,827277

Tetracyclines, 81 485-6

cat-scratch disease treatment, 82.1898-9

gonorrhea treatment, 81.662

Helicobacter pylorl infection treatment,
B.21575

human brucellosis treatment, 82.1743

mode of action, 81.485

periodontal abscess, 81 614
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Tetracyclines (Continued)

pharmacology, Bl 485

Q fever treatment, 82 2078

resistance, Bl 485

B acteroides I P rev o tellal Porp hy ro monas,
82 1931

Brucella, 82 7730

B urkho lderia thailandens is, 8.2.1621

Chlamydia, 82Z02O

Fusobacterium, R2 7949

Neisseria gonorrhoeae, Bl 662, B.2.1277,
82 tZ91-2

N eiss eria meningit itlis, R2 1291 -z

Staphylococcus, R2194 (Tab ), 82 803-4

transposons, B1 485

spectrum of activity, B1 485

A c t ino b acillw act i no my c e t e mc o m ita n s,
B.2.1664

Actinomyces, B.2107I

Boruelia, B27830

Brucella, B2 7742

Campylobacter, 82 7548

C ard.io bacterium hominis, 8.2-767 2-3

Citobqcter, R2 7476

Eikenella corrodens, 82 7668

Enterobacter, B.21484 5

Escherichia, B.2.1370

Ewingella, B.2.7493

gram-positive anaerobic cocci, 8.2.912

H aemop hilus, 82 17 02 (T ab ), 82 17 03,
B2.1',710

Klebsieila, 82 1480

Lqctobacillus, B2.866

Leclercia, 82 1.495

Listeria, 82 956-8

Mycoplasma, 82 7992

P as te ur e lla mubo c ida, B2.7655

Prote us, 82 7447, 82 14434

Pseudomonas, 82 1.600

S t r e p t o c o c cus, B.2.867-2

Vibrio, B.2l5l4

structure, 81.a85, 81 a85 (Fig )
syphil is. 82 1857-8

toxicity/side effects, 81.485-6

tularemia treatment, 82 1755

Tet rahydromethanopter in .  methanogenes is .
81 68, Bl 69

Tetrathionate reductase, bacterial
identif ication, 82 1351

Tetroxoprim, 81491

structure, 81 a91 (Fig )
Thawing, Bl 450

microbial growth effect, B1264-5

T helper cells, type 1 (Th1)

B r uc e I I a infection, B2.I'7 36

Burkholrleria thailandensis infection,
B21625-6

Therapeutic baths, B1 215

Thermal death point (TDP), 81 445-6

Thermal death time (TDT), 81266, Rlz7Ll,
B1 445_6

Thermized milk, B1 233

Thermoacidophilic Archaebacteria, B1 70

Thermoactiomy ces, 82 1139

microscopic morphology, 82 1143

Thermochemical treatment. B1.454

Thermophiles

canning process, B1 283

temperature range for growth, 81.264

Thermoplasma acidophilum

metabolism, B1.70

protein folding, B1 47

Thermoradiation, 81.454

0-replication, plasmid genes, 81.107

Thiamphenicol

development, Bl 4824

Klebsiella, B.2.1480

structure, B1.48a (Fig )

Thienamycin, 81 478-80

Thin layer chromatography (TLC), rapidly
growing mycobacteria, 82 7242

Thiobacillus

electron donors, B1.67

sulfur oxidation, Bl 201

T hio b ac i I lu s de nitri.fi c a n s

denitrification, 81 200

sulfur oxidation, B1 201

Thiobacillus novellus, Bl 57

Thiogalactoside transacetylase, B1 71

Thionin, Brucella species differentiation,
B21735

Thionine blue, Brucella species differentiation,
B21735

Thosphaera, nitrification, B1 200

Threonine metabolism, Fusobacterium,
B2 7945,82.7948

Thrombocytopenia

A nap lasma p hagocy tophilum infection,
822060

Ehrlic hia chaffeensis infection, 82 2057 -9

Thrombophlebitis, human brucellosis, 82.1738

Thrombotic thrombocytopenic purpura,

812734

5-Thyminyl-5,6-dihydrothymine (TDHT),

B1.4s2 (Fig )
UV photoproduct, Bl 457,81.452

Ticarcil l in

history, B1.473

P asteurella multocida, 82 1655

structure, Bl 474 (Fig )
Tick Borne Encephalit is virus, infection risk,

Bt762

Ticks

Anap lasma transmission, 82.2066-7

Ehrlic hia transmission, 82.2066-7

Ric kensia isolation, 82.2037

Rickettsia transmission, 82 2037 -8, B2.2040

Tigecycline

development, 81 485

spectrum of activiry, 81.a99 (Tab.)

Tight junctions, disruption by bacterra, 81 557

Tinidazole

pharmacology, B1 495

structure, 81 a95 (Fig )
Ti (tumor-inducing) plasmid, B1.202

Tissierella, B2.1929

Tissierella praeacuta, B1296 (Tab ), R2.1929

Tissue anoxia, gas gangrene pathogenesis,

82 1112, B2 1113

Tissue culture, virucidal activity, B1 435-6

Tissue donations, infections transmitted by,
81  381

Tissue-specifi c tropism, bacterial adherence,

Bl.I47-8

T lymphocytes see T cells

Tn1 transposon, 81 9a (Fig.)

Tn3 transposon, 81 96

TnZ transposon, 81 93-4

Tn19 transposon, B1 93-4

Tn916 transposon, N eisseria mutagenesis,

827277

Tn4001 transposon, 82 1985-6

Tobacco smoking

chronic bronchitis due to, B1 648

meningococci carriage, 81.563-4

M y cobacterium av ium complex infection,

B.2.1.207

respiratory tract infection, B1 626

Tobramycin

spectrum of activity, 81.482

Bruce l la ,827742

Entero bacter, 82 L485-6

Ewingella, B.21493

Nocardia, 82 7745

structure, 81 a83 (Fig )
Toll l ike receptors (TLR), B1.176-7

TOL plasmids, 82.1597

Toludine red unheated serum test (TRUST),

syphilis, 82.1845-6, 82 1846 (Tab )
Toluene

bioremediation, 81201

degradation, plasmids, 81.114

Tomatoes, pathogens, B1.282, Bl 283

TonB protein, B1.138-9

Tongue, nomal microbiota, Bl 609,
81 609 (Tab.)

