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Abbreviations

16S rRNA gene 16S ribosomal ribonucleic acid gene

BHI brain-heart infusion

bp base pair

canSNP canonical single nucleotide polymorphism

CFU colony forming unit

CLSI Clinical and Laboratory Standard Institute

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

fH factor H

FLE Francisella-like endosymbiont

HRPO horseradish peroxidase

IHC immunohistochemistry

ip intraperitoneal

kDa kilodalton

LD50 lethal dose 50

LVS live vaccine strain (NCTC 10857)

MAMA mismatch amplification mutation assay

MIC minimum inhibitory concentration

MLVA multi-locus variable number of tandem repeats analysis

NMRI Naval Medical Research Institute

pi post infection

PCR polymerase chain reaction

RD region of genomic difference

RIPA radioimmunoprecipitation assay

sdhA gene putative succinate dehydrogenase gene

SMTTBS skim milk in Tween-20 Tris-Buffered Saline

sp species (singular)

spp species (plural)

ssp subspecies

Tm melting temperature

tul4 gene 17 kDa lipoprotein precursor gene

VNTR variable number of tandem repeats

WG whole genome
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1. Summary

The family Francisellaceae is rapidly expanding with several new members described

in the last few decades. Francisella tularensis is a facultative intracellular, zoonotic bacterium,

the causative agent of tularaemia and a potential biological weapon. The moderately

pathogenic F. tularensis ssp. holarctica is endemic in Europe. Phylogenetic analyses revealed

that two major genetic clades (B.FTNF002-00 and B.12) of the bacterium are dominant in the

continent, which occur in distinct geographic regions. The B.12 genotype of F. tularensis ssp.

holarctica is endemic in Hungary. Tularaemia was first diagnosed in humans in 1951 in the

country and in the past 20 years 20-148 cases were reported each year. In Hungary besides

the potential threat to public health tularaemia is also important economically. As many as

40,000 brown hares are exported from Hungary each year, which should be free of tularaemia.

In the past few years several new variants of Francisella-like endosymbionts (FLEs)

were described in ticks. Description of new variants is generally based on the analysis of the

sequences of specific genes. A collection of 5806 ticks of 16 species from Hungary and

Ethiopia was examined for the presence of members of the family Francisellaceae. F.

tularensis ssp. holarctica was detected in Haemaphysalis concinna and Dermacentor

reticulatus collected in Hungary. FLEs were detected in Hungary in questing D. reticulatus

ticks and a new variant in a new host species, Ixodes ricinus. In Ethiopia a FLE was described

in Hyalomma rufipes. Phylogenetic analysis revealed close relatedness among endosymbionts

from Europe and Africa. The identical sequences of FLE variants harboured by D. reticulatus

detected in distinct countries in Europe assume host adaptation and a host species–linked

evolution of this FLE species.

Phylogenetic analyses of the live vaccine strain (LVS) and 69 F. tularensis ssp.

holarctica strains isolated in Hungary were performed by canonical single nucleotide

polymorphism (canSNP) typing and multi-locus variable number of tandem repeats analysis

(MLVA). The whole genome (WG) sequencing of nine selected isolates was also carried out.

The results revealed relatively high genetic diversity of the Hungarian strains. Long-term

survival of the strains was detected in the environment, during which the strains showed no

genetic mutations. Epidemiologic analysis of the genotypes in the country reflects the

probability of emergence of multiple clones in outbreaks triggered by environmental factors.

In the background of the different susceptibility to tularaemia in animal species the

interactions between bacterial membrane proteins and the elements of the host’s complement

system may play a significant role. Complement sensitivity of different genotypes of wild F.

tularensis ssp. holarctica strains and the attenuated LVS was compared using sera of selected

animal species with different susceptibility to the infection. Regardless to their genotypes, all
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wild strains survived in the sera of the highly susceptible house mouse (Mus musculus),

moderately susceptible European brown hare (Lepus europaeus) and in the relatively resistant

cattle (Bos taurus). In contrast, the attenuated LVS cells were lysed in hare serum and killed in

cattle serum as well. F. tularensis can evade the complement system in humans by binding

factor H (fH), a regulator protein of the complement system. Western blot and pull-down

assays of wild and attenuated strains of F. tularensis ssp. holarctica strains showed no specific

interactions with fH in the selected animal sera, supposedly for the lack of an intermediate

component or because of interspecies differences.

The two genotypes of F. tularensis ssp. holarctica strains dominant in Europe differ in

their geographical distribution as well. For the comparison of the virulence of the two

genotypes experimental infection of Fischer 344 rats was performed. The results revealed

moderate difference in the pathogenic potential of the two genotypes and suggest that the

Western European genotype is more virulent than the Eastern European genotype.

F. tularensis can induce six clinical forms of infection in humans. In the treatment of

tularaemia cases aminoglycosides, quinolones and tetracyclines are the drugs of choices. The

in vitro examinations of antibiotic susceptibility of 29 F. tularensis ssp. holarctica strains

originating from Hungary to 11 antibiotics were carried out. The examinations revealed high

effectiveness of antibiotics recommended in clinical use against tularaemia, especially of

levofloxacin, ciprofloxacin and doxycycline. The results also showed effectiveness of

tigecycline against the pathogen promoting this antibiotic for the therapy of the infection.

Application of linezolid or erythromycin is not recommended against this agent in Hungary

because of the in vitro resistance to these antibiotics detected in the strains.
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Összefoglalás

A Francisellaceae családba tartozó baktériumok köre gyors ütemben bővült az utóbbi

évtizedekben. A Francisella tularensis egy fakultatív intracelluláris, zoonótikus baktérium, a

tularaemia kórokozója és potenciális biológiai fegyver. Európában a mérsékelt megbetegítő

képességgel rendelkező F. tularensis ssp. holarctica alfaj endémiás. Filogenetikai vizsgálatok

alapján két fő genotípus jelenlétét állapították meg Európában (a B.FTNF002-00 és a B.12),

melyek földrajzi elterjedtségükben jól elkülönülnek. Hazánkban a F. tularensis ssp. holarctica

B.12-es genotípusa endémiás. Magyarországon 1951-ben diagnosztizálták az első

tularaemiás emberi megbetegést, és az utóbbi 20 évben 20-148 esetet jelentenek minden

évben. Országunkban a közegészségügyi jelentősége mellett a tularaemiának gazdasági

szempontból is fontos szerepe van. Magyarországról évente 40.000 élő mezei nyulat

exportálnak, melyeknek mentesnek kell lenniük többek között tularaemiától is.

