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ALBALADEJO Pierre AnesthŽsiologie-rŽanimation

ARVIEUX-BARTHELEMY Catherine Chirurgie gŽnŽrale

BACONNIER Pierre
Biostatiques, informatique mŽdicale et technologies  de 

communication

BAGUET Jean-Philippe Cardiologie

BALOSSO Jacques RadiothŽrapie 

BARRET Luc MŽdecine lŽgale et droit de la santŽ

BAUDAIN Philippe Radiologie et imagerie mŽdicale

BEANI Jean-Claude Dermato-vŽnŽrŽologie

BENHAMOU Pierre Yves Endocrinologie, diab•te et malad ies mŽtaboliques

BERGER Fran•ois Biologie cellulaire

BLIN Dominique Chirurgie thoracique et cardio-vascula ire

BOLLA Michel CancŽrologie; radiothŽrapie 

BONAZ Bruno GastroentŽrologie; hŽpatologie; addictolo gie 

BOSSON Jean-Luc
Biostatiques, informatique mŽdicale et technologies  de 

communication

BOUGEROL Thierry Psychiatrie d'adultes

BRAMBILLA Elisabeth Anatomie et cytologie pathologiqu es

BRAMBILLA Christian Pneumologie

BRICAULT Ivan Radiologie et imagerie mŽdicale

BRICHON Pierre-Yves Chirurgie thoracique et cardio-va sculaire

BRIX Muriel Chirurgie maxillo-faciale et stomatologie

CAHN Jean-Yves HŽmatologie

CARPENTIER Fran•oise ThŽrapeutique; mŽdecine d'urgenc e

CARPENTIER Patrick Chirurgie vasculaire; mŽdecine vas culaire 

CESBRON Jean-Yves Immunologie

CHABARDES Stephan Neurochirurgie

CHABRE Olivier Endocrinologie, diab•te et maladies mŽ taboliques

CHAFFANJON Philippe Anatomie

CHAVANON Olivier Chirurgie thoracique et cardio-vasc ulaire

CHIQUET Christophe Ophtalmologie

CHIROSSEL Jean-Paul Anatomie

CINQUIN Philippe
Biostatiques, informatique mŽdicale et technologies  de 

communication

COHEN Olivier
Biostatiques, informatique mŽdicale et technologies  de 

communication

COUTURIER Pascal GŽriatrie et biologie du vieillissem ent

CRACOWSKI Jean-Luc Pharmacologie fondamentale; pharma cologie clinique
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DE GAUDEMARIS RŽgis MŽdecine et santŽ au travail

DEBILLON Thierry PŽdiatrie

DEMATTEIS Maurice Addictologie 

DEMONGEOT Jacques
Biostatiques, informatique mŽdicale et technologies  de 

communication

DESCOTES Jean-Luc Urologie

ESTEVE Fran•ois Biophysique et mŽdecine nuclŽaire

FAGRET Daniel Biophysique et mŽdecine nuclŽaire

FAUCHERON Jean-Luc Chirurgie gŽnŽrale

FERRETTI Gilbert Radiologie et imagerie mŽdicale

FEUERSTEIN Claude Physiologie

FONTAINE Eric Nutrition

FRANCOIS Patrice EpidŽmiologie, Žconomie de la santŽ et prŽvention

GARBAN FrŽdŽric HŽmatologie; transfusion 

GAUDIN Philippe Rhumatologie

GAVAZZI Gaetan GŽriatrie et biologie du vieillisseme nt

GAY Emmanuel Neurochirurgie

GRIFFET Jacques Chirurgie infantile

HALIMI Serge Nutrition

HOMMEL Marc Neurologie

JOUK Pierre-Simon GŽnŽtique

JUVIN Robert Rhumatologie

KAHANE Philippe Physiologie

KRACK Paul Neurologie

KRAINIK Alexandre Radiologie et imagerie mŽdicale

LANTUEJOUL Sylvie Anatomie et cytologie pathologiques

LEBAS Jean-Fran•ois Biophysique et mŽdecine nuclŽaire

LEBEAU Jacques Chirurgie maxillo-faciale et stomatolo gie

LECCIA Marie-ThŽr•se Dermato-vŽnŽrŽologie

LEROUX Dominique GŽnŽtique

LEROY Vincent GastroentŽrologie; hŽpatologie; addicto logie 

LETOUBLON Christian Chirurgie gŽnŽrale

LEVY Patrick Physiologie

LUNARDI Jo‘l Biochimie et biologie molŽculaire

MACHECOURT Jacques Cardiologie

MAGNE Jean-Luc Chirurgie vasculaire

MAITRE Anne MŽdecine et santŽ au travail

MAURIN Max BactŽriologie-virologie

MERLOZ Philippe Chirurgie orthopŽdique et traumatolog ique

Service du Personnel Site SantŽ Mis ˆ jour le 01 octobre 2011

 
 
 
 
 



! %!

MORAND Patrice BactŽriologie-virologie

MORO-SIBILOT Denis Pneumologie

MOUSSEAU Mireille CancŽrologie

MOUTET Fran•ois Chirurgie plastique, reconstructrice et esthŽtique;  bržlogie 

PALOMBI Olivier Anatomie

PASSAGIA Jean-Guy Anatomie

PAYEN DE LA GARANDERIE Jean-Fran•ois AnesthŽsiologie- rŽanimation 

PELLOUX HervŽ Parasitologie et mycologie

PEPIN Jean-Louis Physiologie

PERENNOU Dominique MŽdecine physique et de rŽadaptati on

PERNOD Gilles MŽdecine vasculaire 

PIOLAT Christian Chirurgie infantile

PISON Christophe Pneumologie

PLANTAZ Dominique PŽdiatrie

POLACK Beno”t HŽmatologie

PONS Jean-Claude GynŽcologie-obstŽtrique

RAMBEAUD Jean-Jacques Urologie

REYT Emile Oto-rhino-laryngologie

RIGHINI Christian Oto-rhino-laryngologie

ROMANET Jean-Paul Ophtalmologie

SARAGAGLIA Dominique Chirurgie orthopŽdique et trauma tologique

SCHMERBER SŽbastien Oto-rhino-laryngologie

SELE Bernard Biologie et mŽdecine du dŽveloppement et  de la reproduction

SERGENT Fabrice GynŽcologie-obstŽtrique

SESSA Carmine Chirurgie vasculaire

STAHL Jean-Paul Maladies infectueuses; maladies tropi cales 

STANKE Fran•oise Pharmacologie fondamentale

TIMSIT Jean-Fran•ois RŽanimation

TONETTI JŽr™me Chirurgie orthopŽdique et traumatologi que

TOUSSAINT Bertrand Biochimie et biologie molŽculaire

VANZETTO GŽrald Cardiologie

VUILLEZ Jean-Philippe Biophysique et mŽdecine nuclŽai re

WEIL Georges EpidŽmiologie, Žconomie de la santŽ et p rŽvention

ZAOUI Philippe NŽphrologie

ZARSKI Jean-Pierre GastroentŽrologie; hŽpatologie; ad dictologie 
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BONNETERRE Vincent MŽdecine et santŽ au travail

BOTTARI Serge Biologie cellulaire

BOUTONNAT Jean Cytologie et histologie

BRENIER-PINCHART Marie-Pierre Parasitologie et mycolo gie

BRIOT Rapha‘l ThŽrapeutique; mŽdecine d'urgence

CALLANAN-WILSON Mary HŽmatologie; transfusion 

CROIZE Jacques BactŽriologie-virologie

DERANSART Colin Physiologie

DETANTE Olivier Neurologie

DUMESTRE-PERARD Chantal Immunologie

EYSSERIC HŽl•ne MŽdecine lŽgale et droit de la santŽ

FAURE Julien Biochimie et biologie molŽculaire

GILLOIS Pierre
Biostatiques, informatique mŽdicale et technologies  de 

communication

GRAND Sylvie Radiologie et imagerie mŽdicale

HENNEBICQ Sylviane Biologie et mŽdecine du dŽveloppem ent et de la reproduction

HOFFMANN Pascale GynŽcologie-obstŽtrique

LABARERE JosŽ EpidŽmiologie, Žconomie de la santŽ et prŽvention

LAPORTE  Fran•ois Biochimie et biologie molŽculaire

LARDY Bernard Biochimie et biologie molŽculaire

LARRAT Sylvie BactŽriologie-virologie 

LAUNOIS-ROLLINAT Sandrine Physiologie

MALLARET Marie-Reine EpidŽmiologie, Žconomie de la sa ntŽ et prŽvention

MAUBON Dani•le Parasitologie et mycologie

MC LEER (FLORIN) Anne Cytologie et histologie

MOREAU-GAUDRY Alexandre
Biostatiques, informatique mŽdicale et technologies  de 

communication

MOUCHET Patrick Physiologie
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PACLET Marie-HŽl•ne Biochimie et biologie molŽculaire

PASQUIER Dominique Anatomie et cytologie pathologique s

PAYSANT Fran•ois MŽdecine lŽgale et droit de la santŽ

PELLETIER Laurent Biologie cellulaire

RAY Pierre GŽnŽtique

RIALLE Vincent
Biostatiques, informatique mŽdicale et technologies  de 

communication

SATRE VŽronique GŽnŽtique

STASIA Marie-JosŽe Biochimie et biologie molŽculaire

TAMISIER Renaud Physiologie
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RŽsumŽ : 
 
En Europe, les fluoroquinolones sont le traitement de premi•re intention de la tularŽmie.  

Cependant, 10 ˆ 15% des patients traitŽs rechutent, suggŽrant la possibilitŽ dÕune sŽlection in 

vivo de mutants rŽsistants aux fluoroquinolones. Le but de cette Žtude Žtait de dŽvelopper un 

outil molŽculaire permettant la dŽtection de la rŽsistance aux fluoroquinolones chez F. 

tularensis, afin de dŽtecter  la prŽsence de mutants rŽsistants aux fluoroquinolones chez des 

patients en Žchec clinique. 

Nous avons mis au point une PCR en temps rŽel, permettant la dŽtection de mutations au 

niveau du QRDR (Quinolone Resistance Determining Region) du g•ne gyrA, codant pour la 

sous unitŽ A de lÕADN gyrase, principale cible des fluoroquinolones chez F. tularensis. La 

sensibilitŽ et la spŽcificitŽ de ce test ont ŽtŽ validŽes en utilisant des souches de F. tularensis 

sensibles aux fluoroquinolones, et des souches attŽnuŽes rŽsistantes aux fluoroquinolones 

prŽalablement sŽlectionnŽes au laboratoire. 

La PCR en temps rŽel a permis de diffŽrencier les souches sensibles des souches rŽsistantes, 

dÕapr•s lÕanalyse des  tempŽratures de fusion. Apr•s analyse de 57 Žchantillons cliniques de 

ganglions suppurŽs, nous nÕavons pas identifiŽ de mutation de gyrA.  

Notre test peut donc •tre utilisŽ en pratique clinique pour dŽtecter les mutations de gyrA chez 

F. tularensis sur des souches ou directement sur des prŽl•vements cliniques. Cependant nos 

travaux indiquent que la sŽlection in vivo de mutants rŽsistants aux fluoroquinolones chez F. 

tularensis, apr•s traitement, est vraisemblablement un phŽnom•ne tr•s rare, et nÕexplique pas 

les rechutes frŽquemment observŽes. 

 

Mots clefs : Francisella tularensis, GyrA, tularŽmie, quinolone, rŽsistance aux antibiotiques  
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Abstract: 

In Europe, fluoroquinolones are considered as a first-line therapy of tularaemia. However, 10-

15% of treated patients experience relapses, suggesting in vivo selection of fluoroquinolone-

resistant mutants in F. tularensis. The aim of the present study was to develop a molecular 

tool allowing detection of fluoroquinolone resistance in F. tularensis, to tentatively detect 

fluoroquinolone-resistant mutants in clinical samples.  

We designed a real time PCR assay for detection of mutations occurring in the Quinolone 

Resistance Determining Region (QRDR) of the gyrA gene, encoding subunit A of DNA 

gyrase, the main target of fluoroquinolones in F. tularensis. The assay was validated using 

fluoroquinolone-susceptible F. tularensis strains, and fluoroquinolone-resistant strains with 

gyrA mutations previously selected in our laboratory.  

The real-time PCR test allowed accurate differentiation of the wild-type strains from resistant 

mutants according to their respective melting temperatures. The specificity of our assay was 

confirmed using 32 clinical isolates of Francisella tularensis, characterized as wild type by 

sequencing of gyrA QRDR. We didnÕt find any gyrA mutant from clinical samples. 

We have elaborated a new real-time PCR assay allowing accurate detection of gyrA mutations 

in F. tularensis. This test can now be used on a routine basis to detect fluoroquinolone 

resistance either in isolated F. tularensis strains or directly in clinical samples. Our 

preliminary experience, however, indicates that in vivo selection of mutants after 

fluoroquinolone therapy is probably a rare event, and may not explain the frequent relapses 

observed in tularemia patients.  

!
!
Keywords: Francisella tularensis, tularaemia, quinolone, resistance, real time PCR, GyrA!
!
!
!
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1. Introduction  
 

Francisella tularensis, agent Žtiologique de la tularŽmie, est une bactŽrie hautement 

pathog•ne. A ce titre, ce germe est reconnu par le CDC comme un agent de bioterrorisme de 

classe A. On constate une Ç Žmergence È de la maladie dans de nombreux pays o• la 

tularŽmie nÕavait jamais ŽtŽ dŽcrite auparavant. A lÕheure actuelle, lÕANSM (Agence 

Nationale de la SŽcuritŽ du MŽdicament, ex Afssaps) recommande lÕutilisation dÕune 

fluoroquinolone en traitement de premi•re intention, pour une durŽe dÕau moins 14 jours dans 

les formes de gravitŽ faible ˆ modŽrŽe, du fait de lÕefficacitŽ et lÕinnocuitŽ de cet antibiotique.  

Les rechutes cliniques sont frŽquentes  m•me apr•s un traitement bien conduit, y compris 

avec les fluoroquinolones. Les complications ˆ type de suppuration et de fistulisation des 

adŽnopathies sont frŽquentes, et il nÕest pas rare dÕavoir recours ˆ la chirurgie pour mise ˆ plat 

des abc•s. Nous pensons que certains  Žchecs cliniques pourraient •tre dus ˆ la sŽlection in 

vivo de mutants rŽsistants aux fluoroquinolones, en particulier lors dÕun traitement 

inappropriŽ (faible dose ou durŽe trop courte).  

LÕantibiogramme de F. tularensis est rarement rŽalisŽ en pratique courante. En effet, 

la manipulation de cette bactŽrie est dangereuse (1), sa culture est fastidieuse, et les 

rŽsistances acquises aux antibiotiques sont considŽrŽes actuellement comme rares voire 

inexistantes. En outre, les cultures sont le plus souvent nŽgatives chez les patients sous 

traitement antibiotique, emp•chant la mise en Žvidence de mutants rŽsistants Žventuels.  