Tonsils, normal microbiota, 81.301

T o p l e y , W W C , 8 1 . 3 3 7

Topoisomerases

Mycoplasma, 82 7979

quinolones, B1.492

Total adenine nucleotide (TAN), 81 206

Total-body antiseptic treatment, B1.387

Total coliform bacteria test, Bl 218

Total parenteral nutrition (TPN), nosocomial
infections, 81.384

Zor* bacteriophage, 82 984

Toxic shock syndrome, BI 362, 8I.668-9

tampon association, B1.362

Toxic shock syndrome toxin-1 (TSST-1),

81 157 (Tab.), 81.668-9

Toxigenicity lests. diphtheria diagnosis.
B t612-L3

Toxin neutralization tests, 81.750

Toxins see individual species; specifc toxins
'Toxoid', term, 81.155

Toxoplasma gondii, in nilk, BI.23l2

Toxoplasmosis, nosocomial infection, Bl 403

Trab ulsie lla guamens is, 82.1,498

biochemical tests, 82 1319 (Tab.)

Trachea

intubation, pneumonia after, 81.389-90

normal microbiot a, 8l.302

Tracheal colonization factor (TCF), BordeteLla,
82 1789 (Tab.), 82.1801

Tracheal cytotoxin (TCl), Bordetella,

82.1789 (Tab ),R21795
Tracheiris, B1.629
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Tracheobronchitis

dogs ,  82  1810

Moraxella (Branhamella) cataruhalis,

82 t307

Tracheobronchopneumonia, Mycoplasma

pneumoniae, 81 633

Tracheostomy, pneumonia after, B1 389-90

Trachoma, 82 2006, B2.201 3 -1 4

blindness,B.22013 14

immune response pathology, B2 2009

pannus formation, 82 201a (Fig )

prevalence, 82 2010

serotype differences, 82.2018

therapy,B2202L

Transaldolase (TA), reactions, B1 57

Trans-cobalamins, host resistance, B1 176

Transcription, Bl 70

regulation, Bl 122

Transcription-mediated amplif i cation (TMA),

81729-30, 81 729 (Fig )

Chlamydia detection, 82 2019

Transcription signals, mycoplasmas,

82 1979-80

Transduction, 81 98, 81.104-6

bacteriophage analysis, B1 142

discovery, Bl 13

generalized, 81 104-5

plasmids, Bl 105

specialized rs , 81 105

specialized, B1 105-6

generalized vs, 81 105

Transfer ribonucleic acid (tRNA), 81.42

binding sites, B1 47

charged, It1 46, Bl 47 , Bl72

init iator, 81 47

Transferrin, B1 430

bacterial iron sequestration of bound iron,

81  151

meningococcal requirement, B1 563

receptors, Neisseria gonoruhoeae, 82 7284

Transferrin-binding proteins (Tbps), Neisserla

gonoruhoeae, 82 1285

Transfer RNA intergenic length polymorphism

analysis (tDNA-PCR), B2 1609

Transfer RNAs, mycoplasmas, 82 1980

Transformation, 8198, 81 99

artilicial competence see Artificial

competence

discovery, Bl 13

DNA fate, 81 100

naturally competent species, B1 99-100

Neisseria, 82 7276

Transitions, point mutations, 81 84-5

Transketolase-transaldolase (TK/TA)

reactions, 81 57-8, 81 57 (Fig ), 81 62-3

Transmissible spongiform encephalopathy

transmission, B1.381

spiroplasma association, 82 1966

Transmission

bacterial infections see Epidemiology of

bacterial infections

modes, 81 310

plasmid genes, 81 110

Transplantation recipients

emergence/resurgence of infection, 81 362

intracranial abscess. Bl 582

Nocardia asteroides infections, B.2.1755-7

urinary tract infection, 81.673

Transport, B1 48-50

active, B1.49-50

ATP-binding cassette, B1 49

chemiosmotic driven transport systems,

8 1 4 9

ion gradient-[inked, 81 49

periplasmic-binding protein-dependent,

B1-.49

PTS system, Bl 50

facil i tated diffusion, B1 48-9

inducible, 81.50

simple (passive) diffusion, 81 48 9

Transposable elements, 81 94

bacteriophage Mu, B1 91

F plasmid, 81 102

short direct repeats, 81 94

Transposase, B1 96

Transposition

conservative (cut-and-paste), 81 93 (Fig ),
81 95

replicative, 81 93 (Fig ), 81.95

roll ing-circle, 81 95

semi-conservative, 81 95

Transposition-delivery vectors, genetic

manipulation,81.124 5

Transposons, 81 91-4

complex, 81 80, Bl 91-3

composite, 81.80, 81 91-2

classification, Bl 93-4

conjugative, B1 99

historical perspective, 81 91

insertion specifrcit ies. Bl 9,t-5

integrons, B1 97-8

mutation methods, B1 97

virulence genes, B1 97

resistance genes, 81 111, 82 886

B-lactamase production, Bl 1.11 -L2

tetracycline resistance, B1 485

size, 81 9l

specres

Bacteroides, 81 934

Enterococcus , 82 886

Listeria, 82 956

methicillin-resistant S tap hy lococcus aureus,

81 .111

Neisseria, B2"1276J

transposition functions, B1 96

Transthoracic echocardiography (TTE),

Bl 536-7

Transversions, point mutations, B1 84

Trauma

CNS infection complication

intracranial abscess, 81 583, 81 584 (Tab )

subdural empyema, Bl 591, 81 591 (Tab )

upper respiratory tract infection, 81 608

Travel, emergence/resurgence of bacterial

infection, 81.360

Travelers' diarrhea, vegetables, 81.282

Tree nuts, Bl.286J

Trees, rooted/unrooted, 81 27 (Fig.), 81 28

Trehalose

fermentation, Enterobacteriaceae

identil ication, 82 1319 (Tab )

mycobacterial cell wall structures, 82 1 184

Trench fever

clinical manifestations, 82 1893-4

epi demiology, B.2.1 8934

erythrocyte infection, 82 L8934

historical perspective, 82 1885, 82 18934

Trench mouth, Bl 673-1.4

TrepChek, 82 1849

Treponema, 82 1858-60

infection, 82 1858-9

as normal microbiota, 81.296 (Tab ),
81 303

Treponema carateum, 82 1839 (Tab )

Treponema tlenticola, 82 1859-60

gingivit is, B1.614

Treponema minutum, 82 1860

Tre ponema p allidum, 81 662-3

adhesins, 81 149, 82 1840-1

catabolism pathway, 82 1839-40

catalase absence, 82 1839

cellular constituents, B1.662

differentiating subspecies, 82 1853

energy metabolism, 82 1839

fibronectin, 82 1840-1-

genome, 81 662

sequencing, 82.1838-9

hemolysins, 82 1841

infection

antigen masking, 82 1840

cell adherence, Bl 149, B2.L840-1

conjunctivitis, B1 598-9

macrophage phagocytosis, 82 184V7

neurotropism/neuroinvasivness, B2 1841

slow recognition by host antibody, 82 1840

see ciso Syphilis

iron sequestration, 82 1839

lipoproteins, 82 1840

molecular detection, 82 1851-3

DNA probes, 82 1852

early stage, 82.1842

gene targets, 82 1852 3

immunodominant 47kDa gene target,

B27852-3

late stage, 82.1843, 82 1855

molecular typing, 82 1853

nested primers, 82 1852

polA genes,82.L853

problems, 82 1852

rabbit infectivity testing vs, 82 1852

sensitivity, 82 1852

/p/ genes, B2 7852, 82.L853

morphology, 81 662

outer membrane proteins, 82 1840

purine and pyrimidine source, 82.1839-40

subspecies endemicum

disease characteristics, 82 1839 (Tab.)