Az utóbbi években számos új változatát írták le Francisella-szerű endoszimbiontáknak

kullancsokban. Az új endoszimbionta változatok meghatározása általában specifikus gének

szekvenciaelemzésén alapul. A Francisellaceae családba tartozó baktériumok jelenlétét

vizsgáltuk 16 kullancsfaj összesen 5806 egyedében, melyek Magyarországról és Etiópiából

származtak. F. tularensis ssp. holarctica baktériumot hazánkban gyűjtött Haemaphysalis

concinna és Dermacentor reticulatus kullancsokból mutattunk ki. Endoszimbiontákat

Magyarországon kimutattunk a környezetből gyűjtött D. reticulatus kullancsokban és egy új

változatot egy új kullancsgazdában, az Ixodes ricinus-ban. Etiópiából származó kullancsok

közül Hyalomma rufipes-ben írtunk le endoszimbiontát. Az endoszimbionták filogenetikai

vizsgálata alapján közeli rokonságot állapítottunk meg az európai és afrikai változatok között.

Az Európában D. reticulatus-ban leírt endoszimbionták azonos szekvenciája alapján az

endoszimbionta kullancsgazdájához való adaptációját és azzal közös törzsfejlődését

feltételezzük.

A gyengített vakcina törzs (live vaccine strain, LVS) és 69 hazai F. tularensis ssp.

holarctica törzs genetikai vizsgálatát végeztük el a genotípusokra specifikus pontmutációk

meghatározására alkalmas canSNP (canonical single nucleotide polymorphism) analízis és a

tandem ismétlődő szakaszok vizsgálatán alapuló MLVA (multi-locus variable number of

tandem repeats analysis) módszer segítségével. Kilenc válogatott törzs esetében teljes genom

szekvenálást is végeztünk. Az eredmények alapján viszonylag nagy genetikai változatosságot

találtunk a magyar törzsek között. Megállapítottuk, hogy a baktérium képes a természetben

mutálódás nélkül hosszú ideig fennmaradni. Járványtani elemzéseink azt mutatják, hogy

valamely környezeti hatásra ezek a természetben jelenlévő genotípusok együttesen vehetnek

részt az újabb járványok kitörésében.
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Az egyes állatfajok tularaemiával szembeni fogékonyságának hátterében a gazda

komplement rendszere és a baktérium felületi fehérjéi közti kölcsönhatásoknak jelentős

szerepe lehet. Különböző genotípusú és virulenciájú F. tularensis ssp. holarctica törzsek

komplement érzékenységét vizsgáltuk a tularaemiára eltérő mértékben fogékony állatfajokban.

Genotípustól függetlenül az összes vad, virulens törzs képes volt túlélni a tularaemiára

rendkívül fogékony egér (Mus musculus), mérsékelten fogékony mezei nyúl (Lepus

europaeus) és rezisztens szarvasmarha (Bos taurus) vérében. Ezzel szemben a gyengített

LVS törzs sejtjei szétestek, illetve elpusztultak a mezei nyúl és a szarvasmarha komplement

rendszerének hatására. Emberben leírták, hogy a F. tularensis képes a komplement

szabályozó H-faktor megkötésével kijátszani a komplement rendszer baktériumölő hatását. A

vizsgált állatfajokban a F. tularensis vad, virulens és gyengített törzsei nem mutattak direkt,

specifikus kötődést a H-faktorhoz Western blot és pull-down eljárások során. A kötődéshez

vélhetőleg egy köztes komponens szükséges, illetve a kötődés hiányát a fajok közti eltérések

is magyarázhatják.

Az Európában jelenlévő két fő F. tularensis ssp. holarctica genotípus földrajzi

elterjedésében különbözik egymástól. A kísérletben Fischer 344 patkányokat mesterségesen

fertőztünk a genotípusok virulenciájának összehasonlítására. Az eredmények mérsékelt

különbséget mutattak a genotípusok között, és a nyugat-európai genotípus virulensebbnek

bizonyult a kelet-európai genotípusnál.

A F. tularensis hatféle kórformát képes előidézni emberekben. A tularaemia kezelésére

elsősorban aminoglikozidokat, fluorokinolonokat és tetraciklineket javasolnak. A vizsgálatok

során 29 hazai F. tularensis ssp. holarctica törzs antibiotikum érzékenységét határoztuk meg

in vitro 11 antibiotikummal szemben. A terápiában használatban lévő antibiotikumok megfelelő

hatékonyságot mutattak a baktériummal szemben, különösen a levofloxacin, ciprofloxacin és a

doxicklin. A tigeciklin is hatékonyan gátolta a baktérium növekedését a vizsgálatok során, ami

alapján a későbbiekben ez az antibiotikum is hasznos lehet a betegség kezelésére. A hazai

törzsek rezisztenciát mutattak eritromicinnel és linezoliddal szemben, ezért ezeknek a

szereknek az alkalmazása nem javasolt a tularaemia kezelésére a térségben.
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2. Introduction

2.1. History and taxonomy
In 1911 a plague-like disease was described in ground squirrels in Tulare County,

California by McCoy (1911). He and his co-worker managed to isolate the causative agent of

the infection a year later and named it Bacterium tularense (McCoy and Chapin, 1912). In the

following years Dr. Edward Francis (1872-1957) had prominent role in the research of this

disease, which he named tularaemia. Dr. Francis discovered that humans get infected by the

bites of blood-sucking arthropods and by handling or dissecting rabbits and rodents and he

characterized the symptoms of tularaemia in humans (Francis, 1921, Francis et al., 1922). He

summarized the knowledge on the ecology and clinical signs of tularaemia and determined

that similar syndromes from North America, Europe and Japan were all caused by this same

disease (Francis, 1928). In honour of Edward Francis Dorofeev (1947) proposed to name the

pathogen Francisella tularensis.

In the early 60’s Olsufyev and co-workers described two variants of the pathogen, the

Old World and the New World variants, which differed in their virulence besides their

geographical distribution (Olsufyev et al., 1959, 1963). Jellison and co-workers refined the

classification of F. tularensis and termed Type A variant the bacterium population occurring

only in North America and Type B variant the subpopulation prevalent in North America and

Eurasia as well (Jellison et al., 1961).