La facilitŽ ˆ crŽer des mutants de haut niveau de rŽsistance aux fluoroquinolones in vitro(2) 

sugg•re que ce phŽnom•ne de sŽlection est possible in vivo chez F. tularensis. LÕŽtude de ces 

souches mutŽes a permis dÕidentifier la protŽine GyrA comme cible molŽculaire principale 

des fluoroquinolones chez cette esp•ce. En effet, les mutations du g•ne gyrA codant pour 

GyrA semblent •tre impliquŽes en prioritŽ dans la rŽsistance de haut niveau aux 

fluoroquinolones, comme cela a  dŽjˆ ŽtŽ dŽmontrŽ chez dÕautres bactŽries ˆ gram nŽgatif.(3)   
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Le but de cette Žtude Žtait de mettre au point une mŽthode de diagnostic rapide, par PCR en 

temps rŽel, recherchant les mutations de gyrA prŽalablement caractŽrisŽes comme Žtant 

impliquŽes dans la rŽsistance aux fluoroquinolones in vitro. Secondairement, cette mŽthode a 

ŽtŽ appliquŽe aux prŽl•vements cliniques re•us au CNR Francisella de 2006 ˆ 2011 pour 

valider le test sur des Žchantillons cliniques, et identifier de potentiels mutants rŽsistants chez 

les patients en Žchec thŽrapeutique apr•s  traitement par une fluoroquinolone. 
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2. Rappels bibliographiques  sur la t ularŽmie  
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La tularŽmie a connu de nombreuses appellations suivant les pays, et les esp•ces animales 

touchŽes. La maladie aurait ŽtŽ dŽcrite pour la premi•re fois en 1837 par Soken(4), un 

mŽdecin japonais. En 1911, Mac Coy dans le comtŽ de Tulare (Californie,  Etats unis) 

identifie chez des Žcureuils un agent de  Ç pseudopeste È quÕil nomme Bacterium tularense. 

Le premier cas humain documentŽ est dŽcrit en 1914 par Wherry et Lamb, lors dÕun Žpisode 

de conjonctivite (forme oculoglandulaire). Francis clarifie la pathogŽn•se, les aspects 

cliniques et ŽpidŽmiologiques de la maladie, et unifie ses diffŽrentes appellations  

(pseudopeste des rongeurs, fi•vre de la mouche du cerf, etc.É ) sous un m•me vocable. Le 

terme tularŽmie est alors consacrŽ. En 1924, Parker, Spencer et Francis mettent en Žvidence le 

caract•re vectoriel de la maladie et le r™le de la tique Dermacentor andersoni. LÕesp•ce 

Bacterium tularensis est renommŽe Francisella tularensis en hommage aux travaux de 

Francis. 

La haute virulence de ce pathog•ne en fait un agent potentiel du bioterrorisme et de la menace 

biologique(5).  En France, la tularŽmie est de nouveau une maladie ˆ dŽclaration obligatoire 

depuis 2002.  

!"!"  .,-/,0),-1)203%&,442-5-
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Francisella est le seul genre de la famille des Francisellaceae(6). LÕŽtude de lÕARN 16S a 

montrŽ que le genre Francisella appartient au groupe gamma des Proteobacteria. Les 
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pathog•nes humains les plus proches sur le plan phylogŽnique sont des bactŽries intra 

cellulaires (Coxiella burnetii et Legionella pneumophila). 

Il existe actuellement quatre esp•ces : Francisella tularensis, Francisella philomiragia, 

Francisella noatunensis et Francisella hispaniensis. Au sein de lÕesp•ce F. tularensis, on 

distingue 4 sous esp•ces : tularensis (biovar A), holartica (biovar B), novicida et 

mediasiatica. Ces sous esp•ces sont tr•s proches au point de vue phylogŽnŽtique, mais 

diffŽrentes en terme de virulence. Les cas humains de tularŽmie sont dus aux biovars A et B, 

le premier Žtant le plus pathog•ne. 
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Ce sont des petits coccobacilles ˆ Gram nŽgatif (0,2 ! m de large, 0,2 ˆ 0,7 ! m de long), 

immobiles, non sporulŽs, aŽrobies stricts(6). La rŽaction de catalase est nŽgative, et celle de 

lÕoxydase faiblement positive. On peut retrouver la prŽsence dÕune capsule chez les sous 

esp•ces tularensis et holartica, intervenant dans la virulence de la bactŽrie. Une des 

particularitŽs de F. tularensis est la composition en acides gras de paroi. Il en rŽsulte chez la 

bactŽrie des propriŽtŽs endotoxiniques rŽduites (lipopolysaccharide sans activitŽ toxique). Il 

sÕagit dÕun germe fastidieux, qui nŽcessite des milieux enrichis en cystŽine pour sa culture. F. 

tularensis est une bactŽrie intracellulaire facultative du macrophage. Sa culture est possible in 

vitro dans des macrophages alvŽolaires ou pŽritonŽaux de souris, ou dans des lignŽes 

cellulaires (macrophages-like P388D1, cellules fibroblastiques humaines HEL). 

La bactŽrie rŽsiste au froid et peut persister plusieurs mois dans lÕenvironnement. Cependant 

elle est inactivŽe par la chaleur (30 minutes ˆ 56¡C). 

Le gŽnome a ŽtŽ enti•rement sŽquencŽ(7). Il est assez caractŽristique, du fait de sa petite taille 

(1,89 millions de paire de bases) et sa faible teneur en GC (33%).  
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La tularŽmie  nÕa ŽtŽ quasi observŽe que dans les zones boisŽes de lÕhŽmisph•re nord(6). 

Cependant il existe des cas anecdotiques dans lÕhŽmisph•re sud (Soudan(9), Australie(10)), 

tŽmoignant du caract•re Žmergent de la tularŽmie.   

LÕincidence varie dÕune rŽgion ˆ lÕautre. Elle est endŽmique en AmŽrique du Nord, en 

Europe, et en Asie. Exception faite de F. tularensis subsp. novicida qui a ŽtŽ isolŽe en 

Australie (LÕimplication de cette sous- esp•ce en pathogŽnie est exceptionnelle). Il existe des 

formes plus sŽv•res sur le continent nord amŽricain (type A : F. tularensis subsp. tularensis). 

Un variant moins virulent (type B : F. tularensis subsp. holartica) est prŽsent en AmŽrique du 

Nord, en Europe et en Asie. Le biovar A, a ŽtŽ nŽanmoins isolŽ en Slovaquie en 1998 chez 

des arthropodes (11).  F. tularensis subsp. mediasiatica nÕa ŽtŽ retrouvŽ quÕen Asie centrale. 



! "* !

970 | DECEMBER 2004 | VOLUME 2  www.nature.com/reviews/micro

R E V I E W S

domestic mice and voles, are very susceptible to the
disease, which is often fatal. It has been hypothesized
that the disease is transmitted from these animals to
humans by vectors such as ticks, flies, and mosquitoes.
Indeed,F.tularensishas been isolated from these insects
and arthropods. There are also instances of disease in
humans caused by infection after direct contact with
infected carcasses26. Mosquitoes are thought to be the
predominant vectors for transmission of the disease to
humans and animals in Sweden and Finland27,28, but
elsewhere they are only rarely thought to transmit dis-
ease. The pathogen has been isolated from the mosquito
Aedes cinereus28 in Sweden and, moreover, in a recent
epidemiological study in Sweden, the strongest single
risk factor for tularaemia was found to be mosquito
bites27. In most other European countries, ticks or
tabanid flies are thought to have a role as vectors22. In
continental Europe,Dermacentor reticulatusand Ixodes
ricinusare important vectors29. In the former Soviet
Union,Aedes, Culex,and Anophelesmosquito species,
as well as the Ixodesspecies of tick, have been identified
as vectors30. In the United States, studies have identified
both biting flies, particularly in western states, and ticks,
in regions east of the Rocky Mountains, as important
vectors for tularaemia31. The spread ofF.tularensissub-
species tularensishas been linked to an enzootic cycle
involving jack rabbits and ticks22.

Clinical aspects of tularaemia
After an incubation period of approximately 3Ð5 days,
the onset of disease is often rather abrupt, consisting of a
fever, chills,malaise, sore throat and headache32,33.Other
clinical manifestations depend on the route of pathogen
entry and the infecting F.tularensissubspecies.

For example, in Sweden, approximately 30% of the
2,700 cases that have been reported over the past 30
years have occurred within 40 km of Ljusdal, a city with
a population of less than 16,000 (REF. 14), whereas in
Finland,a considerable proportion of the cases occurred
close to the cities of Oulu and JyvŠskylŠ. More recently,
outbreaks have occurred in Turkey (1988), Spain (1997)
and Kosovo (1999). This is probably due to increased
awareness and improved diagnosis rather than to the
global spread of the bacterium. The reasons underlying
the geographical restriction of outbreaks are not
known. Interestingly, a strain similar to F. tularensis
subspecies novicidawas isolated from a human foot
wound, which was acquired in brackish water in the
Northern Territory of Australia21. This might indicate
that the distribution ofFrancisellaspecies is more
widespread than previously thought.

Tularaemia is a zoonotic disease.The connection
between F.tularensissubspecies holarcticainfection and
fresh or brackish water means that a variety of mammals
could be exposed to the bacterium. Indeed, the bac-
terium has been isolated from at least 250 species of
wildlife, indicating that it has an unusually broad host
range and can survive in many different ecosystems22,23.
In support of an association with water, there is evi-
dence that the bacterium often infects, but does not nec-
essarily kill, aquatic mammals such as muskrats and
beavers24,25. Most reports of tularaemia in mammals are
cases of rodent and LAGOMORPHinfections, and these
species are believed to be the natural source of infection,
with bacterial transmission occurring through tick vec-
tors and also directly when the infected animal is eaten
by carnivores.Lagomorphs and small rodents, such as

LAGOMORPH

Any placental mammal with
furred feet and two pairs of
upper incisors that are
specialized for gnawing, such as
hares, rabbits and pikas.

a  Francisella tularensis subsp. tularensis b  Francisella tularensis subsp. holarctica

c   Francisella tularensis subsp. mediasiatica d  Francisella tularensis subsp. novicida

Figure 2 | Worldwide incidence map of the four main Francisella subspecies. Regions where tularaemia has been
reported are shown in red.  

0;DA?B%8 : RŽpartition mondiale de F. tularensis(12) 

 

Le profil de la maladie peut •tre sporadique, ou ŽpidŽmique. Au niveau mondial, il existe de 

nombreux foyers dÕendŽmicitŽ(6). Sur le continent amŽricain les Etats Unis et le Canada sont 

rŽguli•rement touchŽs. On rapporte rŽguli•rement des cas en Chine et au Japon. En Europe, 

on dŽcrit de nombreux foyers dans les pays scandinaves et les pays de lÕest. La maladie est 

plus rare en Europe de lÕouest. Concernant la France, les cas sont souvent sporadiques et sont 

dŽcrits surtout dans les rŽgions de lÕouest, du centre, en Alsace et en Rh™ne Alpes. 

Curieusement, il semble que ces cas, m•me sÕils sont sporadiques, appartiennent ˆ un m•me 

cluster ŽpidŽmique (13)(clone). 

Il semble que la tularŽmie soit une maladie Žmergente(14), comme en tŽmoignent les rŽcentes 

ŽpidŽmies ˆ F. tularensis subsp. holartica en Europe (Portugal, Espagne, Norv•ge, Su•de, 

Turquie). Par exemple, la description rŽcente dÕŽpidŽmies en Espagne(15) est singuli•re ; 

aucun cas de tularŽmie nÕy avait ŽtŽ dŽcrit auparavant. Les cas de tularŽmie varient au cours 

du temps, et sont liŽes aux activitŽs humaines. On a constatŽ une diminution de lÕincidence de 
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la maladie liŽe ˆ lÕexode rural, et lÕactivitŽ agricole. Les guerres, et les dŽsastres naturels, 

peuvent augmenter lÕincidence de la tularŽmie (ExpŽrience rŽcente du Kosovo(16)).  

Depuis 2002, la tularŽmie humaine est de nouveau une maladie ˆ dŽclaration obligatoire en 

France. Environ 30 cas par an sont notifiŽs, mais lÕincidence est probablement sous estimŽe. 

LÕannŽe 2008 fait exception avec une centaine de cas rŽpertoriŽs. (17) Une recrudescence de 

cas a aussi ŽtŽ observŽe, dans la population animale (li•vre) ˆ la m•me pŽriode. A ce jour 

cette augmentation transitoire dÕincidence  nÕest pas expliquŽe.  

 

 

0;DA?B%H : Nombre de cas fran•ais notifiŽs ˆ lÕInVS entre 2003 et 2012 (rapport InVS 2011) 
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La tularŽmie peut survenir ˆ tous les ‰ges. Dans les pays endŽmiques, la tularŽmie semble 

saisonni•re, avec des pics dÕincidence de la fin du printemps (activitŽs de plein air) et au 

dŽbut de lÕautomne (chasse). DÕune annŽe ˆ lÕautre lÕincidence de la maladie est variable, et 

pourrait •tre attribuŽe ˆ des facteurs climatiques (tempŽrature, prŽcipitations), et ˆ des 

modifications du rŽservoir animal.(18) 
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Le rŽservoir naturel de F. tularensis est largement Žtendu  dans le r•gne animal, vertŽbrŽ ou 

invertŽbrŽ(6). Mais il sÕagit dÕune zoonose transmise principalement par les petits 

mammif•res (rongeurs aquatiques : castors, ragondins ; terrestres : Žcureuils, campagnols; 

lagomorphes : li•vre, lapin sauvage ; et insectivores : taupes). Cependant les ruminants et les 

carnivores ont ŽtŽ identifiŽs comme h™tes potentiels de la bactŽrie. LÕhomme est un h™te 

accidentel. 

La transmission vectorielle est le second mode de contamination(6). De nombreux 

arthropodes hŽbergeant F. tularensis ont ŽtŽ incriminŽs, principalement les tiques du genre 

Dermacentor et Amblyomma, mais aussi les moustiques, les taons, les puces, et les poux. La 

prolifŽration de certains arthropodes pourrait favoriser lÕŽmergence de la tularŽmie.   

RŽcemment la sous esp•ce holartica a ŽtŽ isolŽe chez les chiens de prairie(19), petits rongeurs 

capturŽs aux Etats Unis. Ces nouveaux animaux de compagnie, qui ont ŽtŽ vendus et exportŽs 

mondialement, ont ŽtŽ ˆ lÕorigine de cas de tularŽmie.   

Les bactŽries du genre Francisella sont rŽsistantes dans le milieu extŽrieur, en particulier ˆ 

des tempŽratures froides (6)(sol, eau, cadavres dÕanimaux infectŽs). En milieu hydrique, leur 

persistance pourrait •tre liŽe  ˆ une interaction symbiotique avec les amibes libres(20).  
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La transmission ˆ lÕhomme se fait le plus souvent par voie cutanŽe, par piqure de tiques en 

zone foresti•re ou par contact direct avec les animaux ou un environnement contaminŽ. F. 

tularensis est classiquement capable de pŽnŽtrer les tissus sains, et notamment la barri•re 

cutanŽe. La contamination peut se faire Žgalement par voie conjonctivale. 
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La transmission par voie respiratoire (aŽrosol) est tr•s infectante, mais plus rare. La 

contamination par voie orale, par le biais dÕeau ou dÕaliments contaminŽs, est  rare (hormis 

dans certains pays comme la Turquie), mais lÕinoculum bactŽrien doit •tre plus important 

pour provoquer lÕinfection. La transmission interhumaine nÕa pas ŽtŽ dŽcrite ˆ ce jour. 
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Les professions exposŽes sont : le personnel de laboratoire, les vŽtŽrinaires, les fermiers, les 

gardes-chasse, les paysagistes. A ce titre la tularŽmie est reconnue en tant que maladie 

professionnelle. 

Dans les activitŽs de loisirs, la pratique de la chasse est un facteur de risque important 

(dŽpe•age dÕanimaux sauvages). Les autres expositions ˆ risque sont la manipulation de 

vŽgŽtaux vulnŽrants, les piqures de tiques, et les loisirs en plein air (jardinage, randonnŽe). 

En France, les facteurs de risque(21) sont principalement la pratique de la chasse, le dŽpe•age 

dÕanimaux sauvages (li•vres essentiellement), la consommation de viandes contaminŽes, et 

les piqures de tiques.  
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F. tularensis subsp. tularensis et F. tularensis subsp. holartica sont incriminŽs dans la 

majoritŽ des cas humains de tularŽmie. 