molecular typing, 82 1853

stbspecies pallidum

antigens, 82 1859-60

disease characteristics, 82 1839 (Tab )

molecular typing, 82 1853

subspecies pertenue

disease characteristics, B2.1839 (Tab )

molecular typing, 82.1853

surface layer, 82 1840

tissue damage in vitro, 82 1841
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Treponema pallid.um (Continued)

/pr genes, 82.1840, 82.1852, 82.1853

virulence, fibronectin employment, B1 149

Treponema pallidaz hemagglutination
(TPHA) tesr, 81 663, 82.1848

Treponema pallidum immobilization (TPI)
tesI,81746

Treponema pallid.ilu particle agglutination
(TP-PA) tesr, 82 1848-9

Treponema pallidum particle assay (TPPA)
test, 81.663

Tre p onema paraluis c uniculi, 82 7853

Trep o nema pectinov o rum, B.2.1859-60

Treponema phagedenis, 82 186O

Treponema refringens, 82 186O

Treponema socranskii, B2 7859 60

Tribromosalicylanil ides, B1.428

Tricarboxylic acid (TCA) cycle, 81 52 3,
81 s2 (Fig )

biosynthesis of intermediates, Bl 61

Neisseria gonorrhoeae, 82 1274-5

Trichlorocarbanil ide, Bl 428

Trichloroisocyanuric acid, B1 424

Trichosporon beigelii, BI 403

Triclosan, Bl 422

handwashing, B1 766

resistance, B1 436-8, 81.441

biocide-antibiotic l inked, B1 443

Trimethoprim

mode of action, 81.492

pharmacology, B1 492

resistance

Brucells, 82 I730

plasmid resistance genes, B1.113

S almone I la Ty ph| 82 1416

Staphylococcus, 82 7 94 (T ab ), 82.804

spectrum of activity, Bl 491, BI 499 (Tab )
C ampy lo b ac t e r, B.2.1548

Escherichis, 82 1370

Haemophilus, B.21702 (Tab ), 82 7703,
82 1704

Listeria, B.2.956-8

structure, 81 a91 (Fig.)

toxicity/side effects, 81 492

Trimethoprim-sulf amethoxazole see
Co-trimoxazole (trimethoprim-

sulfamethoxazole)

Triphenylmethane dyes, B1.427-t

Trismus (lockjaw), 82.1065

see also Tetanus

Trisodium phosphate, Rl 4224

Tritons, B1.432

Triton shell, 82.1959-60, 82 1986

Tropheryma, 82.998, 82.1137-8, 82.7770-1

Tropheryma whippelii, B2 998

antibacterial susceptibility/resistance,
B.2.1002

classification, 82 998-1000

phylogeny, 82.999-1000

culture, B2 1000-1

definition, 82 998

epidemiology and pathogenicity, B2.999

genetics, 82.7002-3

historical perspective, 82 998-9

identifi cation, 82 7001-Z

molecular. BZ 1147 -8. 82.717 0-1

strain differentiation, 82 1002

infection

bone and joint infection, 81 690-1

endocarditis, 81 533

see a/so Whipple's disease

morphology, B2 1000 (Fig ), 82 1001 (Fig.)

TRUGENE@, 81 733

Trypsin, 82 1924 (Tab.)

Tryptophan deaminase, P ro te us, B,2.'l 435

Tryptophan operon, regulation, B1 72

Tsukamure lla, 82 1 137-8, R2.1,I7 14

antibacterial susceptibil i ty/resistance,
B.2.1145

classification, 82 1137 -8

lysozyme, 82 1144

microscopic morphology, B2 f747-3

staining properties, 82 1139-40

substrate decomposition, 82 1144

temperature studies, 82.1144

Tsukamurella inchonensis, 82 Il73

Tsukamurella paurometabola, BZ 1777-3

infection, 82.1172-3

strain typing, B.2.1148, 82 117 7-Z

T s u kamure I I a p u I m o n is, 8.2.117 3

Tsukamure lla strandj o rdae, B2-I17 4

Tsukamure I la ty ros inoso lv ens, BZ 1.17 34

Tubal factor infertility, Chlamydia trachomatis
infection, 82 2010-11

Tuberculins, 82 1185

Tuberculin skin tests, Bl 7 46-7, R2 l7B5

Tuberculomas, 82.1201

subpial, 81 575

Tuberculosis, B.2.1797 -203

bcg allele,82I2O3

bovine see Mycobacterium boyls infection

causative agents, 82 1198

see also Mycobacterium bovis;
Mycobacterium tuberculosrc

in children, B.27200-I

clinical features, 82 1200-2

melioidosis vs , 821627-8

postprimary, B21201)

primary, 82 1200-1

diagnosis, 82 1789-97

cross-reactivity, Bl 7 46-7

evoked gamma interferon assays, B1 747

Heaf test, B1.746

laboratory, 82.7789-97

latent infection, B1 746

Mantoux test, 81 746

microscopic, 82 1190

specimens for, 82.1190

tuberculin skin tests, R1.746-:7

drug-resistant, 8.2.1199-200

refugees, Bl 360

emergence and resurgence

breakdown in public-health infrastructure,
8t364

refugees, 81 360

epidemiology, 82.1198-9

drug resistance, 82.1199-200

impact of HIV pandemic, 82 1199

Mycobacterium bovis disease, 82.1200

granulomas

calciflcation, 82.1201 (Fig )

fornation,82.1202

hematogenous spread, 82.1200-1
historical aspects, 82 1197-8

in HIV infection see AIDS

immunology

cellular immunity, B.2.1202
genetic factors, 82.1203

macropha ge activ ation, B2 1202
protective immunity, 82 1202-3
tissue-necrotizing hypersensitivity,