The pathogen F. tularensis, originally Bacterium tularense, used to belong to the genus

Pasteurella and was proposed to be included in the genus Brucella as well (Philip and Owen,

1961). Currently, about 100 years after its first isolation, F. tularensis is divided into four

subspecies (ssp. tularensis, holarctica, mediasiatica and ssp. novicida), belongs to the family

Francisellaceae with five other Francisella species (F. philomiragia, noatunensis or piscicida,

halioticida, hispaniensis, guangzhouensis) and several Francisella variants originating from

humans, ticks and small mammals (Francisella-like endosymbionts, FLE) and the environment

(de Carvalho et al., 2015, DSMZ, 2015, Keim et al., 2007, Kugeler et al., 2008, Ottem et al.,

2009, Sjöstedt, 2005). Subpopulations of F. tularensis ssp. tularensis (Type A.I and A.II)

differing in their geographic and genetic characteristics, virulence and host preferences were

described in North America, while F. tularensis ssp. holarctica was suggested to be classified

into three biovars (erythromycin sensitive bv. I, erythromycin resistant bv. II and bv. japonica)

(Olsufyev and Meshcheryakova, 1983, Staples et al., 2006).
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In Hungary F. tularensis ssp. holarctica is endemic. Tularaemia was first diagnosed in

humans in 1951 in the country and in the past 20 years 20-148 cases were reported each year

(Epinfo). In Hungary besides the potential threat to public health tularaemia is also important

economically. As many as 40,000 brown hares are exported from Hungary each year, which

should be free of tularaemia (Somogyi, 2006).

2.2. Characteristics and ecology of Francisellaceae
Francisella species are fastidious, obligate aerobe, facultative intracellular, small (0.7-1.5

µm), pleomorphic, non-motile, Gram-negative bacteria. Cysteine is essential for most

Francisella species and it enhances the growth of all species on blood or chocolate agar.

Francisella species have worldwide distribution; have broad host spectrum and generally long-

term survival in the environment probably in association with protozoans (Ellis et al., 2002,

Friend, 2006, Keim et al., 2007). Although genetically Francisella is a highly clonal bacterium

without any evidence of horizontal gene transfer, the host preference, geographic distribution

and virulence of the species and subspecies differ in a wide range within this genus (Keim et

al., 2007) (Table 1).

Virulence of the strains is categorized based on the number of colony forming units (CFU)

in the lethal dose 50 (LD50) of mice, guinea pigs and rabbits. The two main, human pathogen

representatives of the genus are the highly virulent (LD50 is as low as 10 CFU) F. tularensis

ssp. tularensis and the moderately infectious (LD50 in rabbits >106 CFU) ssp. holarctica. These

subspecies have two life-cycles, a terrestrial and an aquatic cycle, and they can infect a wide

variety of hosts from different taxonomic classes and orders (Fig. 1.).

More than 300 animal species, including mammals, birds, amphibians, reptiles and

invertebrates are susceptible to F. tularensis and the bacterium can infect a multitude of cell

types, especially macrophages, but fibroblasts, epithelial cells, hepatocytes, muscle cells and

neutrophils can be affected as well (Cowley and Elkins, 2011, Keim et al., 2007). Lagomorphs

(Sylvilagus, Lepus and Oryctolagus spp.) and rodents (Sciuridae, Castoridae, Hystricidae,

Myocastoridae, Gliridae, Spalacidae, Cricetidae and Muridae spp.) are considered to be the

main reservoirs and amplification hosts for F. tularensis and important sources of human

infections. Blood-sucking arthropods (ticks, mites, tabanid flies, mosquitos) have important role

in the transmission of the pathogens and may serve as reservoirs for F. tularensis as well,

although only transstadial transmission of the bacteria was proven in ticks and mosquitos

(Bäckman et al., 2015, Keim et al., 2007, Maurin and Gyuranecz, 2016, Mörner and Addison,

2001, Thelaus et al., 2014, Vyrosteková, 1994).
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Table 1. Selected characteristics of Francisellaceae

species distribution host
preference

human
pathogen virulence cultivation

F. tularensis ssp.
tularensis type A.I

central and
eastern parts

of USA,
sporadically

western USA

broad host
spectrum + high cysteine, 37°C

F. tularensis ssp.
tularensis type A.II western USA broad host

spectrum + mild cysteine, 37°C

F. tularensis ssp.
holarctica

Northern
Hemisphere

broad host
spectrum + moderate cysteine, 37°C

F. tularensis ssp.
mediasiatica

Central Asia
(Kazakhstan)

Lagomorphs,
Rodents - moderate cysteine, 37°C

F. tularensis ssp.
novicida global environment + low 37°C

F. philomiragia global fish + low 37°C

F. halioticida Japan fish - n.d. sea water and
cysteine, 20°C

F. noatunensis
(= F. piscicida) global fish, shellfish,

molluscs - n.d. cysteine, 25°C

F. hispaniensis Spain humans + n.d.* 37°C
F. guangzhouensis China environment - n.d. 37°C

Francisella-like
endosymbionts

(FLE)
global

soft ticks
(Argasidae),

hard ticks
(Ixodidae)

- n.d.

no growth on
cell-free

media; egg
yolk sac, tick
cell culture

n.d.: no data
* The type strain was isolated from severe septicaemia secondary to acute obstructive

pyelonephritis.

Figure 1. The two main lifecycles of F. tularensis in Europe.
The terrestrial cycle involves ticks, mammals and humans (especially hunters,

veterinarians, small animal trappers and skinners). The aquatic cycle involves mosquitos
(larvae and adults), hares, beavers and muskrats and humans (fishermen, hikers or by

drinking from contaminated water sources) (Maurin and Gyuranecz, 2016)
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In the past decades, the Francisellaceae family was expanding rapidly. Besides the

recently described human pathogen Francisella species, many fish pathogens and free-living

or symbiont agents from environmental matrices have been reported (Barns et al., 2005,

Birkbeck et al., 2007, Escudero et al., 2010, Kamaishi et al., 2005, Kugeler et al., 2008, Mauel

et al., 2007, Niebylski et al., 1997; Nylund et al., 2006, Olsen et al., 2006, Ostland et al., 2006,

Ottem et al., 2009, Qu et al., 2013). FLEs are small (0.6-3.4 µm), pleomorphic microorganisms

without cell wall, and they are harboured both by soft ticks (Argasidae) and hard ticks

(Ixodidae), similarly to F. tularensis (Burgdorfer et al., 1973, Noda et al., 1997). In contrast to

F. tularensis, FLEs are transmitted transstadially and transovarially in ticks, do not grow on

artificial media and information about their virulence is scarce (Barns et al., 2005, Noda et al.,

1997). The first FLE was identified in 1961 in Egypt from the soft tick Argas arboreus

(previously known as A. persicus), and named Wolbachia persica according to its phenotypic

characteristics (Suitor and Weiss, 1961). In 1973 an endosymbiont from the hard tick

Dermacentor andersoni was isolated on chicken egg yolk sac, and its pathogenicity against

guinea pigs and golden hamsters was described in artificial infection experiments (Burgdorfer

et al., 1973). Later genetic analyses classified both W. persica and D. andersoni symbionts

into the Francisella genus and recent whole genome sequencing of W. persica further

confirmed this classification (Forsman et al., 1994, Niebylski et al., 1997, Sjödin et al., 2012). It

is of question whether these endosymbionts and the virulent Francisella species had common

ancestor in ticks, which divided into the host specialist symbionts and generalist pathogens.