Biovar A (F. tularensis subsp. tularensis) : La sous esp•ce tularensis est la plus virulente, et 

seulement 10 bactŽries sont nŽcessaires pour provoquer lÕinfection(5). Il sÕagit dÕun des 
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agents les plus infectieux en mŽdecine humaine. Avant lÕ•re des antibiotiques, le taux de 

lŽtalitŽ Žtait compris entre 5 et 15% dans les formes modŽrŽes de la maladie, et entre 30 et 

60% dans les formes les plus graves. 

Biovar B (F. tularensis subsp. holartica) : Les atteintes liŽes ˆ ce variant sont moins graves, et 

le taux de lŽtalitŽ est de 1 ˆ 3 % sans traitement et infŽrieur ˆ 1% avec un traitement bien 

conduit. Elles sont frŽquemment associŽes ˆ des adŽnopathies suppurŽes. Entre 2006 et 2010, 

les cas identifiŽs par le CNR Francisella confirmaient cette tendance(21) (<1% de lŽtalitŽ). 

Cependant 29,7% de ces cas ont nŽcessitŽ une hospitalisation. Il existe probablement un biais 

de recrutement, liŽe ˆ lÕactivitŽ dÕexpertise du CNR des cas les plus problŽmatiques, pouvant 

expliquer le nombre important de formes graves. 

La phase dÕincubation varie entre 2 et 10 jours et la phase dÕinvasion est compl•tement 

aspŽcifique (syndrome pseudo-grippal). Les patients consultent habituellement suite ˆ la 

dŽcouverte dÕune adŽnopathie. Il existe diverses descriptions cliniques de la maladie(6), 

dŽpendant de la voie dÕentrŽe de la bactŽrie dans lÕorganisme. Entre 2006 et 2010(21), les cas 

notifiŽs (n=251) ˆ lÕInVS Žtaient principalement des formes ulcŽro-ganglionnaires (24,5%) et 

ganglionnaires (47%). 18% des cas notifiŽs correspondaient ˆ une forme septicŽmique ou 

pulmonaire. 
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Classiquement, cÕest la forme clinique la plus frŽquente. On retrouve la prŽsence dÕun ulc•re 

cutanŽ dÕinoculation (morsure de tique, blessure causŽe par un animal infectŽ) et dÕune 

adŽnopathie satellite.  
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WHO GUIDELINES ON TULARAEMIA 

A A 

B B 

(B) 10 weeks after onset of disease and successful 
treatment with oral doxycycline (TŠrnvik & Berglund, 
2003, reproduced with permission from the 
European Respiratory Journal). 

Figure 4.1  Primary ulcer in a human case 
of tularaemia (reproduced with the courtesy of 
Department of of Infectious Diseases, UmeŒ 
University, Sweden). 

Figure 4.3  Hilar enlargement in a 24-year-old 
farmer with fever but with no lower respiratory tract 
symptoms. Tularaemia was serologically veriÞed 
and radiography was performed (A) 13 days, and 

Figure 4.2 Lymph node enlargement in a human 
case of glandular tularaemia (reproduced with the 
courtesy of Department of of Infectious Diseases, 
UmeŒ University, Sweden). 

Figure 4.4  Extended right-sided pulmonary 
consolidation in a 16-year-old male with fever and 
a productive cough. Tularaemia was serologically 
conÞrmed and radiography was performed (A) 11 
days, and (B) 2 months after the onset of disease 
and successful treatment with oral ciproßoxacin. 
(TŠrnvik & Berglund, 2003, reproduced with 
permission from the European Respiratory Journal). 
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0;DA?B%N : Ulc•re dÕinoculation (4.1) et tularŽmie ganglionnaire  (4.2) (WHO guidelines tularaemia) 
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Une adŽnopathie rŽgionale est prŽsente, mais on ne retrouve pas dÕulc•re cutanŽ. De ce fait le 

diagnostic de tularŽmie est souvent difficile ˆ poser, devant une forme ganglionnaire pure. 
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CÕest une forme rare (5% des cas). La porte dÕentrŽe de lÕinfection est conjonctivale et on 

retrouve lÕassociation conjonctivite et adŽnopathie satellite. (Syndrome oculo-ganglionnaire 

de Parinaud) 
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CÕest une forme peu frŽquente. Elle survient apr•s lÕingestion dÕeau ou dÕaliments 

contaminŽs. Le tableau clinique correspond ˆ une pharyngite chronique, associŽe ˆ une 
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sŽcheresse buccale et une sensation de brulure caractŽristiques. Le diagnostic est difficile ˆ  

poser. 
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CÕest une forme clinique rare. Elle survient apr•s exposition ˆ un aŽrosol contaminant la 

plupart du temps. Cependant la forme pulmonaire peut •tre due ˆ une dissŽmination 

hŽmatog•ne des bactŽries. Cette atteinte est redoutable et redoutŽe, en particulier dans le 

cadre du bioterrorisme. La mortalitŽ peut atteindre 30 ˆ 60% chez lÕesp•ce F. tularensis 

subsp. tularensis.  

Les formes pulmonaires (9,2%) identifiŽes par le CNR entre 2006 et 2010 (21), 

correspondaient ˆ un tableau beaucoup moins sŽv•re que celles dŽcrites lors des ŽpidŽmies de 

MarthaÕs Vineyard(22) (Biovar A). En Europe de lÕouest il pourrait exister deux tableaux 

cliniques : une forme aigŸe (de sŽvŽritŽ moyenne, rŽgressant rapidement sous 

antibiothŽrapie), et une forme chronique (altŽration de lÕŽtat gŽnŽral, adŽnopathies 

mŽdiastinales, posant le probl•me du diagnostic diffŽrentiel avec la tuberculose, et la 

sarco•dose). 
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CÕest une forme septicŽmique peu frŽquente, qui peut •tre associŽe ˆ une forme digestive. Elle 

est liŽe ˆ une contamination avec une charge bactŽrienne importante. Les formes typho•diques 

identifiŽes par le CNR, concernaient des patients ‰gŽs(21) (moyenne dÕ‰ge 76,3 ans). Il peut y 

avoir des localisations pulmonaires secondaires. 
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Des prŽsentations  cliniques  plus anecdotiques existent : mŽningite, pleurŽsie, pŽricardite, 

endocardite, pŽritonite. 

 

F. tularensis subsp. mediasiatica a ŽtŽ isolŽ en Asie centrale chez des tiques et des animaux,  

et est tr•s rarement impliquŽ en pathologie humaine. Le r™le pathogŽnique de F. tularensis 

subsp. novicida est aussi limitŽ, mais dŽcrit. F. philomiragia aurait ŽtŽ isolŽ, chez lÕhomme 

dans un contexte dÕimmunodŽpression (granulomatose septique, syndrome myŽloprolifŽratif), 

et de noyade. F. noatunensis nÕa ŽtŽ isolŽ que chez les poissons (cabillaud). Un cas de 

septicŽmie ˆ F. hispaniensis a ŽtŽ dŽcrit en Espagne. 
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Les infections provoquŽes par F. tularensis sont tr•s polymorphes. LÕabsence de spŽcificitŽ 

des signes cliniques de la tularŽmie peut rendre son diagnostic difficile. La reconnaissance 

dÕun contexte clinique Žvocateur est important (loisirs, pathologie dÕinoculation). Les 

diagnostics diffŽrentiels sont nombreux, en fonction des tableaux envisagŽs.  

 

Forme ulcŽro glandulaire : 

On doit Žliminer une pathologie dÕinoculation (bartonellose, pasteurellose), et une infection ˆ 

pyog•nes (Streptocoque, Staphylocoque).  

 

Forme glandulaire : 

Les infections virales doivent •tre ŽliminŽes : CMV, EBV, HIV, ainsi que les 

mycobactŽrioses. Il faut faire le distinguo avec une Žtiologie maligne (lymphome). 
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Forme oropharyngŽe : 

Le tableau clinique est celui dÕune angine, il faut Žliminer les nombreuses causes dÕangines 

virales (mononuclŽose infectieuse) et bactŽriennes (streptococciques). Souvent une 

bŽtalactamine est prescrite dans ce contexte dÕangine, inefficace sur F. tularensis. 

  

Forme pulmonaire : 

Le tableau est celui dÕune pneumopathie atypique. Les Žtiologies sont nombreuses. Dans un 

contexte de bioterrorisme, il faut savoir Žliminer lÕanthrax et la peste, du fait de lÕatteinte 

clinique grave. Les autres agents responsables sont : mycoplasmoses, chlamydioses, 

coxielloses, lŽgionellosesÉ  

 

 

 

[EPGBEA%:  : Diagnostics diffŽrentiels de la tularŽmie(23) 
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Sans traitement antibiotique, la mortalitŽ est de 5 ˆ 10% pour le type A (surmortalitŽ dans les 

formes pulmonaires), et infŽrieure  ̂1% pour le type B.  

Nous rappelons que les formes liŽes au biovar A peuvent •tre responsables de complications 

graves, notamment associŽes aux formes pulmonaires fulminantes. Des dŽfaillances 

multiviscŽrales sont rapportŽes : septicŽmie, mŽningite, endocardite, insuffisance rŽnale. Les 

complications ˆ type de coagulation intra vasculaire dissŽminŽe sont possibles dans un 

contexte de sepsis. 

Les formes liŽes au biovar B  provoquent plut™t des complications locales. Chez 30% des 

patients prŽsentant une adŽnopathie rŽgionale, lÕŽvolution se fait vers la suppuration, avec 

parfois fistulisation cutanŽe. Cette complication peut survenir malgrŽ lÕadministration dÕun 

traitement adaptŽ, entrainant des Žchecs thŽrapeutiques et des rechutes. La guŽrison sÕobtient 

habituellement apr•s mise ˆ plat chirurgicale de lÕabc•s. (21)  
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Le diagnostic est surtout sŽrologique et molŽculaire. 
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LÕexamen direct, avec coloration de Gram est tr•s peu contributif, du fait de la petite taille de 

la bactŽrie. La coloration de May GrŸnwald Giemsa est plus adaptŽe. 
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La culture de la bactŽrie est fastidieuse et nŽcessite des milieux enrichis en cystŽine, ou avec 

un mŽlange nutritif (PolyVitex, IsoVitalex). On peut utiliser aussi le milieu BCYE utilisŽ pour 
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isoler les Legionella. Les milieux historiques recommandŽs sont celui de Fran•is, et celui de 

MacCoy et Chapin. Les esp•ces novicida, philomiragia, et noatunensis ne nŽcessitent pas de 

cystŽine pour leur culture. Les milieux doivent •tre incubŽs au minimum 10 jours ˆ 37¡C en 

aŽrobiose sous une atmosph•re enrichie en CO2 (5%). LÕutilisation dÕune gŽlose sŽlective 

sensibilise les cultures en cas de prŽl•vement polymicrobien. On peut augmenter la sensibilitŽ 

de la culture en utilisant des milieux de transport. Les cultures en milieu liquide sont possibles 

(Thyoglycolate enrichi en cystŽine, milieu cÏur-cervelle), mais nŽcessitent une 

supplŽmentation dÕ1 ˆ 2% de PolyVitex. Lors de sub-cultures, les colonies apparaissent apr•s 

48 ˆ 96 heures dÕincubation. Il faut rappeler quÕil sÕagit dÕune bactŽrie hautement contagieuse, 

et sa manipulation doit •tre effectuŽe en laboratoire de niveau 3 de sŽcuritŽ biologique.(1) 

LÕisolement de la bactŽrie est possible ˆ partir de prŽl•vements cutanŽs, de suppurations, de 

biopsies ganglionnaires ou ˆ partir du sang. La sensibilitŽ de la culture a ŽtŽ ŽvaluŽe ˆ moins 

de 25% ˆ partir dÕŽcouvillonnages dÕulc•res cutanŽs(24), lors de forme ulcŽro- glandulaire de 

tularŽmie.   

Les caract•res dÕorientation sont lÕoxydase nŽgative, la catalase faiblement positive, lÕurŽase 

nŽgative, et la nitrate rŽductase nŽgative. La coloration de Gram (sur les cultures) met en 

Žvidence un petit coccobacille ˆ Gram nŽgatif. LÕantibiogramme, quoique rarement rŽalisŽ, 

peut •tre Žvocateur, du fait de la rŽsistance aux cŽphalosporines de 3Žme gŽnŽration. 

LÕidentification  peut se faire apr•s isolement de la bactŽrie, soit ˆ partir dÕun immun-sŽrum 

spŽcifique (agglutination, Difco- BD), soit ˆ partir de galeries biochimiques (API NH, Vitek2 

de bioMŽrieux). Elle est actuellement confirmŽe par biologie molŽculaire, notamment pour 

dŽfinir la sous-esp•ce en cause. 
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Les tests sŽrologiques sont rŽalisŽs en premi•re intention. Ce sont des techniques simples ˆ 

mettre en route, permettant de confirmer la suspicion dÕune tularŽmie. On utilise des tests de 

sŽroagglutination (macro et microagglutination), et dÕimmunofluorescence. Le seuil 

significatif est de 1 :160 en macroagglutination, et de 1 :125 en microagglutination. Des tests 

ELISA ont ŽtŽ dŽveloppŽs plus rŽcemment. 

Les anticorps apparaissent apr•s 2 semaines dÕŽvolution des signes cliniques et atteignent leur 

titre maximal apr•s 3 ˆ 4 semaines(4). La sŽroconversion est dŽcrite lorsque le titre 

dÕanticorps est multipliŽ par 4 ˆ au moins 15 jours dÕintervalle. Les IgG peuvent persister 

assez longtemps apr•s lÕinfection (plusieurs mois ˆ annŽes). 

Il existe des rŽactions croisŽes, notamment en IgM (Brucella, Proteus OX19, Yersinia pestis). 

Le diagnostic sŽrologique de sous esp•ce nÕest pas possible. 
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La biologie molŽculaire est essentielle dans le diagnostic de la tularŽmie. Les techniques 

basŽes sur la PCR permettent de mettre en Žvidence lÕADN des bactŽries, en particulier 

lorsque leur isolement en culture nÕest plus possible  (antibiothŽrapie prŽalable, prŽl•vements 

tardifs). La sensibilitŽ de la PCR a ŽtŽ ŽvaluŽe ˆ 75% au cours de formes ulcŽro-

glandulaires(25). LÕutilisation de la PCR en temps rŽel (26) permet actuellement un 

diagnostic molŽculaire rapide et sensible. La dŽtection est possible ˆ partir du sang, de 

biopsies ganglionnaires et de suppurations cutanŽes(25). Entre 2006 et 2010 (21), lÕutilisation 

dÕune PCR en temps rŽel a permis de confirmer le diagnostic dans 38,6% des cas expertisŽs 

au CNR Francisella. LÕintŽr•t clinique de ce test pour les prŽl•vements tissulaires 
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(adŽnopathies) est indŽniable, avec plus de 93% de positivitŽ, alors que la culture nÕest que 

rarement positive  (6% des cas au CNR). 