B2.7202-3

nosocomial, Bl 373, 81.399

airborne spread, Bl 373
risk of infection, 81 399

prevention, 82.1219

contact tracing, 82 1219
see a/so BCG vaccine

therapy

standard chemotherapy regimen, 82 1219
WHO regimens, 82.1219

types

cerebral, 82.1201 (Fig )
endogenous reactivation, 82 1199
exogenous reinfection, 82.1199
miliary, B2.1200-1

milk-associated, B1 229

multidrug-resistant, 81 399
post-primary, 82 720L-2
'primary complex', 82.1201
pulmonary,B.2.1200, 82 1201 (Fig )
skin, 81 382

spinal,82.1201 (Fig )
urinary tract, 81 678

vaccine see BCG vaccine

Tuberculostearic acid (TBSA), 82.1184
Tularemia

bioterrorism, B1.768

causative agents, 82 17 52

see also Francisella

clinical features, B2 17 54-5
conjunctivitis, 81 598-9

endocarditis, B1 532
pharyngiris, BL67l-12

ulceroglandular, 82 17 54-5
diagnosis, 82.1754

enzyme immunoassays, 81.752
geographical distribution, B.2.17 52, 8.2.1,7 53
historical aspects, 82 1752
immune response, 82.1756-8

animal models, 82 1756
immunity to,B2.1756J

laboratory exposure, B.2.17 52, 82 17 54,
B2.r757

immunization, B1.767

in macrophage, 82 1755

mortality, pre-antibiotics, 82 1755
pathogenesis, 82 1754-5

risk categorization, Bl 7 62-3

routes of infection, 82.|,754-5

treatment, 82.1755
vaccine developm ent, 82.17 57 -g

'Tumbling', flagella movement, Bl 44
Tumour necrosis factor-c (TNF-a)

lung host defence mechanism, 81 625
septic shock treatment, 81 393
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Turbinate, anatomy, 81 606-7

Turicella, 82 990-1

chemotaxonomic characteristics,

82 978 (Tab )

identification, 82.979

Turicella otitidis,B1296 (Tab ), 82 990-1

biochemical characteristics, 82 993 (Tab )

habirats, 82 977-8

Turkeys

coryza, 82 1810-7I

rhinotracheitis, 82 1810-1 1

Turneia,827865

definitions, 82 1865

morphology,827867 8

Turneria parva, 82 L877

serovars/serogroups, 82 1878 (Tab )

Tweens, 81 425

12D process, canning, B1 265-6

Twin arginine translocator (TAT), B1 160

Two-component signal transduction systems
(TCSTS), Br.167-9, 81.168 (Tab )

Twort, F, 81 9
'tyndall ization', B1.5

Type concept, 81 28-9

Type III secretion system, Bordetella,

82 U89 (Tab ), 82 1801

Type I-IV secretion systems, bacterial protein

secretion, B1.48

Typhoid, B1.52l, B2.L421.

antibiotic resistance, 82 7475-76

ampicil l in, 82 1416

chloramphenicol, 82 1415-L6

ciprofloxacin, 82 1416

multiple resistance, 82 7415-16

plasmids, 82.1416

historical perspective, 82.1318-31

ice cream, 81 251

immune response, B1.744

infection process, 81 744

laboratory worker immunization, B-1,.7 67

treatment

azithromycin, 82 1416

cefotaxime, 82 1416

ceftriaxone, 82 1416

vaccination, B1.744

Widal reaction, B1.744

see also Salmonella Typhi

Typhus

causative agents,822O3O-2, 82 2031 (Tab ),
82.2033

antibacterial susceptibil i ty/resistance.
8.22043 (Tat:)

see also Rickettsia

epidemiology and natural hislory, BZ 2037

historical aspects, 82 2027-30

louse-borne, 82 2041

clinical manifestations, 82.2039 (Tab.),

82.2041.

epidemiology and natural history, 82 2041

murine, 82.2040-1

clinical manifestations, 82.2039 (Tab ),
82ZO40-7

epidemiology and natural history, 82 2037,

B.2.2040

see also Rtckettsia typhi

treatment, 82.2043

Tyrocidine, B1.497

Tyrosine hydromlysis, Enterobacteriaceae
identification, 82 1319 (Tab )

Ubiquinol-cytochrome c oxidoreductase, 81.64

Ubiquinones

Brucella,827724

Pseudomonas, 82 7597

Ulcers

lymphogranuloma venereum, 82.2012

tularemia, B2.175+5

Ultra-heat-treated (UHT) milk, B1.233

Ultrasound

bone and joint infections diagnosis, Bl 694

with glutaraldehyde, B1 454

Ultraviolet (UV) radiation, 81452

mutation, 81.82, 81.87-9

sterilization, Bl.45I-2

applications, 81.,145 (Tab.), 81 452

DNA repair, Bl4512

mechanisms of action, B1.451, Bl 452 (Fig.)

microbial sensitivity, B1.451

susceptibility/resistance to

Campy lobacte r, B.2.1545

Mycobacterium, B2 7217

plasmids, 81.114

Undulant fever, milk-associated, BI 229

Unheated serum reagin (USR) test antigen,
B.2.1.845

Uniport, 8149

United Kingdom (UK)

Communicable Disease Control Services,
Bt 404

epidemiological surveillance, B1.317

food-borne botulism, 82 1069

measles vaccination strategy, B1 351-3

nosocomial infections

incidence, B1.369, 81 369 (Fig.)

surveillance, B1 405

notification of disease, 81.319, 81 321

rubella vaccination policy, 81 351

sexually transmitted diseases reports,
81 320-1

Unlinked Anonymous HIV Prevalence
Monitoring Program, 81.321.-2

Unpasterized milk, restrictions on sale of,
B1234

Upper respiratory tract infection see
Respiratory tract infections, upper

uQA, 81.67-8

uQB, 8167-8

Urbanization. emergence/resurgence of
bacterial infection, B1 359-60

Urea breath test, Helicobacter pylori inlection
diagnosis, B2.1571 (Tab ), B.2.1572-3

Urea hydrolysis

bacterial identilication, 82 1351

Enterobacteriaceae identification,
82 1319 (Tab.)

Urenplasma

characteristics, 82 1958 (Tab.)

classification, 82 1967

genetics, B21.968-9
genome structure, 82 79734

infection. 82.1983

metabolism/biochemistry, 82 1969, 82 1.994

energy-yielding pathw ay s, B2 1.972

pathogenicity, 82.1983

U reaplasma p arvum, 82.1968-9

U re ap I asma ur e aly ticum

antibacterial susceptibility/resistance,
82.1992

cell division, 82 1962

cell membrane proteins, 82 1970

classification, 82.1968-9

culture, 82 1963

genetic analysis

comparative genomics, 82 1976

genome sequencing and gene annotation,
8.2.1974, 82.1975 (Tab )

host and tissue specificity, 82 1964

infection, 82.1965 (Tab ), 82.1983

human colonization, 82.1965 (Tab )
transmission, B.2.1.99I, 82 7992

treatment,82 L992

as normal microbiota, 81 296 (Tab ), 81 303

pathogenicity, 82 1983

apoptosis induction, 82 1985

clastogenic and oncogenic effects, 82 1985

transport system, 82 1973

Urease

Brucella, 82 1731.