Given the close genetic relatedness among FLEs of soft and hard ticks, it is also hypothesized

that FLEs used to spread by an infectious route (e.g. feeding on infected host or co-feeding)

and adapted to symbiotic lifestyle secondarily (Noda et al., 1997, Scoles, 2004).

2.3. Phylogeography of Francisella tularensis
Deeper phylogeographic analyses provide insight into the evolutionary history of F.

tularensis, especially in the case of the two most concerned subspecies: tularensis and

holarctica. A variety of molecular methods have been developed for the genetic analysis of this

highly clonal bacterium, including multi-locus variable number of tandem repeats analysis

(MLVA), multi-locus sequence typing, analysis of canonical insertion-deletion markers,

canonical single nucleotide polymorphism (canSNP) based typing and whole genome (WG)

sequencing (Keim et al., 2007, Larsson et al., 2007). WG sequencing provides data about all

(from the family to the isolate) taxonomic levels. WG SNP analysis is an effective method for

the description of the accurate population structure of highly clonal bacteria (Pearson et al.,

2004, Van Ert et al., 2007). Based on this population structure canSNPs can be selected

which define the branches specific for species, major lineages or even for individual strains,
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thus offering an appropriate method for high resolution genotyping by average laboratory

equipment (Vogler et al., 2009a). MLVA possesses the highest discriminatory power among

closely related isolates (e.g. originating from the same outbreak) (Keim et al., 2007).

Autochthon infections by F. tularensis ssp. tularensis (also known as type A) have been

reported solely from North America. The subspecies has been divided into two

subpopulations, A.I and A.II according to genetic, pathogenic and geographic characteristics.

The highly virulent type A.I subpopulation is prevalent mostly in the central and eastern

regions of the U.S.A., with sporadic appearance in western parts as well (Ellis et al., 2002).

Further three main subtypes (A.I3, A.I8 and A.I12) were distinguished within A.I group based

on WG phylogeny, and difference in virulence was also described among these subtypes

(Birdsell et al., 2014, Molins et al., 2010). Subpopulation A.II has milder virulence than the

moderately virulent ssp. holarctica, and its geographic distribution is restricted to the western

parts of the U.S.A., especially the Rocky Mountain region. Distribution of the subpopulations is

correlated with vectors and hosts, as prevalence of A.I strains matches with D. variabilis and

Amblyomma (Am.) americanum ticks and the eastern cottontail rabbit (Sylvilagus floridans),

while A.II group distribution is associated with D. andersoni ticks, Chrysops discalis tabanid

flies and the mountain cottontail rabbit (S. nuttallii). The cause of the detected genetic distance

between the two subpopulations is dubious. Separate glacial refugia of the groups during the

last ice age may represent one explanation. On the other hand, geographic distribution and

vector and host preference support the hypothesis that the subpopulations have distinct

ecological niches (Keim et al., 2007).

Despite of the fact that F. tularensis ssp. holarctica is widespread throughout the

Northern Hemisphere, the genetic diversity of the strains is low. The homogeny of the strains’

genetic characteristics within this subspecies assumes its recent geographic expanding,

deriving from a common ancestor (Johansson et al., 2004). Those regions where basal clades

and higher diversity of the strains are prevalent are assumed to be the sources of emergence

of the main F. tularensis ssp. holarctica branch (Özsürekci et al., 2015, Svensson et al.,

2009a, Vogler et al. 2009a, Wang et al., 2014). However, retrograde genetic examinations

revealed homology between strains isolated from the same region nowadays and decades

before, a finding which leads to the hypothesis that F. tularensis ssp. holarctica has long

periods of dormancy in the environment with low replication rate (Johansson et al., 2014,

Karlsson et al., 2013, Petersen et al., 2008, Svensson et al., 2009b). Four main clades of F.

tularensis ssp. holarctica have been identified by canSNP typing: the B.16 (biovar japonica),

B.4 (which was also called clade OSU18 after a strain isolated from a dead beaver in

Oklahoma in 1978), B.6 and B.12 clades (Fig. 2.).
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Figure 2. Geographic distribution of the main F. tularensis ssp. holarctica genotypes.
Genotypes dominant in Europe are further detailed. Grey coloured regions represent

occurrence of F. tularensis. Colour codes of diagrams are consistent with colours on the
dendrogram. (Dendrogram adapted from Vogler et al. 2009a)

In North America two main clades (B.4 and B.6) and a unique basal clade (B.2/3) of the

ssp. holarctica are present. Clade B.4 is widespread throughout North America. Strains

belonging to the basal clade B.2/3 have been isolated exclusively from California, and based

on phylogenetic analyses this clade had diverged from the main F. tularensis ssp. holarctica

branch before the divergence of most European clades (Vogler et al., 2009a).

The first detected F. tularensis ssp. holarctica in the southern hemisphere, a strain from

Tasmania had close relatedness to biovar japonica (B.16) strains based on its sequence of the

region of genomic difference 1 (RD1) (Jackson et al., 2012).

Clades B.16 (biovar japonica), B.4 (OSU18), B.6 and B.12 were all isolated in China,

indicating a relatively high diversity of subspecies holarctica in this region (Wang et al., 2014).

The three main clades B.4, B.6 and B.12 are prevalent in Eurasia, B.12 being the most

widespread in the continent (Chanturia et al., 2011, Gyuranecz et al., 2012a, Vogler et al.,

2009a) (Fig. 2.). Furthermore, in Turkey a strain belonging to biovar japonica (clade B.16) was
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described based on its capability of glycerol fermentation, susceptibility to erythromycin and its

genetic region RD1 sequence (Kilic et al., 2013). Recent phylogenetic examinations in Turkey

revealed the presence of subclades of the main groups B.12 and B.6 (subclade B.7/8). The

subclade B.7/8 has been previously described only in Scandinavia (Özsürekci et al., 2015).

Information about the phylogeny of holarctica strains in Russia is scarce; subclades of B.12

have been described so far in this region (Svensson et al., 2009a, Vogler et al., 2009a).

Detailed phylogeographic analyses were conducted in Georgia in 2011 which revealed the

presence of clade B.12 in the country, with relatively high diversity of strains on the level of

subclades (Chanturia et al., 2011).