Il existe de nombreuses cibles molŽculaires dÕamplification. LÕidentification du genre 

Francisella peut se faire gr‰ce aux g•nes fopA et tul4 qui codent pour des protŽines 

membranaires ; ˆ la sŽquence dÕinsertion ISftu2 ; au g•ne qui code pour une protŽine de 

23kDa (protŽine induite pendant lÕinfection macrophagique (23)). La cible ISftu2 (26) est 

particuli•rement intŽressante, car elle est rŽpŽtŽe de nombreuses fois dans le gŽnome de 

Francisella, augmentant donc la sensibilitŽ de la PCR. Le diagnostic de sous esp•ce se fait 

notamment sur le sŽquen•age de la rŽgion inter gŽnique de lÕARN 16S-23S. 
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Cette technique Ç nouvelle È est intŽressante pour la caractŽrisation des bactŽries du genre 

Francisella jusquÕau niveau des sous esp•ces, et donne de bons rŽsultats(27). Cependant 

lÕidentification ne peut se faire que sur des bactŽries isolŽes en culture, ce qui pose le 

probl•me du caract•re fastidieux et potentiellement dangereux de la culture de ces 

microorganismes(1).  
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La mŽthode conventionnelle de lÕantibiogramme en diffusion, utilisant des disques imprŽgnŽs 

dÕantibiotiques, nÕest pas  adaptŽe ˆ la croissance fastidieuse de ce germe. De plus il nÕy a pas 

de corrŽlation entre les diam•tres dÕinhibition et les CMI.  

LÕantibiogramme par bandelette E-test (CMI) a ŽtŽ  utilisŽ, soit sur milieu gŽlosŽ de Mueller 

Hinton II, soit sur milieu Chocolat supplŽmentŽ avec 2% dÕIsoVitaleX. Une Žtude utilisant 

cette mŽthode a ŽtŽ ŽvaluŽe(28), donnant de bons rŽsultats.  
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Figure 12 : Antibiogramme par diffusion sur une gŽlose Mueller Hinton chocolat Poyvitex ¨

(mŽthode des disques)

Liste des antibiotiques de gauche ˆ droite et de haut en bas :  

rangŽe 1: Amoxicilline, Ticarcilline, PipŽracilline, CŽfŽpime 

rangŽe 2 : CŽfalotine, Amoxicilline + acide clavulanique, Doxycycline, PipŽracilline + tazobactam

rangŽe 3 : CŽfoxitine, CŽfuroxime, Ticarcilline + acide clavulanique, TŽtracycline 

rangŽe 4 : MŽropŽn•me, Minocycline, CŽfotaxime, Streptomycine.  

 

0;DA?B%O : Antibiogrammes sur milieu de Mueller-Hinton enrichi par mŽthode E-test , et sur milieu 

chocolat Polyvitex par mŽthode des disques(8)%
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Baker(29) a mis au point une mŽthode en milieu liquide (Mueller-Hinton), supplŽmentŽ en 

calcium, vitamines, L-cystŽine, et pyrophosphate de fer. La lecture des CMI se fait apr•s 24 

heures dÕincubation en aŽrobiose. Plus rŽcemment le CLSI recommande dÕutiliser un milieu 

liquide de Mueller-Hinton enrichi en cations, additionnŽ dÕun supplŽment polyvitaminŽ ˆ 2% 

(ex : IsoVitaleX, Beckton Dickinson). Des concentrations critiques ont ŽtŽ Žtablies par le 

CLSI. La pertinence de ces Ç breakpoints È est faible, du fait de lÕincidence faible de la 

tularŽmie. La zone de sensibilitŽ a donc ŽtŽ dŽfinie pour les molŽcules a priori actives sur F. 

tularensis : 

-la gentamicine : " 4 mg/L 

-la streptomycine : "  8 mg/L 

-la doxycycline : " 4 mg/L 

-la ciprofloxacine : " 0.5 mg/L 

 Les CMI obtenues avec les mŽthodes en milieu liquide (microdilution), et en milieu solide 

(E-test) sont comparables, en ce qui concerne la streptomycine, la doxycycline, et la 

ciprofloxacine. Cependant on constate une variation de CMI pour la gentamicine, la 

rifampicine, et le chloramphŽnicol, sans modification de la catŽgorisation clinique. La 

mŽthode des Ç E-test È a le mŽrite dÕ•tre moins fastidieuse.  
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In vitro, F. tularensis est sensible aux aminosides, tŽtracyclines, macrolides (hormis F. 

tularensis subsp holartica biovar II), phŽnicolŽs, fluoroquinolones. LÕefficacitŽ des  

cŽphalosporines de 3Žme gŽnŽration varie en fonction des souches.  
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Comme F. tularensis est un pathog•ne intracellulaire facultatif, les donnŽes de CMI ne 

refl•tent pas compl•tement lÕefficacitŽ thŽrapeutique des molŽcules (pŽnŽtration 

intracellulaire, activitŽ intracellulaire É). LÕactivitŽ des antibiotiques a ŽtŽ ŽvaluŽe en lignŽe 

cellulaire de macrophage-like murins P388D1(30), et dans des mod•les murins(31). Les 

molŽcules ayant une efficacitŽ clinique sont les fluoroquinolones, les aminosides, les 

tŽtracyclines et plus accessoirement la rifampicine. Le taux de rechute avec les cyclines est  

plus important que pour les aminosides et les fluoroquinolones, vraisemblablement du fait de 

lÕabsence dÕeffet bactŽricide. La tŽlithromycine et lÕazithromycine ont une activitŽ bactŽricide 

sur F. tularensis en mod•le cellulaire, mais leur efficacitŽ clinique nÕa pas ŽtŽ ŽvaluŽe. 
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Les nombreuses rechutes observŽes malgrŽ un traitement antibiotique bien conduit pourraient 

•tre dues ˆ lÕŽmergence de mutants rŽsistants in vivo en cours de traitement. La difficultŽ ˆ 

cultiver la bactŽrie, notamment dans les formes persistantes de tularŽmie au cours desquelles 

les patients ont re•u plusieurs cures dÕantibiothŽrapie, ne permet pas de suivre lÕŽvolution de  

la sensibilitŽ aux antibiotiques de la souche incriminŽe au cours du temps. Il est donc difficile 

dÕŽvaluer lÕŽmergence de mutants rŽsistants lors du traitement. On ne retrouve pas dans la 

littŽrature de rŽsistance acquise spontanŽe clairement caractŽrisŽe chez Francisella tularensis. 

De rares publications font Žtat de la possibilitŽ de sŽlectionner in vitro des mutants rŽsistants 

aux antibiotiques chez F. tularensis.(2, 32)  
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Fluoroquinolones : 

LÕANSM (Cf. annexe 1 fiche thŽrapeutique tularŽmie AFFSAPS) recommande lÕutilisation de 

la ciprofloxacine (1g/jour, 14 jours, chez lÕadulte) en premi•re intention. Cette 

fluoroquinolone a ŽtŽ utilisŽe avec succ•s en Europe, pour traiter des formes de gravitŽ 

modŽrŽe dues au biovar B, notamment lors dÕŽpisodes ŽpidŽmiques. LÕexpŽrience clinique 

concernant les infections ˆ biovar A est plus modeste. 

Les autres fluoroquinolones ont une efficacitŽ vraisemblablement comparable, mais leur 

efficacitŽ clinique a ŽtŽ plus rarement ŽvaluŽe. Un groupe dÕŽtude amŽricain a considŽrŽ 

nŽanmoins que la ciprofloxacine Žtait une bonne alternative thŽrapeutique. (Annexe 2, (5))   

 

  Aminosides : 

Les aminosides (streptomycine, gentamicine) constituent une option thŽrapeutique dans les 

formes graves(33). Elles ont une activitŽ bactŽricide importante. La streptomycine a ŽtŽ un 

des premiers antibiotiques utilisŽs dans le traitement de la tularŽmie, dans les annŽes 1940. 

LÕactivitŽ antibiotique Žtait intŽressante, avec un taux de guŽrison de 97%, sans rechute. La 

gentamicine (5mg/kg/jour en deux injections, pour au moins 10 jours) est prŽfŽrŽe ˆ la 

streptomycine (1g X2/jour en IM), en raison dÕeffets indŽsirables moindres (toxicitŽ rŽnale, 

otologique), et du fait que la streptomycine nÕest quasiment plus disponible sur le marchŽ 

pharmaceutique. Le mode dÕadministration par voie systŽmique, et ses effets indŽsirables la 

rŽservent donc aux formes graves. 

 

  TŽtracyclines : 

Les tŽtracyclines sont des agents bactŽriostatiques sur Francisella. En pratique, on utilise la 

doxycycline (200mg/jour pendant au moins 14 jours). La possibilitŽ dÕun traitement oral et sa 
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diffusion intracellulaire en font une molŽcule intŽressante, mais son action bactŽriostatique 

favorise les rechutes.(23).  

 

ChloramphŽnicol : 

Le traitement Ç historique È par le chloramphŽnicol est abandonnŽ, du fait de la forte toxicitŽ 

hŽmatologique de la molŽcule. Cet antibiotique a une activitŽ bactŽriostatique. Cependant on 

pourrait y avoir recours dans les mŽningites et encŽphalites, du fait de la bonne diffusion de la 

drogue dans le liquide cŽphalo-rachidien et le tissu cŽrŽbral. 

 

BŽtalactamines : 

Les bŽtalactamines sont inefficaces dans le traitement de la tularŽmie (23). Il existe une 

rŽsistance naturelle aux pŽnicillines chez la plupart des souches de F. tularensis, liŽe ˆ une 

pŽnicillinase chromosomique (classe A dÕAmbler). La sensibilitŽ de F. tularensis aux 

cŽphalosporines de troisi•me gŽnŽration est variable en fonction des souches testŽes. 

Cependant, ces antibiotiques sont le plus souvent inefficaces in vivo. LÕŽtude en mod•le 

cellulaire confirme lÕinefficacitŽ  des cŽphalosporines ˆ large spectre (30). 

 

Macrolides : 

Les macrolides sont inefficaces dans le traitement de la tularŽmie  en dŽpit de la sensibilitŽ in 

vitro des souches de type  A (23) ou de type B biovar II. En effet, chez les souches de type  B, 

celles appartenant au biovar I (Europe de lÕouest, Etats-Unis, Japon) sont sensibles ̂ 

lÕŽrythromycine, alors que celles appartenant au biovar II (Europe de lÕest) sont rŽsistantes ˆ 

lÕŽrythromycine. La clindamycine est inefficace. La telithromycine (kŽtolide)(30) et 

lÕazithromycine(34) ont une activitŽ bactŽricide en milieu cellulaire, et pourraient donc •tre 

considŽrŽes comme un traitement de seconde intention dans les formes modŽrŽes de 
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tularŽmie, lorsque les fluoroquinolones sont contre-indiquŽes. Cependant lÕintŽr•t clinique de 

ces molŽcules nÕa pas ŽtŽ dŽmontrŽ. 

 

Autres molŽcules: 

La rifampicine est active in vitro, mais non recommandŽe en pratique clinique, du fait de la 

possible sŽlection de mutants rŽsistants(23). Le cotrimoxazole est inefficace. De Ç nouveaux È 

antibiotiques ont ŽtŽ testŽs, notamment le linŽzolide, qui est actif sur F. tularensis in vitro. De 

nombreuses donnŽes sont manquantes pour tŽmoigner de son efficacitŽ in vivo.  

En dŽfinitive, les fluoroquinolones constituent un traitement de choix pour le traitement des 

tularŽmies non graves de type B, du fait de leur innocuitŽ, leur biodisponibilitŽ, leur 

importante bactŽricidie, et leur mode dÕadministration (per os). Les fluoroquinolones 

semblent Žgalement actives au cours des formes plus graves liŽes au biovar A, mais 

lÕexpŽrience clinique est plus rŽduite.  

 

Traitement des femmes enceintes, des enfants, immunodŽprimŽs, prophylaxie post 

exposition :  

Enfant : LÕutilisation dÕune fluoroquinolone para”t envisageable (15mg/kg, sans dŽpasser 

1g/jour), bien que non recommandŽe avant lÕ‰ge de 15 ans. Le risque de toxicitŽ osseuse 

semble limitŽ. Une Žtude a dŽmontrŽ lÕefficacitŽ de la ciprofloxacine dans une sŽrie clinique 

de 12 enfants(35). LÕutilisation de la gentamicine est conseillŽe en 1Žre intention(5). Les 

tŽtracyclines sont ˆ proscrire avant lÕ‰ge de 8 ans. 

Femme enceinte : La FDA dŽconseille lÕutilisation des fluoroquinolones et des aminosides. 

Cependant un groupe dÕŽtude(5) a envisagŽ lÕutilisation de la ciprofloxacine en alternative 

thŽrapeutique (Annexe 2). LÕadministration de cures courtes dÕaminosides chez la femme 

enceinte peut •tre envisagŽe. 
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ImmunodŽprimŽ : On doit privilŽgier lÕutilisation dÕantibiotiques bactŽricides, avec un 

aminoglycoside en premi•re ligne(5). 

Prophylaxie : En cas dÕexposition avŽrŽe ˆ F. tularensis, professionnelle (personnel de 

laboratoire) ou dans le cadre bioterroriste, lÕANSM recommande lÕutilisation dÕune 

fluoroquinolone (ciprofloxacine, 1g/jour pendant 14 jours). Le traitement doit •tre dŽbutŽ 

prŽcocement (dans les 24 heures suivant lÕexposition).  
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3. Rappels bibliographiques  sur les  fluoroquinolones   

 

Les fluoroquinolones sont des antibiotiques de synth•se frŽquemment utilisŽs en 

thŽrapeutique, depuis leur dŽcouverte Ç accidentelle È en 1962 par Lesher, lors de ses travaux 

sur la chloroquine.  
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Ces molŽcules poss•dent un cycle pyridine dont lÕazote peut •tre diversement substituŽ, et 

prŽsentent une fonction cŽtone en 4 et un groupement carboxylique en 3. Ce cycle est accolŽ ˆ 

un autre cycle aromatique variable : benz•ne, pyridine, pyrimidine.  

nolone structure is close to the DNA/DNA-gyrase binding site
of the fluoroquinolones, and, thus, a hydrogen at this position
is optimal (8).

All of the new fluoroquinolones possess a carboxylic acid
substituent at position 3 and a carbonyl group at position 4
(Figure 1). These groups are important for binding to the
DNA/DNA-gyrase complex and for transport into bacterial
cells (8,16). Chelate formation between these two groups and
polyvalent metal ions (eg, aluminium +3 , magnesium+2 ) re-
sults in drug interactions between the fluoroquinolones as a
class and metal ion-containing drugs (eg, antacids, sucral-
fate) (8,17-19).

Position 5 of the quinolone ring is important in determin -
ing in vitro potency, especially against Gram-positive bacteria,
and an amino substituent (as is found on sparfloxacin) is opti -
mal here (Figure 1) (8). Grepafloxacin contains a methyl group
at C-5 that increases in vitro potency against Gram-positive
organisms to a lesser extent (8). The rest of the new fluoroqui-
nolones lack a substituent at this position. A C-6 fluoro sub-
stituent, present in all of the new fluoroquinolones, enhances
antibacterial potency and is the reason for the ÔfluoroÕ nomen-
clature (Figure 1) (8).

Substituents at position 7 influence antibacterial potency,
pharmacokinetics and the fluoroquinolone/theophylline inter -
action (Figure 1) (8). A piperazine ring at this position (eg,
ciprofloxacin, gatifloxacin, grepafloxacin, levofloxacin and
sparfloxacin) increases the potency of the fluoroquinolone
against Gram-negative bacteria, while a pyrrolidine ring at
this position (eg, clinafloxacin, moxifloxacin, trovafloxacin)
improves the activity of the fluoroquinolone against Gram-

positive bacteria (8). Alkyl substitution of either ring type
(eg, gatifloxacin, grepafloxacin, levofloxacin, moxifloxacin,
sparfloxacin, trovafloxacin) improves solubility (causing
less risk of crystalluria), increases the activity of the fluoro-
quinolone against Gram-positive bacteria and prolongs the
half-life of the fluoroquinolone (8). Nonbulky side chains at
C-7, for example piperazine and pyrrolidine side chains
without alkyl groups and nonring-side chains, have been
observed to result in fluoroquinolones that interact with
theophylline (8). Hence, ciprofloxacin and clinafloxacin
could both theoretically be expected to interact with theo-
phylline (8). A theophylline interaction has also been re-
ported for grepafloxacin (12).