Helicobacte r pathogenicity, 82.1576

U r eib acil lus, B.2.922-3

Urethra

flora,Bl 673, BI 677

normal microbiota, B1 303

Urethral syndrome, 81 673

Urethritis, non-gonococcal

My cop Las ma genitaltum, 81.669, 82.1983

Ureaplasma urealyticum causing, 82 1983

Uridylic acid (UMP), 81.60-1

Urinals. nosocomial infections from, B1.379-80

Urinary tract, 91.672-3

anatomical considerations, B1 672

(Tab.) bladder calculi, B2 1446

host defence mechanisms, 81 672-3

physiological flon, BI 677

Urinary tract infections (UTh), 81672-80

acute cystitis, 81 673

acute pyelonephritis, 81 673

asymptomatic, 81.67 2, 8I.673

bacteremia due to, 81.520

causatlve orgamsms

Enterobacteriace ae, B.2.1346-7

Enterococcus, 82 896

Es c herichis coli, 81.520

Escherichia roll uropathogenic.
B.2.7379-80

P r ot eus mirab ilis, 82.1-446-1

clinical syndromes, Bl 673

complicated vs uncomplicated, 81.672

diagnosis, BL677-9

culture, 81.677-8, 81.679

sample collection, B1 677

specimens unacceptable for, 81.678-9

specimen transport, 81 677

see also Urine, cttlrure

epidemiology, B1.672

hospital-acquired, 81 388, 82.896
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Urinary tract infections (U'tIs) (Continued)

management, B1 679-80

prophylaxis, 81 679-80

microbiology, Bl 67 4, Bl 67 4 (T ab )
pathogenesis, Bl674J

adhesion, 8I.6744

cytotoxic necrotizing factor 1, Bl 676

hemolysin, B1676

iron siderophores, 81 676

organization of virulence factors, Bl 677

perinephric abscess, B1 673

renal abscess, 81.673

special hosts, B1 673

tuberculosis, 81 678

urethral syndrome, Bl 673

vaccine development, 81 680

see also Genital tract infections;
Genitourinary tract infections

Urine

collection, B1 677

culture, 81 677 8

antibacterial substances, B1.678

colony-forming units, 81 677 8,B1679

nlter paper method, 81 678

interpretation, B1 679

rarely encountered species, 81 678

midstream clean-voided specimen, 81 677,
Br678,Bt6 '79

samples, 81.677

unacceptable specimens for laboratory,
B1 678-9

suprapubic aspiration, Bl 677, Bl 67 9

Uropathogenic Esche richia coli see Escheichia
colr, uropathogenic (UPEC)

USA

bacteremia statistics, B1 509

epidemiological surveil lance, B1.317

tbod-borne botulism, B.2.7066-1

nosocomial infections

control, Bl 406

incidence, B1 369, 81.369 (Fig )
surveillance, 81 405

notil ication of disease, Bl 319

rubella vaccination policy, 81 351

syphilis case number, 82 18a1 (Fig )
tetanus incidence, 82.1065

tuberculosis cases, B1 364

Uyeitis, Chlamy dia trachoma tis infection,
B220L3

vacA gene

H e licobacte r py lo r i pathogenicity, B.2.1577

He licobacter lyping, 82.1570

VacA protein, Bl7'14-5

Vaccines/vaccination

adverse events, Bl.3Z54

campaigns, B1.346

development

B ttr kho ltleria thailande ns is, 82 7621,
B21623

gene cloning, 81 127

human brucellosis, 82 7742

melioidosis, 82 1631

effi cacy monitori ng, Bl 324-5

antigens, Bl 324

calculation, 81^.32+5

causative organisms, B1 324

cold-chain monitors, 81 324

epidemiological studies, 81 32,t 5

handling/storage, Bl 324

potency testing, 81 324

serological studies, B1 324

Helicobacter pylori, B2 1576

historical aspects, Bl 7

percentage of cases vaccinated, 8I 324-5,
81 32s (Fig )

pneumococcal meningitis prevention,

Bl 571-2

programs, B1347-53

diphtheria, B1 348-q

measles, Bl 351-3

pertussis, 81 349

rubella, 81 349-51

surveil lance see below

program surveillance, Bl 323-6

vaccine efficacy, BI 324-5

vaccine safety, B1.325-6

vaccine uptake, Bl 326

routlne

age at infection, Bl 345

control of infectious disease by, RI.345-6

honeymoon periods, B1 346, 81 3a6 (Fig.)

safety monitoring, Bl 3254

toxoids, Bl 155

uptake, 81.326

see also individual species

Vaccinia vaccine, Iaboratory workers, 81.767

Vacuolating cytotoxin gene, Helicobacte r,
B.2.1567-8

Vacuum packing (VP), food processing and
preservation, 81 268 (Tab )

Vagina

Fusobacterium in, B2 1946

normal microbiota, B1.303

B acte ro ides I P r ev ote I I a I P o r p hy r o m o nas,
B.2t9334

gram-positive anaerobic cocci, 82 910

Vaginosis, causative organisms, 81.303

Vagococcus, 82 833-5

Vagococcus fluviails, 82 888 (Tab ), 82 889

Validation Lists of Bacterial Names, 81 18

Valinomycin, 81497

Vancomycin

in pneumococcal meningitis, 81 571

resrstance

Bacillus, 82.946-7

Enterococcus see Vancomycin-resistant
enterococci (VRE)

Staphylococcus aureus see Vancomycin-
resistant Staphylococcas aareas (VRSA)

vanR gene, B1 111

vanS gene, B1 111

spectrum of activity, 81.499 (Tab.)

Actinomyces, B2'l.0ll

Clostridium, B.21064-5

Clo stridium difficile, R2 lI23

gram-positive anaerobic coccr, 82 907

Lactobacillw, B.2.866

Listeria, 82 957-8

Pasteurella muhocida, B2 1655

Strep to c o c cus, BZ 861-2

structure, 81 480 (Fig )
Vancomycin-resistant enterococci (VRE),

81.396, 82.891-3 , 82 892 (Tab.)

antibacterial agents, 81.433

detection by molecular technology,
B1723 (Tab. )

cycling probe technology, B1737-z

emergence, 81.363

identification, 82 891

Vancomycin-resistant Staphy lococcus aureus
(VRSA), B2794 ('tab),B,2802 3

infection

emergence, 81 363

nosocomial, Bl 363

Van Leeuwenhoek, A, 81 3

vanR gene, vancomycin resistance, Bl 111

uanS gene, vancomycin resistance, B1 111

Vantocil, 81426

vapA gene, Aeromonas genetics, 82 1525

Vapor-phase disinfectants, B1.423 (Tab ),
8t.429-30

Variable number of tandem repeat (VNTR)

loci

Salmonella molecular typing, 82 7477

Tro p heryma whipp elii, B2 7002

Variables, in epidemiology, fixed and
continuous, Bl 31.I-12, 81.312 (Fig.)