Strains belonging to the main clades B.4, B.6 and B.12 were described in Scandinavia,

representing the highest genetic diversity of subspecies holarctica in Europe (Svensson et al.,

2009a, Vogler et al., 2009a). In the continental regions of Europe the two main clades B.12

and B.6 are separated geographically also. In Western European countries (France, Germany,

Italy, the Netherlands, Spain and Switzerland) the B.FTNF002-00 subclade of B.6 clade is

dominant, while the B.12 clade is most common in Central and Eastern Europe (Austria,

Czech Republic, Germany, Hungary, Romania, Slovakia, Switzerland and Ukraine)

(Antwerpen et al., 2013, Ariza-Miguel et al., 2014, Gyuranecz et al., 2012a, Maraha et al.,

2013, Origgi et al., 2014, Vogler et al., 2009a). WG sequencing based comparison of a

B.FTNF002-00 strain and other holarctica strains (live vaccine strain /LVS/ from B.12 group,

OSU18 of B.4 group) revealed such genetic differences which might correlate with the

enhanced pathogenicity and fitness of strain B.FTNF002-00. The described genetic

differences included the smaller overall genome size, amino acid changes in virulence

associated protein genes and polymorphisms in genes coding essential cellular functions or

which are associated with virulence (Barabote et al., 2009).

The subspecies mediasiatica has been rarely isolated and only in the Central Asian

area, but the isolates showed great genetic diversity, similarly to the globally occurring F.

tularensis ssp. novicida (Vogler et al., 2009a).

For the lack of WG sequences of FLEs their genetic analyses are based on various

genes. FLEs were reported from several continents (America, Europe and Africa) representing

global distribution of these microorganisms (Brevik et al., 2011, Ivanov et al., 2011, Michelet et

al., 2013, Scoles, 2004). Comparison of the phylogeny of FLEs and their tick hosts revealed

no evidence of co-specification (Scoles, 2004).
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2.4. Pathogenesis and host responses to Francisella
tularensis

F. tularensis is a successful pathogen with broad host range, having the ability to infect

and replicate in various mammalian and protozoan cell types and also adapted to the

extracellular environment for its transmissive phase (Abd et al., 2003, Forestal et al., 2007,

Keim et al., 2007, Thelaus et al., 2009, Yu et al., 2007). The main routes of infection in

humans are through the bites of blood-sucking arthropods, skin lesions and consumption of

contaminated water or food, and less frequently by inhalation or via the conjunctiva (Ellis et al.,

2002). In the host the bacteria first replicate in macrophages without triggering exacerbated

immune responses (3 to 5 days in humans) (Sjöstedt, 2007). Later ulceration and necrosis at

the site of infection occur with invasion of blood and lymph vessels and spreading of the

bacteria to the lymph nodes and other organs (Mörner and Addison, 2001). Thus F. tularensis

is able to adapt many distinct environments and possesses a multitude of mechanisms for

evasion, modulation and suppression of the immune system in both extracellular and

intracellular compartments (Bosio, 2011).

After transmission of F. tularensis to the host, the bacterium is exposed to a variety of

anti-microbial factors such as the complement system, antibodies, cationic antimicrobial

peptides and phagocytes (Ben Nasr et al., 2006, Ben Nasr and Klimpel, 2008, Clay et al.,

2008, Zarrella et al., 2011). The bacterium is able to evade the binding of these factors and to

block their subsequent killing effect by using distinct surface structures (e.g.

lipopolysaccharide O antigen and capsule) and outer membrane modifications (e.g. capability

of changing the surface charge) (Jones et al., 2012). During evasion of extracellular defence

mechanisms the bacteria prevent the release of pro-inflammatory signals and enhance

opsonisation and phagocytosis by host cells (Jones et al., 2012).

The complement system is part of the innate immune system, and it is activated by

three pathways (classical, mannan-binding lectin and alternative pathways). All pathways lead

to a cascade of signalling proteins resulting in lysis or opsonophagocytosis of the pathogen

and the triggering of inflammatory responses. The three activation routes join in one key step,

where the complement factor C3 is degraded by C3 convertase to its C3b and C3a fragments,

initiating the formation of the membrane attack complex and inflammatory activities,

respectively (Janeway et al., 2001). The glycoprotein factor H (fH) is a member of the

regulators of complement activity, expressed by a variety of cell types. Factor H controls C3

convertase and serves as co-factor for factor I in the cleavage and inactivation of C3b

(Ferreira et al., 2010, Pangburn et al., 2008).
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As part of the subversion of the host’s immunity many pathogens (e.g. Borrelia hermsii,

Neisseria meningitidis, group A streptococci, Yersinia enterocolitica, Candida albicans)

developed the ability to bind fH (Biedzka-Sarek et al., 2008, Meri et al., 2013). Interactions

between F. tularensis and fH from human serum have also been described (Ben Nasr and

Klimpel, 2008).

The binding of the host’s plasmin and plasminogen to increase bacterial virulence was

described before in the case of Francisella and other pathogens (Bosio, 2011, Clinton et al.,

2010, Lahteenmaki et al., 2001). Plasminogen is converted to plasmin that can bind fibrinogen,

which was hypothesized to bind fH on the surface of Francisella (Jones et al., 2012) (Fig. 3.).

As a serine protease, plasmin bound to the cell surface can directly cleave C3 and induce

proinflammatory response (Amara et al., 2010). On the other hand, plasmin can also degrade

the opsonising antibodies, preventing antibody-mediated complement activation (Crane et al.,

2009).

Figure 3. Complement evasion by Francisella.
Factor H (H) binding on the surface of Francisella by an intermediate component (e.g. plasmin
or fibrin) inhibits directly or as a co-factor of factor I the degradation of C3 to its C3a and C3b

fragments, thus inhibiting inflammatory activities and cytolysis by the membrane attack
complex (MAC). C3bi and C3d fragments generated by the cleavage of C3 are inhibiting MAC

formation and promoting opsonophagocytosis (Jones et al., 2012).

During host-adaptation F. tularensis increases the production of several cell surface

structures including an O-antigen capsule, lipopolysaccharide O-antigen and other high

molecular weight carbohydrates (Zarrella et al., 2011). The capsule may limit the access of

antibodies to Francisella antigens, while lipopolysaccharide O-antigen may regulate the

binding of complement factors, and also subvert the production of pro-inflammatory cytokines

by bound components (Gunn and Ernst, 2007, Jones et al., 2012).
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Besides the complement system, other cationic antimicrobial peptides are present in

the extracellular compartment, which are able to disrupt the bacterial membrane due to the

difference in the surface charge (Cederlund et al., 2011). While the capsule and

lipopolysaccharide O-antigen is presumed to contribute to the evasion of these peptides,

capability of Francisella to alter the charge of its surface and to use certain efflux systems to

resist the cationic antimicrobials has already been described (Jones et al., 2012).