Position 8 plays a role in determining both activity and ad -
verse effects. Sparfloxacin and clinafloxacin are substituted
with a halogen at this position. A halogen at position 8 ex -
pands the spectrum of antibacterial activity, yielding im -
proved activity against anaerobes. However, phototoxicity,
which is a class effect of the fluoroquinolones, is greatest with
a halogen at C-8 (8). A methoxy substituent at position 8,
which is part of the chemical structure of both gatifloxacin
and moxifloxacin (Figure 1), similarly improves activity
against anaerobes. This substituent causes a low incidence of
phototoxicity (8). Mizuki et al (17) have published data that
demonstrated that the substituent at C-8 is important in deter -
mining whether the fluoroquinolone/theophylline interaction
occurs. A nitrogen at position 8, as is seen with trovafloxacin
(Figure 1), predisposes a fluoroquinolone to such an interac-
tion, while a halogen at this position is thought to be benefi -
cial in preventing the interaction (8,17).

MECHANISM OF ACTION AND
MECHANISMS OF RESISTANCE

Mechanism of action: Fluoroquinolones must accumulate in-
tracellularly to kill bacterial cells. In Gram-negative bacteria,
this is accomplished by passive diffusion, with the porin outer
membrane proteins playing a role. Fluoroquinolone uptake

Can J Infect Dis Vol 10 No 3 May/June 1999 209

The new fluoroquinolones

Figure 1) Chemical structures of quinolone, naphthyridine and fluoro-
quinolones

Figure 2) Structure activity relationships of the fluoroquinolones
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0;DA?B%C : Structure des fluoroquinolones(36) 
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On compte 4 gŽnŽrations de quinolones.   

1Žre gŽnŽration (quinolone):

nolone structure is close to the DNA/DNA-gyrase binding site
of the fluoroquinolones, and, thus, a hydrogen at this position
is optimal (8).

All of the new fluoroquinolones possess a carboxylic acid
substituent at position 3 and a carbonyl group at position 4
(Figure 1). These groups are important for binding to the
DNA/DNA-gyrase complex and for transport into bacterial
cells (8,16). Chelate formation between these two groups and
polyvalent metal ions (eg, aluminium +3 , magnesium+2 ) re-
sults in drug interactions between the fluoroquinolones as a
class and metal ion-containing drugs (eg, antacids, sucral-
fate) (8,17-19).

Position 5 of the quinolone ring is important in determin -
ing in vitro potency, especially against Gram-positive bacteria,
and an amino substituent (as is found on sparfloxacin) is opti -
mal here (Figure 1) (8). Grepafloxacin contains a methyl group
at C-5 that increases in vitro potency against Gram-positive
organisms to a lesser extent (8). The rest of the new fluoroqui-
nolones lack a substituent at this position. A C-6 fluoro sub-
stituent, present in all of the new fluoroquinolones, enhances
antibacterial potency and is the reason for the ÔfluoroÕ nomen-
clature (Figure 1) (8).

Substituents at position 7 influence antibacterial potency,
pharmacokinetics and the fluoroquinolone/theophylline inter -
action (Figure 1) (8). A piperazine ring at this position (eg,
ciprofloxacin, gatifloxacin, grepafloxacin, levofloxacin and
sparfloxacin) increases the potency of the fluoroquinolone
against Gram-negative bacteria, while a pyrrolidine ring at
this position (eg, clinafloxacin, moxifloxacin, trovafloxacin)
improves the activity of the fluoroquinolone against Gram-

positive bacteria (8). Alkyl substitution of either ring type
(eg, gatifloxacin, grepafloxacin, levofloxacin, moxifloxacin,
sparfloxacin, trovafloxacin) improves solubility (causing
less risk of crystalluria), increases the activity of the fluoro-
quinolone against Gram-positive bacteria and prolongs the
half-life of the fluoroquinolone (8). Nonbulky side chains at
C-7, for example piperazine and pyrrolidine side chains
without alkyl groups and nonring-side chains, have been
observed to result in fluoroquinolones that interact with
theophylline (8). Hence, ciprofloxacin and clinafloxacin
could both theoretically be expected to interact with theo-
phylline (8). A theophylline interaction has also been re-
ported for grepafloxacin (12).

Position 8 plays a role in determining both activity and ad -
verse effects. Sparfloxacin and clinafloxacin are substituted
with a halogen at this position. A halogen at position 8 ex -
pands the spectrum of antibacterial activity, yielding im -
proved activity against anaerobes. However, phototoxicity,
which is a class effect of the fluoroquinolones, is greatest with
a halogen at C-8 (8). A methoxy substituent at position 8,
which is part of the chemical structure of both gatifloxacin
and moxifloxacin (Figure 1), similarly improves activity
against anaerobes. This substituent causes a low incidence of
phototoxicity (8). Mizuki et al (17) have published data that
demonstrated that the substituent at C-8 is important in deter -
mining whether the fluoroquinolone/theophylline interaction
occurs. A nitrogen at position 8, as is seen with trovafloxacin
(Figure 1), predisposes a fluoroquinolone to such an interac-
tion, while a halogen at this position is thought to be benefi -
cial in preventing the interaction (8,17).

MECHANISM OF ACTION AND
MECHANISMS OF RESISTANCE

Mechanism of action: Fluoroquinolones must accumulate in-
tracellularly to kill bacterial cells. In Gram-negative bacteria,
this is accomplished by passive diffusion, with the porin outer
membrane proteins playing a role. Fluoroquinolone uptake

Can J Infect Dis Vol 10 No 3 May/June 1999 209

The new fluoroquinolones

Figure 1) Chemical structures of quinolone, naphthyridine and fluoro-
quinolones

Figure 2) Structure activity relationships of the fluoroquinolones

3

G:\INFDIS\1999\Vol10no3\zhanel2.vp
Wed Jun 09 15:51:20 1999

Color profile: _DEFAULT.CCM - Generic CMYK  
Composite  Default screen

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

 

2Žme gŽnŽration (ciprofloxacine) : 

nolone structure is close to the DNA/DNA-gyrase binding site
of the fluoroquinolones, and, thus, a hydrogen at this position
is optimal (8).

All of the new fluoroquinolones possess a carboxylic acid
substituent at position 3 and a carbonyl group at position 4
(Figure 1). These groups are important for binding to the
DNA/DNA-gyrase complex and for transport into bacterial
cells (8,16). Chelate formation between these two groups and
polyvalent metal ions (eg, aluminium +3 , magnesium+2 ) re-
sults in drug interactions between the fluoroquinolones as a
class and metal ion-containing drugs (eg, antacids, sucral-
fate) (8,17-19).

Position 5 of the quinolone ring is important in determin -
ing in vitro potency, especially against Gram-positive bacteria,
and an amino substituent (as is found on sparfloxacin) is opti -
mal here (Figure 1) (8). Grepafloxacin contains a methyl group
at C-5 that increases in vitro potency against Gram-positive
organisms to a lesser extent (8). The rest of the new fluoroqui-
nolones lack a substituent at this position. A C-6 fluoro sub-
stituent, present in all of the new fluoroquinolones, enhances
antibacterial potency and is the reason for the ÔfluoroÕ nomen-
clature (Figure 1) (8).

Substituents at position 7 influence antibacterial potency,
pharmacokinetics and the fluoroquinolone/theophylline inter -
action (Figure 1) (8). A piperazine ring at this position (eg,
ciprofloxacin, gatifloxacin, grepafloxacin, levofloxacin and
sparfloxacin) increases the potency of the fluoroquinolone
against Gram-negative bacteria, while a pyrrolidine ring at
this position (eg, clinafloxacin, moxifloxacin, trovafloxacin)
improves the activity of the fluoroquinolone against Gram-

positive bacteria (8). Alkyl substitution of either ring type
(eg, gatifloxacin, grepafloxacin, levofloxacin, moxifloxacin,
sparfloxacin, trovafloxacin) improves solubility (causing
less risk of crystalluria), increases the activity of the fluoro-
quinolone against Gram-positive bacteria and prolongs the
half-life of the fluoroquinolone (8). Nonbulky side chains at
C-7, for example piperazine and pyrrolidine side chains
without alkyl groups and nonring-side chains, have been
observed to result in fluoroquinolones that interact with
theophylline (8). Hence, ciprofloxacin and clinafloxacin
could both theoretically be expected to interact with theo-
phylline (8). A theophylline interaction has also been re-
ported for grepafloxacin (12).

Position 8 plays a role in determining both activity and ad -
verse effects. Sparfloxacin and clinafloxacin are substituted
with a halogen at this position. A halogen at position 8 ex -
pands the spectrum of antibacterial activity, yielding im -
proved activity against anaerobes. However, phototoxicity,
which is a class effect of the fluoroquinolones, is greatest with
a halogen at C-8 (8). A methoxy substituent at position 8,
which is part of the chemical structure of both gatifloxacin
and moxifloxacin (Figure 1), similarly improves activity
against anaerobes. This substituent causes a low incidence of
phototoxicity (8). Mizuki et al (17) have published data that
demonstrated that the substituent at C-8 is important in deter -
mining whether the fluoroquinolone/theophylline interaction
occurs. A nitrogen at position 8, as is seen with trovafloxacin
(Figure 1), predisposes a fluoroquinolone to such an interac-
tion, while a halogen at this position is thought to be benefi -
cial in preventing the interaction (8,17).

MECHANISM OF ACTION AND
MECHANISMS OF RESISTANCE

Mechanism of action: Fluoroquinolones must accumulate in-
tracellularly to kill bacterial cells. In Gram-negative bacteria,
this is accomplished by passive diffusion, with the porin outer
membrane proteins playing a role. Fluoroquinolone uptake

Can J Infect Dis Vol 10 No 3 May/June 1999 209

The new fluoroquinolones

Figure 1) Chemical structures of quinolone, naphthyridine and fluoro-
quinolones

Figure 2) Structure activity relationships of the fluoroquinolones
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3Žme gŽnŽration (moxifloxacine) : 

nolone structure is close to the DNA/DNA-gyrase binding site
of the fluoroquinolones, and, thus, a hydrogen at this position
is optimal (8).

All of the new fluoroquinolones possess a carboxylic acid
substituent at position 3 and a carbonyl group at position 4
(Figure 1). These groups are important for binding to the
DNA/DNA-gyrase complex and for transport into bacterial
cells (8,16). Chelate formation between these two groups and
polyvalent metal ions (eg, aluminium +3 , magnesium+2 ) re-
sults in drug interactions between the fluoroquinolones as a
class and metal ion-containing drugs (eg, antacids, sucral-
fate) (8,17-19).

Position 5 of the quinolone ring is important in determin -
ing in vitro potency, especially against Gram-positive bacteria,
and an amino substituent (as is found on sparfloxacin) is opti -
mal here (Figure 1) (8). Grepafloxacin contains a methyl group
at C-5 that increases in vitro potency against Gram-positive
organisms to a lesser extent (8). The rest of the new fluoroqui-
nolones lack a substituent at this position. A C-6 fluoro sub-
stituent, present in all of the new fluoroquinolones, enhances
antibacterial potency and is the reason for the ÔfluoroÕ nomen-
clature (Figure 1) (8).

Substituents at position 7 influence antibacterial potency,
pharmacokinetics and the fluoroquinolone/theophylline inter -
action (Figure 1) (8). A piperazine ring at this position (eg,
ciprofloxacin, gatifloxacin, grepafloxacin, levofloxacin and
sparfloxacin) increases the potency of the fluoroquinolone
against Gram-negative bacteria, while a pyrrolidine ring at
this position (eg, clinafloxacin, moxifloxacin, trovafloxacin)
improves the activity of the fluoroquinolone against Gram-

positive bacteria (8). Alkyl substitution of either ring type
(eg, gatifloxacin, grepafloxacin, levofloxacin, moxifloxacin,
sparfloxacin, trovafloxacin) improves solubility (causing
less risk of crystalluria), increases the activity of the fluoro-
quinolone against Gram-positive bacteria and prolongs the
half-life of the fluoroquinolone (8). Nonbulky side chains at
C-7, for example piperazine and pyrrolidine side chains
without alkyl groups and nonring-side chains, have been
observed to result in fluoroquinolones that interact with
theophylline (8). Hence, ciprofloxacin and clinafloxacin
could both theoretically be expected to interact with theo-
phylline (8). A theophylline interaction has also been re-
ported for grepafloxacin (12).

Position 8 plays a role in determining both activity and ad -
verse effects. Sparfloxacin and clinafloxacin are substituted
with a halogen at this position. A halogen at position 8 ex -
pands the spectrum of antibacterial activity, yielding im -
proved activity against anaerobes. However, phototoxicity,
which is a class effect of the fluoroquinolones, is greatest with
a halogen at C-8 (8). A methoxy substituent at position 8,
which is part of the chemical structure of both gatifloxacin
and moxifloxacin (Figure 1), similarly improves activity
against anaerobes. This substituent causes a low incidence of
phototoxicity (8). Mizuki et al (17) have published data that
demonstrated that the substituent at C-8 is important in deter -
mining whether the fluoroquinolone/theophylline interaction
occurs. A nitrogen at position 8, as is seen with trovafloxacin
(Figure 1), predisposes a fluoroquinolone to such an interac-
tion, while a halogen at this position is thought to be benefi -
cial in preventing the interaction (8,17).

MECHANISM OF ACTION AND
MECHANISMS OF RESISTANCE

Mechanism of action: Fluoroquinolones must accumulate in-
tracellularly to kill bacterial cells. In Gram-negative bacteria,
this is accomplished by passive diffusion, with the porin outer
membrane proteins playing a role. Fluoroquinolone uptake

Can J Infect Dis Vol 10 No 3 May/June 1999 209

The new fluoroquinolones

Figure 1) Chemical structures of quinolone, naphthyridine and fluoro-
quinolones

Figure 2) Structure activity relationships of the fluoroquinolones
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4Žme gŽnŽration (gatifloxacine) : 

nolone structure is close to the DNA/DNA-gyrase binding site
of the fluoroquinolones, and, thus, a hydrogen at this position
is optimal (8).

All of the new fluoroquinolones possess a carboxylic acid
substituent at position 3 and a carbonyl group at position 4
(Figure 1). These groups are important for binding to the
DNA/DNA-gyrase complex and for transport into bacterial
cells (8,16). Chelate formation between these two groups and
polyvalent metal ions (eg, aluminium +3 , magnesium+2 ) re-
sults in drug interactions between the fluoroquinolones as a
class and metal ion-containing drugs (eg, antacids, sucral-
fate) (8,17-19).

Position 5 of the quinolone ring is important in determin -
ing in vitro potency, especially against Gram-positive bacteria,
and an amino substituent (as is found on sparfloxacin) is opti -
mal here (Figure 1) (8). Grepafloxacin contains a methyl group
at C-5 that increases in vitro potency against Gram-positive
organisms to a lesser extent (8). The rest of the new fluoroqui-
nolones lack a substituent at this position. A C-6 fluoro sub-
stituent, present in all of the new fluoroquinolones, enhances
antibacterial potency and is the reason for the ÔfluoroÕ nomen-
clature (Figure 1) (8).