Variant CreutzfeldtJakob disease (vCJD)

transmission, B1.381

see also Cretrzfeldt-Jakob disease (CJD)

Varibaculum, 82 1016 (Tab.)

classification, 82 1005

V arib aculum camb r iens is

classification, 82.1005

pathogenicity, 82 1007 (Tab.)

Varicella-zoster virus (VZV) infection

nosocomial, 81 400

phlebotomists, transnission, 81 760

Vasculating cytotoxin, Helicobacter
pathogenicity, 82 1577

Y aseitis, Chlamy dia t rachomatis infection,
B.2201.2-13

Vasoconstriction, dermonecrotic toxin of
Bordetella, B.2.7795

VDRL test, syphilis diagnosis, 81.745

Vector conlrol, in disease transmission
prevention, 81 35,t-5

Vegetables, 81.280-3

bacterial spoilage, BI 281-2

biofilms, 81 282

blanching, 8I.281.-2

canned, Bl 283

carbon dioxide in atmosphere, 81 282

chil l ing, 81281

containers, B1.281

contamination sources, B1 281

control of quality, 81 280-1

crushing, bruising and puncturing, B1 281

cut produce, 81.281

dried, 81 282

equipment sanitation, B1 281

food-borne disease outbreaks, Bl 282

freezing, 81.287-2

fungal spoilage, BI.281., 8I.282
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Vegetables (C o ntinue d)

handling, B1 281

humidity control, Bl 281

importation and bacterial infection

emergence, B1 360

irradiation, 81.271

large scale agricultural operations, 81.280-1

leafy, 81.281

microbiology, B1.280-3

modified atmosphere packaging, Bl 281,

8r.282

nutrients, 81 281

pH,  81281

predominant pathogens, B1 282

rots, 81 281

salads, B1 281, 81.282

selection and grading, B1 280-1

storage, B1.281-2

stress metabolites, 81.281

transport, 81 281

vacuum packaging, B1 281

washing, 81 281

water acrivity, 81 281

Vehicle of infection, B1.310

Veillonella, B.2l3lLl6

antibacterial susceptibility/resistance,

82 13L5

penicil l in resistance, 82 1315

biochemical detection, 82 1312

nitrate reduction, 82 1373

propionic acid fermentation, 81 56

cell walls, 82.1314

classification, 82 1312

differential characteristics, 82 1313 (Tab.)

genetic nakeup, 82 1312

culture, 82 1314

fluorescence, 82 1314

Gram staining, 82.1314

habilats, 82 1312

historical perspective, 82 1312

isolation/identifi cation, 82 1314-15

biochemistry, 82 7374-75

Gram staining, BZ 7374-15

molecular methods, 82.1315

laboratory maintenance, 82 L314

LPS, 82 1314

as normal microbiota, B1 296 (Tab ), 81 303

B2.13L3

mouth, 81 609

oropharynx, B1 301

as opportunist pathogen, BZ 1.31.3-14

dental caries, 82 1314

inf ections, 82 1.373-1 4

virulence factors, 82 1314

VeilloneLla atyptca, 82 1312

biochemical identilication, 82 1374-75

Veillonella caviae, 92 1312

Veillonellaceae, 82 1312

Veillonella uiceti, 82 l3l2

biochemical identification, 82 1374-15

Veillonella dispar, 82.1372

biochemical identification, 82 L31.4-1.5

possi ble infections, 82.I3I3 -l 4

Veillonella parvula, 82 1312

biochemical identification, B2 131,4 15

possible infections, 82.1313-14

V eil I one I la ratti, 82.7372

V e il lo nella r o dentium, 82 7312

Venereal Disease Research Laboratory
(VDRL) antigen, 82 1845-6,
82 1846 (Tab.)

Capture-S solid phase red blood cell
adherence, B2 1846

cerebrospinal fluid variation, 82 1846

Venereal Disease Research Laboratory
(VDRL) test, 81663

Ventilator-associated pneumonia (VAP),
hospitals, 81 640

Vero-cytotoxin-producing Escherichia coli
(VTEC) see Escherichia coli,
verotoxigenic (VTEC)

Verona imipenemase, carbapenem resistance,
B1.478-80

Verruga peruana

clinical manifestations, 82.1889

historical perspective, 82 1885

prevalence, 82.1889

r i fampic in t reatment.  82 1891

see a/so Carri6n's disease

VERSANT@, Rt722,Rt.7Z3 (Tab ), 81733-4

Vertical transmission, plasmid genes, B1 110

Veterinary practice, cleaning surfaces, Bl 424,
B1.425

V factor. H aemophi lus. 8.2.1695

Viable but nonculturable (VBNC) state,
A er omo nas hy dr op hi La, B2.1529

Vi antigen see Salmonella

Vibrio, 82 1.507 -20

adhesins, 81 149

antibacterial susceptibility/resistance,
82.1514

bacteriophages, 82 1511, 82 1512, 82.7518

typing, 82 1516

biofilms, 82 1508-9

cellular organization, 82.1510 11

capsules, BZ 7 509, BZ 7577

cel l  wal l ,  82 1511

chromosomes, 82 f 51.L-72

flagella, 82 1510

pili, 82.1511

plasmids, 82 1512

characteristics, 82 1330 (Tab )
classification, 82.1507

genus, 82 1508

culture, 82.1509 10
growth requirements, 82 1509-10

definition, 82 1508

environmental change adaption, 82.1509

genetics,B21.511 12

habitats, 82 1508-9

infection

in fish, Bl 279, 82.1508 9

mollusks, 81.280

shellfish, 82 1508-9

undercooked/raw seafood consumption,
82 1508

see also Cholera

integrons, 82 1512

isolation/identification, 82.1512-14

biotypes, 82 1514

genus, 82 1512-13

molecular typing methods, B2 1516

species, 82.1513-14

metabolism, 82.1510

morphology, B2.1509

colonies, 82.1509

microscopic, 82 1509

in normal  microbiota,  82.1516

pathogenicity, 82 751.6-77

species, 82 1508, 82.1513-14

typing, 82.1512t-16

bacteriophage typing, 82.1516

molecular typing, 82 1516

serotyping, 82.757 4-16

viable but nonculturable state, 82 1509

virulence factors, 82.'1.517 -20

LPS, 81 158_9

Vibrio aerogenes

growth requirements, 82 1510

metabolism, 82.1510

Vibrio alginolyticus

bacteriophages, 82 1512

characteristics, B.2.1.513-14, 82 1515 (Tab.)