As an intracellular bacterium, following survival of the host’s extracellular defence

system Francisella has to contact with and enter the host cells (Fig. 4.). Host cells possess

certain pathogen recognition receptors (e.g. scavenger receptors, mannose receptors, C-type

lectins and toll-like receptors) by which they are able to detect conserved pathogen-associated

molecular patterns (Janeway and Medzhitov, 2002). Attachment with these receptors triggers

phagocytosis and inflammatory signalling contributing to the activation of the innate and

adaptive immune cells (Kawai and Akira, 2010). With its modified cell surface structures (e.g.

lipopolysaccharide and Tul4 lipoprotein) Francisella is capable to evade or suppress toll-like

receptors, which are present both on the surface and in the phagosome of the host cells

(Bosio, 2011, Jones et al., 2012). Also, upon phagocytosis the bacterium attaches to host

receptors which do not release pro-inflammatory cytokines (Bosio, 2011).

Opsonized or unopsonized Francisella is entering the host cells (preferably

macrophages) via pseudopod loops, which are asymmetrical protrusions of the cell wall

(Clemens et al., 2005). After phagocytosis Francisella stays within the phagosome called

Francisella-containing phagosome, which produces a variety of toxic antibacterials for the

disruption of bacterium cells. Francisella has a myriad of defence mechanisms (e.g. blockage

of NADPH oxidase, production of enzymes for the neutralization of oxidative burst) to prevent

killing in the Francisella-containing phagosome and release of inflammatory signals by the

host cells (Bosio, 2011, McCaffrey et al., 2010). The Francisella-containing phagosome is

maturing in the cytosol by interactions with early and late endosomal markers but it never

reaches the phagolysosomal stage (Chong and Celli, 2010). Instead, the bacteria are able to

escape from the phagosome to reach cytosol where they can replicate (except in amoebae,

where Francisella resides and replicates in vesicles) (Jones et al., 2012, Abd et al., 2003). In

the cytosol Francisella is able to replicate without activating an effective immune response,

and it can also acquire sufficient nutrients from the host cell for its growth (Jones et al., 2012).
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Figure 4. Intracellular phase of Francisella in macrophages.
After phagocytosis the Francisella-containing phagosome (FCP) is interacting with

early (EE) and late (LE) endocytic compartments, but not with lysosomes (Lys). Francisella
extensively replicates in the cytosol after disruption of the membrane of FCP, which is followed

by cell death and the release of the bacteria. In certain cases cytosolic Francisella are
encapsulated in Francisella-containing vacuoles (FCV) via autophagy (Chong and Celli, 2010).

Furthermore, while escaping from the host cell the pathogen can also modulate the

expression of genes (e.g. induction of major histocompatibility complex II degradation and

production of anti-inflammatory cytokines by antigen-presenting cells) to suppress adaptive

immunity also (Chong et al., 2008, Jones et al., 2012, Wehrly et al., 2009, Zarrella et al.,

2011).

Overall, Francisella is able to adapt to a multitude of extracellular and intracellular

compartments, thus the bacteria efficiently subvert, modulate and evade the immunity of

different hosts (Bosio, 2011, Jones et al., 2012, Zarrella et al., 2011).
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2.5. Clinical signs and pathology of tularaemia
Clinical signs of tularaemia in humans depend on the route of infection and manifest in

six main forms: glandular, ulceroglandular, oropharyngeal, oculoglandular, pneumonic and

typhoid or tularaemia septicaemia (Sjöstedt, 2007). The most common forms are the glandular

and ulceroglandular diseases as results of arthropod bites or through wounds while handling

infected animals. After an incubation period of usually 3-5 days flu-like symptoms occur (chills,

fever, headache and generalized aches), with the enlargement of regional lymph nodes. An

ulcer can form at the site of infection which may persist for several months (Ellis et al., 2002,

Evans et al., 1985, Ohara et al., 1991). Inhalation of the bacteria by contaminated aerosols or

dust, or complication of less severe forms of tularaemia can cause pneumonia (Gill and

Cunha, 1997). The most acute form is typhoidal tularaemia which is characterized by

septicaemia without lymphadenopathy or ulcers. Acute pneumonic or typhoidal forms reach

mortality rates of 30-60% (Ellis et al., 2002, Sjöstedt, 2007). In certain regions (e.g.

Scandinavia and Turkey) where drinking wells are commonly used, the oropharyngeal form of

tularaemia appears also. Drinking water can be contaminated by carcasses of infected

rodents, and these water sources might represent reservoir niche for the bacteria (Afset et al.,

2015, Karadenizli et al., 2015). Painful sore throat, enlargement of the tonsils and formation of

yellow-white pseudomembrane accompanied by swollen cervical lymph nodes occur in this

case (Ellis et al., 2002, Reintjes et al., 2002). The ingestion of the bacteria by contaminated

food or water may lead to gastrointestinal disease with persistent diarrhoea. In case of heavily

contaminated food consumption the extensive ulceration of the bowel may lead to acute fatal

disease (Ellis et al., 2002). In rare cases, when the conjunctiva is the initial site of infection

(e.g. transmission of the bacteria on the surface of the fingertips), oculoglandular tularaemia

develops and ulcers or nodules can appear on the conjunctiva, and regional lymph nodes can

also be affected (Steinemann et al., 1999).

In naturally infected animals clinical manifestations of the disease is rarely recognized,

tularaemic wild animals are easy to catch, or found moribund or dead (Friend, 2006, Mörner

and Addison 2001). Non-specific clinical signs such as depression, fever, local inflammation or

ulceration at the site of infection and swollen regional lymph nodes may be observed in

tularaemic animals (Mörner and Addison 2001). Tularaemia septicaemia manifests in highly

susceptible animals (e.g. small rodents) with sudden death (Gyuranecz et al., 2010a, 2012c).

The house mouse (Mus musculus) is extremely sensitive to tularaemia; even the attenuated F.

tularensis ssp. holarctica LVS can produce lethal infection in this host (Chen et al., 2004,

Elkins et al., 2003, Jones et al., 2012). In domestic animals, tularaemia was described to

cause late-term abortions in ewes and death of lambs, and the ulceroglandular form was

reported in cat (O’Toole et al., 2008, Valentine 2004, Woods 1998). Cattle (Bos taurus) are
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relatively resistant to the infection; they probably get infected by blood-sucking arthropod bites

and seroconvert but do not develop symptoms (Mörner and Sandstedt, 1983; Feldman, 2003).

In experimental infections of rats with Francisella the main clinical signs were weight loss,

ptosis of the eyelids, ruffled fur, ataxia and laboured breathing (Wu et al., 2009).