Substituents at position 7 influence antibacterial potency,
pharmacokinetics and the fluoroquinolone/theophylline inter -
action (Figure 1) (8). A piperazine ring at this position (eg,
ciprofloxacin, gatifloxacin, grepafloxacin, levofloxacin and
sparfloxacin) increases the potency of the fluoroquinolone
against Gram-negative bacteria, while a pyrrolidine ring at
this position (eg, clinafloxacin, moxifloxacin, trovafloxacin)
improves the activity of the fluoroquinolone against Gram-

positive bacteria (8). Alkyl substitution of either ring type
(eg, gatifloxacin, grepafloxacin, levofloxacin, moxifloxacin,
sparfloxacin, trovafloxacin) improves solubility (causing
less risk of crystalluria), increases the activity of the fluoro-
quinolone against Gram-positive bacteria and prolongs the
half-life of the fluoroquinolone (8). Nonbulky side chains at
C-7, for example piperazine and pyrrolidine side chains
without alkyl groups and nonring-side chains, have been
observed to result in fluoroquinolones that interact with
theophylline (8). Hence, ciprofloxacin and clinafloxacin
could both theoretically be expected to interact with theo-
phylline (8). A theophylline interaction has also been re-
ported for grepafloxacin (12).

Position 8 plays a role in determining both activity and ad -
verse effects. Sparfloxacin and clinafloxacin are substituted
with a halogen at this position. A halogen at position 8 ex -
pands the spectrum of antibacterial activity, yielding im -
proved activity against anaerobes. However, phototoxicity,
which is a class effect of the fluoroquinolones, is greatest with
a halogen at C-8 (8). A methoxy substituent at position 8,
which is part of the chemical structure of both gatifloxacin
and moxifloxacin (Figure 1), similarly improves activity
against anaerobes. This substituent causes a low incidence of
phototoxicity (8). Mizuki et al (17) have published data that
demonstrated that the substituent at C-8 is important in deter -
mining whether the fluoroquinolone/theophylline interaction
occurs. A nitrogen at position 8, as is seen with trovafloxacin
(Figure 1), predisposes a fluoroquinolone to such an interac-
tion, while a halogen at this position is thought to be benefi -
cial in preventing the interaction (8,17).

MECHANISM OF ACTION AND
MECHANISMS OF RESISTANCE

Mechanism of action: Fluoroquinolones must accumulate in-
tracellularly to kill bacterial cells. In Gram-negative bacteria,
this is accomplished by passive diffusion, with the porin outer
membrane proteins playing a role. Fluoroquinolone uptake

Can J Infect Dis Vol 10 No 3 May/June 1999 209

The new fluoroquinolones

Figure 1) Chemical structures of quinolone, naphthyridine and fluoro-
quinolones

Figure 2) Structure activity relationships of the fluoroquinolones
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La premi•re gŽnŽration de quinolones avait une activitŽ rŽduite aux infections ˆ 

entŽrobactŽries du tractus urinaire du fait de la diffusion restreinte de ces molŽcules dans 

lÕorganisme. Le spectre des autres gŽnŽrations, correspondant aux fluoroquinolones, a ŽtŽ 

largement Žtendu aux bactŽries ˆ GRAM nŽgatif et ̂ GRAM positif. Les derni•res molŽcules 

(3Žme et 4Žme gŽnŽration) permettent en particulier de cibler le pneumocoque et les 

anaŽrobies. 

Les quinolones exercent une inhibition sŽlective de la synth•se de lÕADN bactŽrien en 

agissant sur  les topoisomŽrases de type II : lÕADN gyrase et la topoisomŽrase  IV. Ces deux 

enzymes sont impliquŽes dans la rŽplication, et la rŽparation de lÕADN bactŽrien.(3) 
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Inhibition de lÕADN gyrase : LÕADN gyrase est responsable du surenroulement de lÕADN. 

Cette compaction de lÕADN est essentielle au sein de la bactŽrie. Elle est composŽe de deux 

sous unitŽs GyrA et GyrB, codŽes respectivement par les g•nes gyrA et gyrB. GyrA  provoque 

la coupure des brins dÕADN permettant un dŽsenroulement localisŽ de lÕADN nŽcessaire ˆ sa 

rŽplication ou ˆ sa transcription. GyrB est responsable de lÕhydrolyse de lÕATP, fournissant 

lÕŽnergie nŽcessaire ˆ la rŽaction enzymatique. En se liant aux complexes ADN-enzyme, les 

fluoroquinolones induisent un changement de conformation de lÕADN gyrase et bloquent le 

processus de coupure- ligation de cet ADN. 

Inhibition de lÕADN topoisomŽrase IV : Elle est composŽe de 2 sous unitŽs ParC et ParE, 

codŽes respectivement par les g•nes parC et parE. Son r™le correspond au  

dŽsenchev•trement des ADN- fils en fin de rŽplication. LÕinteraction entre les quinolones et la 

topoisomŽrase IV stimulerait la coupure de lÕADN et inhiberait la religation. 

Les fluoroquinolones ont une activitŽ bactŽriostatique rŽversible, liŽe ˆ la formation dÕun 

complexe antibiotique-enzyme-ADN, bloquant la rŽplication de lÕADN. LÕactivitŽ bactŽricide 

rŽsulte de la libŽration de fragments dÕADN. Ainsi les diffŽrentes lŽsions de lÕADN 

engendrŽes par les fluoroquinolones sont fatales pour la bactŽrie.  

 
0;DA?B%Y : MŽcanisme dÕaction des fluoroquinolones 
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Ce sont des antibiotiques dont lÕactivitŽ est concentration-dŽpendante ; de ce fait leur activitŽ 

bactŽricide augmente avec la concentration de lÕantibiotique. De plus les fluoroquinolones ont 

un effet post-antibiotique important.(37) 

Ces notions de pharmacodynamie sont importantes pour prŽvenir le dŽveloppement de 

rŽsistances. En effet, ces antibiotiques ont un taux de mutation ŽlevŽ, notamment en 

monothŽrapie, lorsquÕils sont utilisŽs ˆ des doses sub-inhibitrices(37) (en dessous de la CMI). 
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Les fluoroquinolones sont des antibiotiques disposant dÕune excellente biodisponibilitŽ(37), 

permettant une administration per os. De plus leur pŽnŽtration et leur diffusion dans les tissus 

sont excellentes. Les fluoroquinolones se concentrent fortement dans le milieu intra-cellulaire, 

et sont des antibiotiques de choix dans le traitement des infections dues aux bactŽries intra-

cellulaires(38). LÕaciditŽ de certains compartiments cellulaires (lysosome) diminue lÕactivitŽ 

antibiotique des fluoroquinolones. 
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Il existe deux mŽcanismes principaux de rŽsistance bactŽrienne aux fluoroquinolones (3) : la 

modification des cibles (topoisomŽrases de type II) et le dŽfaut dÕaccumulation dÕantibiotique 

dans la bactŽrie du fait de mŽcanismes dÕefflux .  
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Chez les bactŽries ˆ GRAM nŽgatif, la cible principale des fluoroquinolones est le plus 

souvent lÕADN gyrase (sous unitŽ A). La cible principale chez les bactŽries ˆ GRAM positif 

est habituellement la topoisomŽrase IV. Nous nous intŽresserons donc principalement ˆ 

lÕADN gyrase, et plus particuli•rement au g•ne gyrA qui porte la plupart des mutations 

responsables de rŽsistance aux fluoroquinolones. 

Chez E. coli, les mutations du g•ne gyrA sont corrŽlŽes ˆ une rŽsistance clinique aux 

fluoroquinolones(3). Elles sont souvent localisŽes dans une rŽgion  conservŽe, appelŽe QRDR 

(Quinolone Resistance Determining Region), impliquŽe dans la rŽsistance aux 

fluoroquinolones. Ce QRDR est compris entre les acides aminŽs 51 ˆ 106, et les Ç points 

chauds È des mutations sont situŽs au niveau des acides aminŽs 83 et 87. La structure 

cristallographique de la sous unitŽ A de lÕADN gyrase chez E. coli a mis en Žvidence le site 

actif (Tyrosine 122)(39) et les interactions entre lÕADN cible et la gyrase. Ces mutations au 

sein du QRDR rŽduiraient lÕaffinitŽ des quinolones pour le complexe ADN-enzyme. Des 

mutations ˆ lÕextŽrieur du QRDR ont aussi ŽtŽ dŽcrites. Des mutations additionnelles peuvent 

survenir sur dÕautres cibles : gyrB, parC et parE. Cependant, seules les mutations affectant 

gyrA entrainent une augmentation significative des CMIs des fluoroquinolones, avec un 

impact clinique potentiel.  
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0;DA?B%M : ReprŽsentation du QRDR de gyrA de F. tularensis 
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Chez Francisella tularensis, la sŽlection in vitro de mutants rŽsistants aux fluoroquinolones a 

montrŽ que gyrA est Žgalement la cible privilŽgiŽe des fluoroquinolones. Loveless (2) a 

montrŽ que les premi•res mutations ˆ appara”tre, sous pression antibiotique, concernent gyrA. 

Notre Žquipe a confortŽ ces rŽsultats en sŽlectionnant plusieurs mutants rŽsistants in vitro et 

en analysant les diffŽrentes Žtapes de ce processus de sŽlection de rŽsistance (donnŽes en 

cours de publication). Les mutants sŽlectionnŽs ont un haut niveau de rŽsistance ˆ la 

ciprofloxacine (agent sŽlectionnant) et aux autres fluoroquinolones (lŽvofloxacine, 

moxifloxacine). Tous les mutants prŽsentaient une modification de gyrA. Ces mutations 

nÕapparaissent pas forcŽment en premier, mais sont corrŽlŽes ˆ une augmentation  importante 

des CMIs, en particulier pour les mutations affectant les acides aminŽs 83 et 87 de GyrA. Des 

modifications additionnelles (gyrB, parC) sont survenues chez les mutants sŽlectionnŽs dans 

notre laboratoire, mais avec des modifications de CMIs plus modestes.  
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Ce mŽcanisme de rŽsistance est tr•s frŽquent chez les bactŽries(40). Il sÕagit dÕun mŽcanisme 

de protection : les produits toxiques, dont les antibiotiques, sont refoulŽs ˆ lÕextŽrieur de la 

bactŽrie. Les pompes ˆ efflux ont ŽtŽ caractŽrisŽes et sont nombreuses. Certaines peuvent 

affecter plusieurs classes dÕantibiotiques (pompe MDR-efflux : multidrug). Cependant leur 

surexpression est modeste dans le dŽveloppement de la rŽsistance de haut niveau aux 

fluoroquinolones, avec quelques exceptions(41) (SmeDEF de Stenotrophomonas 

maltophilia). 
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Chez Francisella, une surexpression dÕun mŽcanisme dÕefflux actif est possible, et doit •tre 

accompagnŽe dÕune modification de gyrA pour engendrer une rŽsistance de haut niveau. 

Plusieurs syst•mes dÕefflux ont ŽtŽ dŽcrits chez Francisella(42) : le syst•me AcrAB 

appartenant ˆ la famille des pompes de type Resistance-Nodulation-Division, et le syst•me 

TolC-FtlC. 
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Il est liŽ ˆ une impermŽabilitŽ membranaire, affectant les porines (canaux membranaires 

permettant la pŽnŽtration de diffŽrentes molŽcules, dont les antibiotiques ˆ lÕintŽrieur de la 

bactŽrie). Le dŽveloppement de la rŽsistance se fait par diminution de lÕexpression des porines 

(OmpF, OmpC chez E. coli). Elle nÕa pas ŽtŽ dŽcrite chez F. tularensis. 

5"B"5" 60=*=/%(.+,72%=)*<*9:+,,

Le premier cas de rŽsistance plasmidique(43) a ŽtŽ rapportŽ en 1998. Cette rŽsistance  est 

dŽterminŽe par le g•ne qnrA. Il sÕagirait dÕun mŽcanisme de protection de lÕADN gyrase 

contre les fluoroquinolones. Elle nÕa pas ŽtŽ dŽcrite chez F. tularensis. 
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4. Travail personnel  
 

En Europe, les fluoroquinolones sont le traitement de premi•re intention de la tularŽmie.  

Cependant, 10 ˆ 15% des patients traitŽs rechutent, suggŽrant la possibilitŽ dÕune sŽlection in 

vivo de mutants rŽsistants aux fluoroquinolones. Le but de cette Žtude Žtait de dŽvelopper un 

outil molŽculaire permettant la dŽtection de la rŽsistance aux fluoroquinolones chez F. 

tularensis, afin de dŽtecter  la prŽsence de mutants rŽsistants aux fluoroquinolones chez des 

patients en Žchec clinique. 

Nous avons mis au point une PCR en temps rŽel, permettant la dŽtection de mutations au 

niveau du QRDR (Quinolone Resistance Determining Region) du g•ne gyrA, codant pour la 

sous unitŽ A de lÕADN gyrase, principale cible des fluoroquinolones chez F. tularensis. La 

sensibilitŽ et la spŽcificitŽ de ce test ont ŽtŽ validŽes en utilisant des souches de F. tularensis 

sensibles aux fluoroquinolones, et des souches attŽnuŽes rŽsistantes aux fluoroquinolones 

prŽalablement sŽlectionnŽes au laboratoire. 

La PCR en temps rŽel a permis de diffŽrencier les souches sensibles des souches rŽsistantes, 

dÕapr•s lÕanalyse des  tempŽratures de fusion. Apr•s analyse de 57 Žchantillons cliniques de 

ganglions suppurŽs, nous nÕavons pas identifiŽ  de mutation de gyrA.  

Notre test peut donc •tre utilisŽ en pratique clinique pour dŽtecter les mutations de gyrA chez 

F. tularensis sur des souches ou directement sur des prŽl•vements cliniques. Cependant nos 

travaux indiquent que la sŽlection in vivo de mutants rŽsistants aux fluoroquinolones chez F. 

tularensis, apr•s traitement, est vraisemblablement un phŽnom•ne tr•s rare, et nÕexplique pas 

les rechutes frŽquemment observŽes. Les mŽcanismes dÕefflux ne sont pas compl•tement  

ŽlucidŽs chez F. tularensis et pourraient faire lÕobjet dÕune Žtude ultŽrieure. En dŽfinitive, le 

principal facteur actuellement prŽdictif de rechute est le retard ˆ lÕinitiation dÕune 

antibiothŽrapie adaptŽe, mais le mŽcanisme de ces rechutes et Žchecs thŽrapeutiques demeure 

inexpliquŽ. 
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Abstract: 

Objectives: In Europe, fluoroquinolones are considered as a first-line therapy of tularaemia. 

However, 10-15% of treated patients experience relapses, suggesting in vivo selection of 

fluoroquinolone-resistant mutants in F. tularensis. The aim of the present study was to 

develop a molecular tool allowing detection of fluoroquinolone resistance in F. tularensis, to 

tentatively detect fluoroquinolone-resistant mutants in clinical samples from tularaemia 

patients with antibiotic treatment failures. 

Methods: We designed a real time PCR assay for detection of mutations occurring in the 

Quinolone Resistance Determining Region (QRDR) of the gyrA gene, encoding subunit A of 

DNA gyrase, the main target of fluoroquinolones in F. tularensis. The assay was validated 

using fluoroquinolone-susceptible F. tularensis strains, and fluoroquinolone-resistant strains 

with gyrA mutations previously selected in our laboratory.  

Results: The real-time PCR test allowed accurate differentiation of the wild-type strains from 

resistant mutants according to their respective melting temperatures. The specificity of our 

assay was confirmed using 32 clinical isolates of Francisella tularensis, characterized as wild 

type by sequencing of gyrA QRDR. We didnÕt find any gyrA mutant from clinical samples. 