culture, 82 1509-10

growth requirements, 82 1510

flagella, B2 1510

mollusks, 81280

morphology, 82.1509

pathogenicity, 82 1517

Vibrio anguillarum

classification, 82 1507

growth requirements, 82.1510

habitats, 82 1508-9

pathogenicity, 82 1517

serotyping, 82 1.514-76

Vibrio cholerae, 82 1507-8

antibacterial susceptibility/resistance,
82.1514

bacteriophages, 82.1512

typing, 82 1516

cellular organization, 82 151G-11

cell wall, 82.1511

flagella, 82 1510

pili, 81 149, 82.1511

characteristics, 82 7572-74, 82.1513 (Tab.),
B2.151s (Tab )

colonization factors, B2 1511

culture, 82.1509-10

growth requirements, 82.1510

foods

hazard analysis, B1 288

vegetables, B1 282

genetics, 82.L517-72

cep genes,B27577

chromosomes, 82 1.51.1-12

habitats, 81 212, 82.1508-9

infection see Cholera

iron-dependent repression, 81 165-6

isolationiidentifi cation

biotypes/biotypin g, B.2.1514

molecular typing, 82 1516

serotyping, 82.1514

typing, 82.1514-16

mannose-sensitive hemagglutinin, 82.1511

morphology, 82 1509

wrinkled, or rugose colonies, 82 1509



2198 Index

V ib rio cho lerae (Co nt inued)

non-epidemic (non-O1, non-O139), Bl 280,
81 363

in normal microbiota, 82 1516

pathogenicity, 82 1516-77

phenotype switching, 82 1509

sensory networks, 81.165

signal transduction, Bl 167 -9

toxins, 82 1517-20

accessory cholera enterotoxin, 82.1516-18

NAG-ST, 82 1518-19

similarity to Escherichiq coli enterotoxin,
B2.I5t7-78

toxin coregulated pilus, 82 1511, 82 7512,
82  1518

zonnula occludens toxin, 82 1516-18

see also Cholera toxin (CT)

virulence factors, 82.1517-19

cholera toxin, 81 156 (Tab )
neuraminidase, 81.153 (Tab )
toxin-coregulated pilus, Bl 149

Vibrio cholerae Ol

bacteriophages, 82 1512

biotypes/biotyping, 82 1514

ce l l  wa l l ,  B2  1511

El Tor biotype

culture, 82.1510

p i l i i ,  82  1511

isolation/identif i cation, 82 1513

Vibrio cholerae 0139, 82 1507-8

antibacterial susceptibil i ty/resistance,

B2 t512. 82 r5t4

bacteriophages, 82 1512

cell wall, 82 1511

emergence, 81 363

epidemic cholera, 82 1507-8

integrons, 82 1512

pil i, 82 1511

plasmids, 82 1512

SXT elements, 82 1512

Vibrio cincinnatiensis, 82 7572-14,
82 151s (Tab )

culture, 82 1509-10

Vibrio diaboltcus, flagella, 82 1510

Vibrio fischeri

autoinduction, B1 72

flagella, 82 1510

habitats, 82 1508-9

Vibrio fluvialis, R2 1513-14, 82.1515 (Tab )
culture, 82 1509-10

mollusks, 81 280

pathogenicity, 82 1517

serotyping, B2.151 4-76

Vibrio furnissii, 82 1.51.3-14,82.1515 (Tab )
bacteriophage typing, 82.1516

merabolism, 82.1510

pathogenicity, 82 1517

serotyping, B.2.\514-16

Vibrio harveyi

bacteriophages, 82 1512

characteristic, 82 1515 (Tab )
flagella, 82 1510

morphology, 82.1509

signal transduction, B1 167,8

Vibrio hollisae, 82.1513-14, 82.1515 (Tab.)

culture, 82.1509-10

mollusks, 81 280
pathogenicity, 82 1517

Vibrio logei,B2.1570

V i b rio mets c hni kov ii, 82 1 512-14,
B2.1s1s (Tab )

culture, 82 1509 10
growth requirements, 82 1510

Vibrio mimicw,82.7573-74, 82 1513 (Tab.),
B2.1s1s (Tab )

culture, 82 1509-10
growth requirements, 82 1510

habitats, 82 1508-9
pathogenicity, 82 1.51.6-71

Vibrionaceae, fish spoilage, Bl 279
'Vibrion septique', B1 9-10

Vibrio parahaemolyticus, 82 7573,
B2L5L4,82 1515 (Tab )

bacteriophages, 82 1512

cell wall, 82 1511

chromosomes, R2 7517-72

culture, 82 1509-10

flagella, 82.1510

habitats, 82 1508-9

infection, 82 1508

climate changes, Bl 362

morphology, 82.1509

pathogenicity, B2.1517
pili, 82 1s11

serotyping, B2151+16

in shellfish, 82 1508

crustacea, 81279-80

mollusks, 81280

virulence factors, 82.1519-20
V ib rio p e cte nicidq, 82.7510

Vib r to s almo nicitla, B2.I5l0

Vibrio tapetis, B2 l5l7

Vibrio vulnificus

bacteriophages, 82 1512

biotypes/biotypin g, 82 l5l4

cell wall, 82.1511

characteristics, 82.1573-74, 82 1515 (Tab )
culture, 82 1509-10

flagella, 82 1510

habitats, 82 1508-9

infection, B.2't508, 82 7577

morphology, 82 1509
pathogenicity, 82 1517
pili, 82 1511

in shellfish, BZ 1508, 82 1577

crustacea, 81279-80

mollusks, B1.280

virulence factors, 82.1519

Vincent's disease, 81.613-14
Viral hemorrhagic fevers, nosocomial

infection, B1.400

Viral infections
gastroenteritis, 81 400

neonatal, B1.395

nosocomial, 81 374, 81.395, Bl 400
pneumonia, 81 640-1

otitis media, Bl 617

transmission

blood transfusions, B1.380-1

tissue donation, Bl 381
V ir g i b a c t I I u s, 82.922-3

Virgibacillrc pantothenticus, 82.935 (Tab )
taxonomy, B.2.922-3

Virginiamycin, 81489
Viricides, B1.434

regulations, B1.434

tests, 81 435-6, Bl 435 (Tab.)

Virulence

definition, 81 146

mechanisms, 8I626-8

respiratory tract infection, BI 626-8
protein secretion see Protein(s), secretion

see also individual species

Virulence factors

Agrobacterium tumefaciens, Bl 71,5

B ifi do b act e rium, B.2.7026

Borrelia, 82 7825
Brucella, 82.1726

Burkholderia, 8.2.1614

Burkholderia cepacia complex, 82 7615

E s che richia co li, BI.71. 4
genomic studies, Bl 177 -a

K-antigens, 81.154
plasmid resistance genes, B1 115

Pro p ionib ac te rium, B2 1032

quorum sensing, B1 72

Salmone lla Dublin, B1.1 14, 82.1418

S tap hy lo co ccus aure us, Bl 175

Veillonella, B.21314

Virulence genes, transposon, B1.97

Viruses

antibacterial agents, 81 434, 81.43940

biocide interactions, 81.440

resistance, 81 445

mollusks, 81 280

sterilization, ultraviolet radiation, B1 451

sunlighr, Bl 452

Vitamin(s)

requirements, Enterobacteriaceae culture,
B2.1.345

synthesis by intestinal bacteria, 81.2934
Vitamin A deflciency, upper respiratory tract

infection, 81.608
Vitek enteric pathogens card, 82 1463
Voges-Proskauer test

Aeromonm, 821532

Brucella, B.2.1,731

Enterobacteriace ae, B2 1.31.9 (T ab.)
Vsp proteins, Bonelia antigenic variation,

B.2.1827

Warthin-Starry stain

Bartonella, B2 1898

B artonella b acillifurmis, 82.1890-1

Wassermann reaction, 81.745

Waste, solid, 81213, 81213 (Tab.)