Pathological findings of tularaemia depend on the affected animal species and

sometimes on the geographic origin (Maurin and Gyuranecz, 2016). Acute course of the

infection results septicaemia, congestion and haemorrhagic lesions and enlargement of the

spleen and liver with multifocal coagulation necrosis in multiple organs (Decors et al., 2011,

Gyuranecz et al., 2010a, Kemenes, 1976, Mörner, 1994, Rijks et al., 2013) (Fig. 5.). In the

case of subacute infection in moderately susceptible species granulomatous lesions in the

affected organs (lung, pericardium, kidney, etc.) are observed (Gyuranecz et al., 2010b) (Fig.

6.). Pathological findings in tularaemic European brown hare (L. europaeus), reservoir species

for the pathogen in Central Europe, differ according to the origin of hares. Acute pathological

changes and septicaemia were usually described in hares died of tularaemia in France, The

Netherlands and in Italy, while lesions of subacute disease were described in this species in

Hungary (Decors et al., 2011, Gyuranecz et al., 2010b, Rijks et al., 2013).

Figure 5. Splenomegaly and congestion in European brown hare with acute tularaemia,
infected with B.FTNF002-00 genotype strain (Photos kindly provided by Massimo Fabbi)

Figure 6. Yellowish-white foci in the lung (black arrow), pericardium and kidneys of European
brown hare with sub-acute tularaemia, infected with B.12 genotype strain (Gyuranecz et al.,

2010b)



23

2.6. Diagnosis, management and control of disease
For the diagnosis of tularaemia in humans compatible epidemiologic or clinical data

and positive serological test are required (Hepburn and Simpson, 2008, WHO, 2007, Tärnvik

and Chu, 2007). Events in the history of the patients of close contact with wild animals,

especially with hares or small rodents (e.g. hunters, veterinarians, hikers or small mammal

trappers and skinners), arthropod bites, drinking from natural water sources, inhalation of

contaminated dust or aerosol (e.g. dust from hay contaminated by the urine of small rodents)

are suspicious for tularaemia infection. The most frequently used serological tests are the tube

or microagglutination test, slide agglutination test and the indirect immunfluorescent assay, but

enzyme-linked immunosorbent assays and Western blot assays have also been developed

(Hepburn and Simpson, 2008, WHO, 2007, Tärnvik and Chu, 2007). Cross reactions with

Brucella abortus, B. melitensis, B. suis, Legionella spp. and Yersinia spp. could occur in

serological examinations (WHO, 2007). As antibodies against Francisella are usually

detectable after 1-2 weeks of the first clinical signs, serological tests in the early phase of the

disease often give negative results (Maurin et al., 2011).

Animal carcasses with suspected tularaemia infection should be handled with care and

in biosafety level 2 or 3 conditions, as the bacteria are highly contagious (OIE, 2008, Sewell,

2003). Diagnosis from the carcasses is usually based on pathological findings and the

detection of F. tularensis from the tissue samples. The routine diagnostic tests such as direct

and indirect fluorescent antibody tests and immunohistochemical (IHC) assays are useful tools

for the detection of F. tularensis (Karlsson et al., 1970; Zeidner et al., 2004, OIE, 2008).

The criteria for definition of a confirmed tularaemia case is paired serum samples with

significant difference (by enzyme-linked immunosorbent assay or tube or microagglutination

test) in titer and at least one positive serum. The isolation and identification of F. tularensis in

culture by antigen or DNA detection also confirms the infection, according to the World Health

Organisation (2007).

F. tularensis is highly fastidious; it requires amino-acid enriched media for its growth

and primary isolation might be difficult due to overgrowth by other bacteria. In suspected cases

penicillin, polymixin B and cycloheximide can be added to the medium, or the inoculation of

mice with the homogenate of the sample as a first passage is recommended (WHO, 2007).

Francis medium (peptone agar with cysteine, glucose and rabbit, horse or human blood),

McCoy and Chapin medium (egg yolk and normal saline solution, heated to 75ºC), modified

Thayer-Martin agar (glucose cysteine agar with haemoglobin and Iso VitaleX /Becton,

Dickinson and Company, Franklin Lakes, NJ/), cysteine enriched chocolate agar and cysteine

heart agar with chocolate blood are recommended for culturing Francisella (WHO, 2007).

Colonies of the bacteria are small, greyish-white and round and appear after 24-48 hours of
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incubation at 37ºC (OIE, 2008). Some species and subspecies within the family

Francisellaceae could be differentiated based on their biochemical characteristics, e.g. F.

tularensis does not show oxidase activity, while F. philomiragia gives positivity, or F. tularensis

ssp. tularensis is able to ferment glycerol while the holarctica subspecies is not (WHO, 2007).

Several molecular techniques have been designed for the detection, classification and

typing of members of the Francisellaceae family with distinct levels of resolution (Keim et al.,

2007). Conventional polymerase chain reactions (PCR) and real-time PCRs targeting specific

regions or genes of Francisella (including the 16S rRNA, the insertion sequence ISFTu2, 17

kDa surface lipoprotein coding tul4 and lpnA genes, a putative succinate dehydrogenase locus

sdhA, a 23kDa protein coding gene and an outer membrane protein coding fopA gene) were

designed for the detection of the bacteria (Barns et al., 2005). Although initial attempts for the

detection of tularaemia based on conventional PCR amplification have led to the

misidentification of FLEs and F. tularensis, the comparison of the sequences of the target

genes or the use of more specific real-time PCR based methods can resolve this problem

(Escudero et al., 2008, Kugeler et al., 2005, Versage et al., 2003).

Differential diagnosis of tularaemia involves bacterial infections (Y. pestis, Y.

pseudotuberculosis, B. anthracis, mycobacteriosis, staphylococcosis, streptococcosis,

pasteurellosis and brucellosis), viral infections (HIV, Hantavirus), parasites (toxoplasmosis,

Capillaria hepatica, ascarid nematodes, larval cestodes) and lymphoma (Mörner and Addison

2001, WHO, 2007).