Conclusion: We have elaborated a new real-time PCR assay allowing accurate detection of 

gyrA mutations in F. tularensis. This test can now be used on a routine basis to detect 

fluoroquinolone resistance either in isolated F. tularensis strains or directly in clinical 

samples. Our preliminary experience, however, indicate that in vivo selection of mutants after 

fluoroquinolone therapy is probably a rare event, and may not explain the frequent relapses 

observed in tularemia patients.  
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INTRODUCTION  

Francisella tularensis is a highly virulent Gram-negative bacterium, responsible for the 

zoonosis tularaemia, and classified by the CDC as a bioterrorism agent (class A) (5). Two 

subspecies exist: F. tularensis subsp tularensis (type A strains), the most pathogenic, found in 

North America; and F. tularensis subsp holartica (type B strains), less virulent, found in the 

whole northern hemisphere. For type B tularaemia, which usually corresponds to infections of 

mild to moderate severity, the fluoroquinolones (especially ciprofloxacin) are recommended 

as first-line drugs for treatment and prophylaxis. This is the case in France where such 

recommendations were addressed by the ANSM (Agence Fran•aise de SŽcuritŽ du 

Medicament, ex-Afssaps). The in vivo efficiency of fluoroquinolones is not as well 

documented for type B as for type A tularaemia, often corresponding to severe infections 

(33).  

The activity of fluoroquinolones against F. tularensis has been demonstrated both in vitro(44-

47) and in animal models(31). Its successful clinical use has been reported in several series of 

tularaemia cases (15). However, failures and relapses on antibiotic withdrawal remain 

frequent (21, 48), particularly in patients suffering from chronic suppurative 

lymphadenopathies. Several hypotheses can be proposed to explain such discrepancies 

between in vitro and in vivo efficacy of fluoroquinolones, including lack of penetration of the 

antibiotic in infected tissues, inactivation of the antibiotic because of local conditions (e.g., 

low pH), a high bacterial inoculum especially in case of delayed diagnosis and treatment, and 

in vivo selection for antibiotic resistance in F. tularensis.   

Antibiotic susceptibility testing of isolated F. tularensis strains is not performed on a routine 

basis, both because the manipulation of cultures of this bacterium is hazardous(1), and 

because no acquired resistance to first-line drugs (fluoroquinolones, tetracyclines and 

gentamicin) has been described so far. On the other hand, F. tularensis is isolated in a 



! &+!

minority of infected patients, and diagnosis of tularaemia remains based on serological 

techniques and to a lesser extent PCR-based methodes(23). Thus, data on antibiotic 

susceptibilities in F. tularensis are scarce, and usually concern strains isolated before 

administration of antibiotics. Recently, the CLSI(49) (Clinical and Laboratory Standards 

Institute) proposed a reference method for standardization of the evaluation of the antibiotic 

susceptibilities of F. tularensis, and breakpoint concentrations for evaluation of susceptibility 

and resistance.  

 

High-level resistance to fluoroquinolones in F. tularensis subsp. tularensis(2) and subsp. 

holartica(32) has been easily obtained in vitro, suggesting in vivo selection of resistance may 

occur. A study of the mechanisms of acquired resistance to fluoroquinolone in these in vitro-

selected resistant mutants identified the gyrA gene, encoding the sub-unit A of DNA gyrase, 

as the main genetic support of such a resistance. (2, 32) Our team recently confirmed that 

mutations in type II topoisomerases encoding genes are mainly involved (unpublished data). 

However, we found a progressive accumulation of mutations in the four genes encoding type 

II topoisomerases: gyrA and gyrB for DNA gyrase, and parC and parE for topoisomerase IV. 

We also found that mutations leading to substitution of the amino acid at positions 83 of the 

protein GyrA were essential to obtain high-level resistance to fluoroquinolones. Mutations 

affecting amino acid 83 of GyrA are well known to be associated with fluoroquinolones 

resistance and have been described in many other gram-negative bacteria(3). In fact, 

fluoroquinolone resistance is most often related to substitutions occurring in a small region of 

the GyrA subunit (amino acids 51 to 106), called the QRDR (quinolone resistance 

determining region), and particularly in the Òhot spotsÓ amino acids 83 and 87(3). Thus, in F. 

tularensis as in many other Gram-negative bacteria, detection of mutations occurring in the 

gyrA QRDR is highly predictive of fluoroquinolone resistance.  
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The goal of this study was the development of a real-time PCR test for rapid detection and 

differentiation of mutations affecting the QRDR region of F. tularensis gyrA, especially those 

leading to amino acid substitutions at positions 83 and 87. This test was first validated using 

F. tularensis strains either susceptible or resistant to fluoroquinolones. Then, the presence of 

gyrA mutants was investigated both in human strains of F. tularensis and human samples 

collected from tularemia patients for screening of potential fluoroquinolones resistance.  

 

MATERIAL AND METHODS  

F. tularensis strains. 

We used two reference strains of F. tularensis with low virulence in human: the Live Vaccine 

strain (LVS) of F. tularensis subsp. holarctica (NCTC 10857), and F. tularensis subsp. 

novicida strain CIP56.12 (CRBIP, lot979). Three mutants with high-level resistance to 

fluoroquinolones were obtained in vitro from these strains by serial passages with increasing 

concentrations of ciprofloxacin: two mutants from the LVS, Fth1P14 (C248T) and Fth2P14 

(C248A + G259T); and one mutant from the CIP56.12 strain, Fn1P14 (G259T). The 

ciprofloxacin MICs for these strains, as determined by the CLSI procedure(49), were: 64 

mg/L for Fth1P14, 32 mg/L for Fth2P14, and 64 mg/L for Fn1P14 (Ciprofloxacin CLSI 

breakpoint for susceptibility " 0.5 mg/L)) 

We tested 32 human strains of F. tularensis subsp. holartica identified at the French 

Reference Center for tularemia (FRCT) between 2006 and 2011.  

All F. tularensis strains were grown on chocolate agar plates supplemented with PolyVitex 

(PVX, BioMŽrieux, Marcy lÕEtoile, France) at 37¡C in a 5% CO2-enriched atmosphere, in a 

biosafety level-3 laboratory, using appropriate safety precautions. 
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Control strains. 

The specificity of the real-time PCR assay we developed was checked using 34 strains 

belonging to bacterial species other than F. tularensis. These included etiological agents of 

chronic lymphadenopathies (Bartonella henselae, Mycobacterium (tuberculosis, 

scrofulaceum, avium, abcessus, intracellulare, gordonae)), and other commensal or 

environmental species (Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Serratia 

marsescens, Enterococcus faecalis, Streptococcus (pneumoniae, pyogenes, mitis) 

Staphylococcus (aureus, warneri, sciuri, epidermidis, caprae, lugdunensis, capitis, 

auricularis, schleiferi, hominis, haemolyticus, cohnii, intermedius), Micrococcus luteus, 

Pseudomonas aeruginosa, Haemophilus influenzae, Propionibacterium acnes, 

Corynebacterium striatum, Bacillus subtilis). 

 

Clinical specimen collection  

We tested 57 clinical specimens obtained from 52 tularemia patients, and 1 hare terrine, 

previously found to contain F. tularensis subsp. holartica DNA at the FRCT (26). The 

clinical specimens included 27 lymph nodes biopsies, 18 lymph nodes suppurations, 5 sera, 6 

swabs, and one blood culture. Ten patients suffered from chronic lymphadenopathies and 

experienced relapses after fluoroquinolone therapy (table 2). The clinical specimens were 

collected after administration of fluoroquinolones, especially at the time of lymphadenectomy 

performed because of antibiotic treatment failure.  

 

MIC determination  

The MICs of ciprofloxacin (table 3) of the strains were determined in duplicate using a 

microdilution technique in Mueller Hinton broth (CLSI recommendations(49)), in a 96- well 

microtiters plates (Beckton Dickinson). Each plate contained a two-fold serial dilution of 
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ciprofloxacin (range: 0.001-0.5 mg/L). The inoculum was 75 ! l of a suspension that 

contained 106cfu/ml. Plates were incubated at 37¡C in a 5% CO2 atmosphere and MICs were 

read after 48 h of incubation, defined as the lowest antibiotic concentration that completely 

inhibited growth. The strains Escherichia coli ATCC 25922, Enteroccus faecalis ATCC 

29212, and Pseudomonas aeruginosa ATCC 27853 were used as controls for MIC 

determination. 

 

DNA extraction 

Bacterial suspensions were prepared by harvesting enough colony from each strain to obtain 

in 1 mL of a turbid suspension in sterile distilled water. Bacterial cells were disrupted by 

heating at 90¡C for 30 minutes. The clinical specimens were grinded using a MagNA Lyser 

instrument (Roche Diagnostics, Meylan, France). Then, DNA was extracted from bacterial 

strains and clinical specimens using the QIAmp DNA mini kit, according to the 

manufacturerÕs instructions (Qiagen, Courtaboeuf, France). 

 

Real-time PCR assay for detection of F. tularensis gyrA mutations (qPCR-FtgyrA)  

The primers were designed in conserved regions of the F. tularensis gyrA gene, after 

alignment of eight F. tularensis gyrA sequences available in GenBank (F .tularensis subsp. 

holartica: LVS strain AM233362, OSU18 strain CP000437, FTNF002 strain CP000803; F 

.tularensis subsp. tularensis: SCHU4 strain AJ749949, WY96-3418 strain CP000608, 

NE061598 strain CP001633; F.tularensis subsp.mediasiatica : FSC147 strain CP000915; 

F.tularensis subsp. novicida: U112 strain CP000439). One dual hybridization probe was 

designed to target mutations in amino acids at positions 83 and 87 in the QRDR of gyrA. The 

nucelotide sequences of probes and primers are presented in Table 1. They were designed 
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using Roche LightCycler Probe Design software (Roche Diagnostics) and synthesized by 

Sigma-Aldrich (Saint-Quentin-Fallavier, France).  

The PCR amplification was performed in a total volume of 20 ! l, containing 2 ! l of 

LightCycler FastStart reaction mixture, 4mM MgCl2, 0,5 ! l UDG (Uracyl DNA Glycosylase), 

0,25 ! M forward primer, 0,5 ! M reverse primer, 0,1 ! M sensor probe, 0,3 ! M anchor probe 

and 5 ! l of DNA template. The annealing temperature and concentrations of primers, probes 

and MgCl2 have been optimized to obtain the most discriminating melting-curve analysis. The 

thermal cycling were performed using LightCycler 1.0 apparatus, as follows: one cycle at 

room temperature for 5 minutes, one cycle of initial denaturation at 95¡C for 10 minutes, 

followed by 45 cycles of denaturation at 95¡C for 10 sec, annealing at 60¡ for 10 sec, and 

extension at 72¡ for 15 sec, with a fluorescence reading taken during each annealing step. A 

melting curve was generated at the end of the amplification cycle by increasing the 

temperature from 50 to 95 ¡C at a programmed rate of 0.1¡C/s with a continuous recording. 

Melting curve analysis was performed by using LightCycler 4.1 software (Roche diagnostics). 

Controls included a blank capillary tube (water DNA free), wild-type LVS DNA, and DNA 

from the three fluoroquinolones resistant mutants (Fth1P14: C248T; Fth2P14: C248A + 

G259T; Ftn1P14: G259T). 

 

gyrA amplification and sequencing using PCR and Nested PCR assays.  

To confirm results of the RT-PCR-FtgyrA assay we amplified and sequenced the gyrA gene 

QRDR from isolated strains of F. tularensis and also directly from clinical samples when 

possible. The PCR assay used the following primers: Fwd-

5ÕTGAATGGAATGTCAAAGAGTGC 3Õ and Rvs- 5ÕAGGAAAATCTGGAGCTGGAA 3Õ.  

For some clinical samples with negative PCR amplification, we used a nested PCR assay 

using the following outer primers: Fwd-5ÕTGAATGGAATGTCAAAGAGTGC 3Õ and Rvs- 
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5ÕAGGAAAATCTGGAGCTGGAA3Õ and inner primers (qPCR-FtgyrA primers, same qPCR 

protocol): Fwd-5ÔCCATCGTCGTGTACTTTTTGC3Õ and Rvs-5Õ 

GGAGAATCACCATCAACAGAACC 3.Õ 

The PCR and nested PCR assays were performed using the Pwo Master Kit (Roche 

Diagnostics, Meylan, France) according to the manufacturerÕs instructions. Amplification 

reactions were carried out in 50 ! l volumes containing 0.4! M of each of the reverse and 

forward primers and 5! L of genomic DNA. The PCRs were initiated by denaturation at 94¡C 

for 5 min, followed by 35 cycles of 94¡C for 30 s, 50,5¡C for 30 s and 72¡C for 30 s, before a 

final elongation step at 72¡C for 5 min. The amplified products were separated in agarose gel 

electrophoresis and stained using GelRedTM (Biotium, distributed by VWR, Fontenay- sous -

Bois, France). They were then purified on MNSU030 plates (Millipore, Molsheim, France). 

DNA sequencing was performed on a CEQ 8000 device using the GenomeLab DTCS-Quick 

Start Kit (Beckman Coulter, Villepinte, France). Sequence analyses were performed using the 

CEQ8000XL DNA analysis system (Beckman Coulter). 

 

RESULTS 

We first optimized the RT-PCR-FtgyrA test to obtain high sensitivity and specificity. The 

analytical sensitivity of the assay was determined by testing in triplicate ten-fold serial 

dilutions of a titrated DNA suspension prepared from the wide-type LVS strain. The 

relationship between the cycle threshold and the DNA concentration was linear over 6 log 

units (Figure 1). The limit of detection was 260 genome copies (i.e., 50 fg of DNA) per test 

(5! L of DNA extract). The RT-PCR-FtgyrA test allowed specific detection and 

differentiation of fluoroquinolones-susceptible wild-type strains of F. tularensis (F. tularensis 

subsp. holarctica LVS and F. tularensis subsp. novicida) and fluoroquinolones resistant 

mutants (Fth1P14, Fth2P14, Ftn1P14). As shown on figure 2, the QRDR of all five strains 
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could be amplified, and the analysis of melting curves allowed differentiation of wild-type 

strains from mutant strains, but also the mutant strains among themselves. Four strains 

(LVSwt, Fth1P14, Fth2P14, Ftn1P14) were than used as controls to test clinical specimens. A 

target Tm was determined for these controls, by repeating the experiments and determining 

the inter-assay variability. The mean Tm +/- SD were 67.6¡C +/- 0.25 for the LVS wild-type 

strain, 65.6¡C +/- 0.19 for Ftn1P14 (amino acid 87 substitution), 63.2¡C +/- 0.20 for Fth1P14 

(amino acid 83 substitution), and 59.2¡C +/- 0.31 for Fth2P14 (amino acids 83 and 87 

substitutions). With DNA concentrations close to the detection limit, a bimodal melting curve 

was obtained (figure 3), with melting peaks at 67¡C and 60¡C for wild-type strains. This 

limitation could be overcome by performing a nested PCR (figure 4), which allowed 

obtaining a single melting peak at 67¡C.  

 

We then tested 32 ciprofloxacin susceptible human strains of F. tularensis subsp. holartica 

(Table 3), isolated from tularaemia patients in France between 2006 and 2011. DNA 

amplification was obtained for all strains, and the melting curves corresponded to a gyrA 

wild-type genotype in all cases. The mean Tm +/- SD was 67.5¡C +/- 0.17¡C, with a 

maximum variability of only 0.5¡C between the 32 strains (inter-assay variability). These 

results were confirmed by amplification and sequencing of the gyrA QRDR, which showed a 

wild-type QRDR sequence for all 32 strains. The specificity of the RT-PCR-FtgyrA assay 

was tested against 34 strains belonging to species other than F. tularensis, with no 

amplification. 

 

Of the 58 specimens tested, 48 could be amplified and characterized using the RT-PCR-

FtgyrA test. We found a mean +/- SD Tm of 67.2 +/- 0.40 ¡C for the 48 specimens, 

corresponding to the Tm of the LVS wild-type strain. However, for 24 out of these 48 
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specimens, we obtained a bimodal melting curve, with a second melting peak at 62 +/- 0.75 

¡C (mean +/- SD), different from those of the mutants strains (59¡C; 63,1¡C; and 65.6¡C). 