Wastewater treatment, airborne bacteria,
B1 186 (Tab.)

Water, 81.211-28

airborne bacteria, 81.185-7, 81 189

bacteriological analysis of, 8I.220-4-225
biofilms in, 81220

bottled, 81 215-1 6, Bl 2I7 (T ab.), 8I.224-5
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Water (Contirutetl)

cistern. Bl 215, 81 216 (Tab )

coastal, 81.217, BI 220, Bl 224

contributed bacteria, BI 271 -13

estuarine areas, B1 216

ground waters, Bl 2L4-L5, Bl 224

hardness, antibacterial activity, Bl 432

indigenous bacteria, B1 211

natural self-purif ication, 81.213, Bl 21.9-20

pasteurization, B1 236

pathogenic bacteria, Bl 277 -79, Bl 225

quality criteria ior, B1.220

surface waters, BI213,Bl274,Bl 215 (Tab ),
81227

swimming pools, 81.215

testing for, 81.220-5

Water activity, microbial growth effect, 81266

Waterborne bacteria, Bl2I2 (Tab ), Bf 310,

Bt2lt-28

bacteriological analysis, 81.22G-5

C I o stri dium p e rfrin g ens, Bl 224

Escherichia coli, Bl 223

fecal coliforms, 81 223

fecal streptococci, Bl 2234

he terotrophic bacteria, Bl 721

Pseudomonas, BlZ2+5

stressed organisms, Bl 22I

total coliform bacteria, Bl222-3

biofilms, 81 220

bottled water,81.2L5-16, 81.217 (Tab ),
Bt.22+5

characterization, Bl 21 1-13

cisterns, B1 215, 81 216 (Tab )

coastal waters, Bl.2l7 , BlZ20, B1..2Z4

contributed, Bl.2l1.-I3, 81.212 ('fab )

ecological changes encouraging resurgence

of infection, 81 362

estuarine areas, Bl 216

ground waters. 81 21.4-15, 81 224

indigenous, B1 211

nosocomial, BI 37 5, BI 37 6

pathogens, 81.21'7 -19, Bl 225

pathways, B1.218-19

persistence, B1 219

seasonal variation, Bl 212 (Tab )

surface waters, 81273-14, 81 215 (Tab ),
B t 2 Z l

swimming pools, B1 215

transmission, B1 310

HeLicobacter pylorl infection, 82 1579

Legionnaires' disease, B1 63,t-6

Legionnaires' disease due to, B1 375

Leptospira, 82 L879

tularemia, 82.1753

see also individual species

Waterhouse-Friderikson syndrome, BZ ),67 4-5

Watermelons, 81283

Watson, J D, 81 13

Wayson's dye mixture, 82 1460

Weapons of mass destruction (WMD),

airborne bacteria, B1.189

Weeksella virosa,B1.296 (Tab ), 81 303

as normal microbiota, 81.296 (Tab.), 81303

Weil-Felix reaction, B2.2030, 82.2035

Ric ke ttsia detection. BI 7 52-3

Weil 's disease, B2 1866

Well water, 8I.21.4-15, Bl 224

Werner-Hiss disease see Trench fever

Western blot immunoassay, 81 720

B arto ne lla detection, BZ 1897, 82 1898

Borrelia detection,82.1829, 82 1830 (Tab.)

human brucellosis diagnosis, 82 1740

Rickettsia detection, 82 2035

syphil is test, 82 1849-50

see a/so Immunoblotting

West Nile virus, transmission control, 81.355

Wheat, 81.28+5

harvesting, B1.284

normal microbiota, Bl 284

production, Bl 284

storage, B1.28zl-5

water activity, Bl 284

Whelks, microbiology, B1 280

Whipple's disease

causative agent see Tropheryma whippelii

clinical features, B2 999, BZ 7710

diagnosis, 82.1001. 2, 82 7147 -8

problems, 82 1170

epidemiology and pathogenicity, 82 999

etiology, 81 365

investigations, 82 998-9

intestinal involvement, B2 999, 82 7001. 2,

82 1001 (Fig ), 82 lO02

treatment, 82.1171

antibacterial agents, 82 1002

White fluids, Bl 422

Whole-cell vaccines

mycoplasmas, 82 7992-3

Q lever , B2.207 5

Widal test, 81748, 81 751

enteric fever diagnosis, B1 744

SaLmonella Vi antigen, 82 1406

typhoid diagnosis, 81 744

Wigglesworthia glossinidia, 82.1330 (Tab )

Wildlife refuges, waterborne bacteria,

81 218-19

Wilson, G S, 81337

Wilts, plant disease source, 81202

Wolbachta

classification, B2 2026, BZ 2048, 82 2053

habitats, hosts and diseases, B.22049 (^tab.)

human disease association, 82 2061

identif ication and typing methods,

B.2.2057

isolation, 82 2052

replication, 82 2052

surface antigen genes, 82.2053-5

W olbachia melophagi, 82 2026

Wolbachia persica, B.2.17 53

classifi cation, R2 2026, RZ ZOZT (Fig )

Wolbachia pipientis, 82 2027 (Fig )

W o lbachia pip ienris-like symbionts

antibiotic sensitivity, BZ 20654

genome, 82.2053

habitats, hosts and diseases, 82.2049 (Tab )

Wolhynia fever see Trench fever

Wolinella succinogenes, terminal electron

acceptors, 81 67

Women, bacterial infection emergence, Bl 361

Wood sugars (cyclitols), waterborne bacteria,

B t212-1 .3
'Work ing  cu l tu res .  En le robac ter iaceae.

B27346

World Health Organization (WHO)

emerging infection, B1 365

essential drugs, antibacterial therupy, Bl 467,

81.a67 (Tab )

International Standards, 81.7224

leprosy, prevalence, 82 1203

vaccine potency testing, B1 324

World-wide web, nomenclature changes, 81 32

Wounds

debridement, 82 1115

infection

clostridial, B2 1112

Clostridium botultnum, 82.1072 (Fig ),
82.1073, B2 7772, B2 1L13

Clo stridium perfringens, BZ 711.L-L6

see also Gas gangrene

Enterococcus, 82 896
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