Samples with negative RT-PCR-FtgyrA tests or with bimodal melting curves were those with 

the lowest F. tularensis bacterial load, as evidenced by a higher crossing threshold as 

previously determined using a real-time PCR targeting the multi-copy insertion sequence 

ISFtu2(26). The detection limit of the later test was found to be ten times lower than that of 

the RT-PCR-FtgyrA. For the ten samples with a negative RT-PCR-FtgyrA test, the use of a 

nested PCR protocol allowed us to amplify gyrA gene in four, increasing sensitivity of 

amplification of gyrA QRDR to 89% of the tested samples. A wild-type melting curve profile 

was obtained for those four specimens. The nested PCR protocol also allowed us to confirm 

the absence of gyrA mutation for specimens with a bimodal melting curve. Figure 4 illustrates 

change of the melting curve from a bimodal to a unimodal profile when using the nested PCR 

protocol. To confirm results, we sequenced the gyrA QRDR directly from two specimens with 

a bimodal melting curve, and we found a wild-type DNA sequence in both cases.  

 

 

DISCUSSION 

We have developed a real-time PCR assay allowing detection of fluoroquinolones resistance 

caused by gyrA mutations in F. tularensis. This method specifically allows a sensitive and 

specific detection of mutations leading to the substitution of amino-acids at positions 83 

and/or 87 of GyrA, the subunit A of DNA gyrase, main target of fluoroquinolones in Gram-

negative bacteria. Melting curve analysis of amplified products allows detection but also 

differentiation of these two mutations and their combination. We have validated the method 

with wild type and in vitro selected resistant mutants of F. tularensis. We tested 32 

ciprofloxacin susceptible strains of F. tularensis subsp. holarctica previously isolated from 
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tularaemia patients in France and characterized as wild type by sequencing of gyrA QRDR, 

and confirmed the absence of mutations. Moreover, we showed that in many cases, the 

presence of gyrA mutants can be checked directly in clinical specimens, with a sensitivity of 

82% (increasing to 89% with a nested PCR protocol) for the 58 samples tested in the present 

study. Samples with a low DNA load were associated with bimodal melting curves, but a 

unimodal curve could be obtained using the nested PCR protocol, facilitating interpretation of 

results. LeBlanc et al (50) previously reported a bimodal pattern of melting curves for Herpes 

simplex virus typing (type 1 or 2) in case of low viral load. It is to be noted that we used 

clinical samples frozen at -80¡C for months to years, and alteration of DNA during 

conservation may reduce sensitivity of PCR amplification and also alter the melting curve 

profiles. 

Our test is well adapted for rapid screening of fluoroquinolone resistance in large populations 

of F. tularensis strains or clinical samples. Although it only detects gyrA QRDR mutations, 

we have previously shown in vitro that such mutations occur early during selection for 

fluoroquinolones resistance and are always present in mutants with high-level resistance to 

these drugs. The importance of rapid molecular testing for antibiotic resistances in biothreat 

agents has been previously debated in the literature(2, 51), and it is of tremendous importance 

for tularaemia owing to the limited current therapeutic options for this disease.  

Using our RT-PCR-FtgyrA assay, we found no fluoroquinolone resistance in 32 clinical 

isolates of F. tularensis, neither in 51 clinical samples from tularaemia patients. These results 

were confirmed by gyrA amplification and sequencing in all F. tularensis strains tested, and 

in part of clinical samples. Fluoroquinolone-resistant mutant strains with mutations at codons 

83 and 87 of gyrA could be specifically detected and differentiated. Thus our RT-PCR test 

can be considered as reliable for detection of these mutations.  
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Ten out of the 52 patients tested (table 2) suffered from therapeutic failure and/or relapses 

after fluoroquinolone treatment, which highly suggested the possibility of in vivo selection of 

fluoroquinolones resistant mutants. Two patients (2 and 7) had a very relevant history. The 

patient 7 was involved with ulceroglandular tularaemia for one month before she received 

ofloxacin (200 mg/day per os) for 20 days, and then ciprofloxacin (750 mg/day) for one 

month, without clinical improvement. The lymph node suppuration was sampled after 30 days 

of fluoroquinolone therapy, including 20 days of under-dosed treatment with ofloxacin 

(800mg/day are usually recommended). The patient 2 also received low doses of ofloxacin 

(400mg/day) for 12 days. As the activity of fluoroquinolones is concentration dependant, the 

administration of sub-inhibitory concentrations can promote the emergence of resistant 

mutants(52, 53). However, we didnÕt find any gyrA mutation in clinical samples from the ten 

patients treated with a fluoroquinolone (ofloxacin, ciprofloxacin), neither from the two who 

received low doses of ofloxacin for prolonged periods.  

No chronic carriage of F. tularensis has been reported in humans, and there is no human to 

human transmission of this pathogen(23). The animal reservoir is mainly represented by a 

wild-life fauna, including hares and small rodents which usually do not receive antibiotics. 

Thus, the only way F. tularensis may become resistant to antibiotics corresponds to the in 

vivo selection of resistant mutants, especially topoisomerase genes mutations in patients 

receiving a fluoroquinolone. Our study suggests that these events either do not occur or are 

very rare, and probably cannot explain the frequent treatment failures and relapses observed 

in tularemia patients despite administration of appropriate antibiotic therapy(15, 54).   

Other hypothesis for treatment failures could be the intracellular lifestyle of F. tularensis, but 

fluoroquinolones are active against F. tularensis both in axenic medium (44, 46, 47, 55), in 

cell cultures(30) and in mice(31, 56). Delay in antibiotic therapy after symptoms onset is 

associated with more frequent failures and relapses(21, 57). Celebi et al (57)reported an 
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association between treatment failures and delayed treatment, and concluded that the benefit 

of antibiotic therapy was limited in the late stage of tularaemia. A recent French series(21) of 

tularaemia cases occurring between 2006 and 2010 confirmed high rates of relapses (38.6%), 

including with fluoroquinolones. Chocarro et al.(48) reported relapses in 7 out of 14 patients 

treated with ciprofloxacin, but the authors didnÕt mention the interval between symptoms and 

treatment. In the present study, a delayed treatment was reported for 8 out of the ten patients 

treated with a fluoroquinolone (table2), with more than one month between the onset of 

symptoms and the initiation of treatment. Interestingly, Johansson et al(58) reported treatment 

successes with fluoroquinolones in 41/43 patients during an outbreak of tularaemia, in 

Sweden. The mean interval between the onset of disease and initiation of ciprofloxacin 

treatment was only 3.7 days (range, 0-14 days). Early administration of antibiotic therapy was 

correlated with rapid recognition of the disease by physicians in this highly endemic country 

(54). In countries with low tularaemia prevalence, early diagnosis is difficult because clinical 

symptoms of tularaemia are not specific. The higher rate of failures in case of treatment delay 

may be explained in several ways, including a higher bacterial inoculum and/or the 

occurrence of tissue suppuration, especially lymph node suppuration in the most common 

tularaemia ulcero-glandular and glandular forms. In abscesses and necrotic tissues the 

antibiotic activity is often reduced(59), due to poor penetration (especially in encapsulated 

abscesses) and partial inactivation by local acidity (pH range: 5.5-7.2, according to 

Wagner(59) ). The activity of fluoroquinolones is also reduced in an acidic environment, 

particularly for intracellular microorganisms(38). The activity of ciprofloxacin was less 

affected by acidic pH(60) against common pathogens (E. coli, K. pneumoniae, P. aeruginosa, 

S. aureus). The activity of fluoroquinolones against F. tularensis grown in an acidic 

environment needs further evaluation. 
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The activity of antibiotics could be also reduced because of the slowed metabolism of bacteria 

in chronically infected tissues. As bacteria reached a quiescent phase, they could be less 

susceptible to antibiotics. For the same reason, the presence of viable but non culturable 

forms of bacteria in chronic lymphadenopathy could be associated with decreased 

susceptibility to antibiotics and treatment failures (61). However, Forsman(62) et al 

demonstrated that F. tularensis loses its virulence for mice when it is in a viable but non-

culturable state.  

We didnÕt give evidence of resistant mutant selection with fluoroquinolone therapy, but our 

cohort is too small to draw definite conclusions. Delay in treatment is a major issue to explain 

failures and relapses in tularaemia patients. The efficacy of an appropriate fluoroquinolone 

therapy is probably reduced in constituted lymph node suppurations. However, we have now 

the possibility to screen new F. tularensis strains and clinical specimens from tularaemia 

patients to identify fluoroquinolone resistance. Although this will  have little impact for now 

in routine management of tularaemia patients, the availability of such a rapid test for detection 

of fluoroquinolone resistance is of tremendous importance in the context of biological threat.  
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MIC (mg/L) 
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FIGURES " !
 #!
Figure 1. Correlation between the cycle threshold and F. tularensis DNA concentration using $!
RT-PCR-FtgyrA %!
 &!
 ' !
Figure 2. Melting peak analysis and detection of mutations in the QRDR of the gyrA gene ( !
(aminoacids 83 and 87). The different gyrA genotypes of LVS wild type (67¡C), F.tularensis ) !
subsp novicida wild type (67¡C), and 3 mutants (Ftn1P14: 65¡C, Fth1P14: 63¡C, Fth2P14: * !
58¡C) can be differentiated according to their melting temperatures. We used the LVS and the "+ !
3 mutants in each experiment, to define melting peaks controls. "" !
 "# !
 "$ !
Figure 3. Effect of DNA quantities on the melting peaks profiles. These curves correspond to "%!
a 10-fold serial dilution, from initial DNA (LVS wild type) at 2.6 108 genomic copies. "&!
Bimodal melting peaks are observed below 2.6 103 genomic copies (dotted line). "' !
 "( !
 ") !
Figure 4. Melting peaks of the same specimen "* !
A: Real-time PCR assay of gyrA (CT>40), with bimodal melting peaks #+!
B: Nested PCR (CT=18.83), with unique peak. The preamplification nested PCR has #" !
corrected the shape of the melting curve. ##!
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�G�¶�+�, �3�3�2�&�5�$�7�(�� 

�-�H���S�U�R�P�H�W�V���H�W���M�H���M�X�U�H���G�¶�r�W�U�H�� �I �L�G�q�O�H���D�X�[�� �O�R�L�V���G�H���O�¶�K�R�Q�Q�H�X�U���H�W���G�H�� �O�D���S�U�R�E�L�W�p�� �G�D�Q�V���O�¶�H�[�H�U�F�L�F�H���G�H��

l a MŽdecine. 

Je donnerais mes soin�V���J�U�D�W�X�L�W�H�P�H�Q�W��� j � � �O�¶�L�Q�G�L�J�H�Q�W���H�W���Q�¶�H�[�L�J�H�U�D�L���M�D�P�D�L�V�� �X�Q�� �V�D�O�D�L�U�H���D�X���G�H�V�V�X�V��
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ni  ˆ  favor iser  l e cr ime. 

Je ne permettr ai  pas que des considŽr ations de rel igion, de nation, de r ace, de par t i  ou de 

�F�O�D�V�V�H���V�R�F�L�D�O�H���Y�L�H�Q�Q�H�Q�W���V�¶�L�Q�W�H�U�S�R�V�H�U�� �H�Q�W�U�H���P�R�Q���G�H�Y�R�L�U���H�W���P�R�Q�� �S�D�W�L�H�Q�W�� 

Je garderai  l e r espect absolu de l a vie humaine. 

�0�r�P�H���V�R�X�V�� �O�D�� �P�H�Q�D�F�H���� �M�H���Q�¶�D�G�P�H�W�W�U�D�L���S�D�V���G�H���I �D�L�U�H���X�V�D�J�H���G�H�� �P�H�V�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V���P�p�G�L�F�D�O�H�V��

�F�R�Q�W�U�H���O�H�V���O�R�L�V�� �G�H���O�¶�K�X�P�D�Q�L�W�p�� 

�5�H�V�S�H�F�W�X�H�X�[�� �H�W���U�H�F�R�Q�Q�D�L�V�V�D�Q�W���H�Q�Y�H�U�V���P�H�V�� �0�D�v�W�U�H�V���� �M�H�� �U�H�Q�G�U�D�L��� j � � �O�H�X�U�V�� �H�Q�I�D�Q�W�V���O�¶�L�Q�V�W�U�X�F�W�L�R�Q��

�T�X�H���M�¶�D�L�� �U�H�o�X�H�� �G�H���O�H�X�U�V���S�q�U�H�V�� 

�4�X�H���O�H�V�� �K�R�P�P�H�V�� �P�¶�D�F�F�R�U�G�H�Q�W���O�H�X�U���H�V�W�L�P�H�� �V�L���M�H���V�X�L�V���I �L�G�q�O�H��� j � � �P�H�V���S�U�R�P�H�V�V�H�V�� 

�4�X�H���M�H���V�R�L�V�� �F�R�X�Y�H�U�W���G�¶�R�S�S�U�R�E�U�H�� �H�W���P�p�S�U�L�V�p���G�H���P�H�V���F�R�Q�I�U�q�U�H�V���V�L�� �M�¶�\�� �P�D�Q�T�X�H�� 
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Ç Recherche de mutants de Francisella tularensis rŽsistants aux #!
fluoroquinolones chez les patients atteints de tularŽmie. È $!
 %!

RŽsumŽ &!

En Europe, les fluoroquinolones sont le traitement de premi•re intention de la tularŽmie.  ' !

Cependant, 10 ˆ 15% des patients traitŽs rechutent, suggŽrant la possibilitŽ dÕune sŽlection in ( !

vivo de mutants rŽsistants aux fluoroquinolones. Le but de cette Žtude Žtait de dŽvelopper un ) !

outil molŽculaire permettant la dŽtection de la rŽsistance aux fluoroquinolones chez F. * !

tularensis, afin de dŽtecter  la prŽsence de mutants rŽsistants aux fluoroquinolones chez des "+ !

patients en Žchec clinique. "" !

Nous avons mis au point une PCR en temps rŽel, permettant la dŽtection de mutations au "# !

niveau du QRDR (Quinolone Resistance Determining Region) du g•ne gyrA, codant pour la "$ !

sous unitŽ A de lÕADN gyrase, principale cible des fluoroquinolones chez F. tularensis. La "%!

sensibilitŽ et la spŽcificitŽ de ce test ont ŽtŽ validŽes en utilisant des souches de F. tularensis "&!

sensibles aux fluoroquinolones, et des souches attŽnuŽes rŽsistantes aux fluoroquinolones "' !

prŽalablement sŽlectionnŽes au laboratoire. "( !

La PCR en temps rŽel a permis de diffŽrencier les souches sensibles des souches rŽsistantes, ") !

dÕapr•s lÕanalyse des  tempŽratures de fusion. Apr•s analyse de 57 Žchantillons cliniques de "* !

ganglions suppurŽs, nous nÕavons pas identifiŽ de mutation de gyrA.  #+!

Notre test peut donc •tre utilisŽ en pratique clinique pour dŽtecter les mutations de gyrA chez #" !

F. tularensis sur des souches ou directement sur des prŽl•vements cliniques. Cependant nos ##!

travaux indiquent que la sŽlection in vivo de mutants rŽsistants aux fluoroquinolones chez F. #$!

tularensis, apr•s traitement, est vraisemblablement un phŽnom•ne tr•s rare, et nÕexplique pas #%!

les rechutes frŽquemment observŽes. #&!

 #' !

Mots clefs : Francisella tularensis, GyrA, tularŽmie, quinolone, rŽsistance aux antibiotiques  #( !
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