F. tularensis is a category A priority pathogen, a potential bioweapon, and the disease

is to be reported to the World Animal Health Information Database

(http://www.oie.int/wahis_2/public/wahid.php/Wahidhome/Home) (WHO, 2007). The

identification of environmental sources of the pathogen is essential in the control of tularaemia

(Svensson et al, 2009b). In endemic areas the monitoring of wild animals (e.g. small rodents,

wild boars), blood-sucking arthropods and water sources for the bacteria provides information

for local public authorities and serves as basis for certain precautions in affected regions

(Friend, 2006, WHO, 2007, Otto et al., 2014). The spreading of the bacteria is difficult to

control, as Francisella has wide host range and complex ecology (Friend, 2006). At present,

there is no licensed vaccine against the pathogen, although LVS has been used as

investigational vaccine in humans worldwide (Sandström, 1994). The prevention of human

tularaemia cases consists of limitation of contact with vectors and reservoirs of the bacteria

such as avoiding direct contact with lagomorphs, rodents and other potentially infected

animals or the use of repellents against blood-sucking arthropods (Maurin and Gyuranecz,

2016).
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2.7. Treatment
The treatment of human tularaemia cases generally consists of aminoglycosides

(streptomycin and gentamicin), quinolones (e.g. ciprofloxacin) and tetracyclines (e.g.

doxycycline) (Bossi et al., 2004, Hepburn and Simpson, 2008, WHO, 2007). In Hungary, the

first-line antibiotics in the treatment of tularaemia are aminoglycosides (streptomycin and

gentamicin), while ciprofloxacin and chloramphenicol are recommended in post-exposure

prophylaxis according to the National Centre of Epidemiology, Budapest (Herpay et al., 2011).

The aminoglycosides streptomycin and gentamicin have bactericidal effect by the

inhibition of protein synthesis on the 30S ribosomal subunit, but these antimicrobials are

ototoxic and nephrotoxic in humans, thus their use is recommended in the severe forms of

tularaemia only (Johansson et al., 2002, Maurin and Gyuranecz, 2016). In the therapy of

tularaemic patients streptomycin was proved to be highly effective with very low relapse rates

(Enderlin et al., 1994). Gentamicin is generally used in patients with systemic tularaemia, in

pregnant women and in children via intravenous administration for 10 days, although relapses

occur more often with its use than with the administration of streptomycin (Kaya et al., 2012,

Risi et al., 1995).

In mild to moderate cases of tularaemia the first choices for antibiotic therapy are

quinolones and tetracyclines. Quinolones have bactericidal effect by the inhibition of a DNA-

girase enzyme and they reach high concentrations in macrophages, but they may have

fetotoxic side effects in pregnant women and they may induce musculoskeletal damage in

young children (Hooper, 1999, Johansson et al., 2000, Memish and Mah, 2003). Tetracyclines

have bacteriostatic effect by the inhibition of protein synthesis on the 30S ribosomal subunit,

and they may induce severe side effects in children younger than 8 years old (permanent

staining of developing teeth) and in pregnant women (affecting the development of teeth and

bones in the fetus) (Ahmad et al., 2010, Maurin and Gyuranecz, 2016, Urich and Petersen,

2008). Administration of quinolones (preferably ciprofloxacin) and tetracyclines (generally

doxycycline) may require 2-3 weeks for the treatment of tularaemia, but in advantage of

aminoglycosides these antibiotics are taken orally (Bossi et al., 2004, WHO, 2007). Delayed

diagnosis and treatment or suppurated lymphadenopathies may promote treatment failure and

relapses with the use of quinolones and tetracyclines (Hepburn and Simpson, 2008, Maurin et

al., 2011, Maurin and Gyuranecz, 2016, Pérez-Castrillón et al., 2001).

In tularaemia meningitis the administration of chloramphenicol (in combination with

streptomycin) is recommended (Hofinger et al., 2009). Chloramphenicol has bacteriostatic

effect by inhibition of protein synthesis on the 50S ribosomal subunit, and due to its severe

side effects on the bone marrow, it is used only in exceptional cases (Enderlin et al., 1994,

Griffin et al., 2010).
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Considering the side effects of several antibiotics used in the therapy of tularaemia,

especially in young children and pregnant women, the benefit of finding alternative drugs for

the treatment with less severe side effects is evident. Moreover, therapy of patients with acute

severe or chronic suppurative forms needs improvement (Boisset et al., 2014). Although

naturally acquired resistance in F. tularensis to the antibiotics used in the common therapy

have not been reported, the bacteria’s efflux systems – which effectively protect the agent

from the host’s antimicrobial peptides – could potentially adapt to antibiotics developing

resistance in the pathogen (Bina et al., 2008, Gil et al., 2006). According to the Clinical and

Laboratory Standard Institute (CLSI), antibiotic susceptibility examinations should be

performed by broth microdilution tests, determining minimum inhibitory concentrations (MIC) in

supplemented Mueller-Hinton broth (CLSI, 2009). MIC value is the lowest concentration of the

antibiotics that could still inhibit the growth of the bacteria. In brief, bacteria suspension of 0.5

MacFarland turibidity in physiological saline solution is diluted with Mueller-Hinton broth,

containing distinct concentrations of the examined antibiotics. MIC values are determined after

incubation for 48 hours at 35±2˚C (CLSI, 2009). Alternatively, the use of MIC test strip on solid

medium has been proposed, as a reliable, easy to perform and repeatable assay (Ikäheimo et

al., 2000, Tomaso et al., 2005, Valade et al., 2008). Antibiotic susceptibility examinations in

eukaryotic cell models were evaluated also, in order to detect the intracellular activity of

antimicrobials against F. tularensis (Maurin et al., 2000, Sutera et al., 2014).

F. tularensis produces class A beta-lactamase, which makes the bacteria resistant to

most beta-lactam antibiotics (Antunes et al., 2012). The pathogen is also resistant to

cefalosporins (with few exceptions), and the use of macrolides should be considered upon the

epidemiology of the Francisella strains, as biovar II F. tularensis ssp. holarctica strains

predominant in Northern, Central and Eastern Europe are resistant to erythromycin (García del

Blanco et al., 2004, Georgi et al., 2012, Hepburn and Simpson, 2008, Ikäheimo et al., 2000,

Tärnvik and Chu, 2007, Tomaso et al., 2005, Yesilyurt et al., 2011). There are also differences

in the effectiveness of macrolides against type A F. tularensis ssp. tularensis and biovar I F.

tularensis ssp. holarctica strains, as in vitro examinations showed higher effectiveness of

azithromycin (azalides) and telithromycin (ketolides) against the pathogen than erythromycin

(Ahmad et al., 2010, Gestin et al., 2010, Maurin et al., 2000). Moreover, azythromycin was

recommended for alternative therapeutic use in pregnant women with mild tularaemia in

regions where erythromycin sensitive strains are dominant (e.g. Western Europe and North

America) (Dentan et al., 2013, Boisset et al., 2014). Although rifampicin in vitro is generally

effective against Francisella, its use is recommended in combination with other drugs because

of the possible resistance acquired by the pathogen during monotherapy (Ikäheimo et al.,

2000, Tomaso et al., 2005, Yesilyurt et al., 2011). The effectiveness of linezolid (an antibiotic

of good activity against Gram-positive pathogens including Mycobacterium species, with
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potential of intracellular penetration) against Francisella was described in vitro on solid

medium and in cell cultures. In cell cultures lower antibiotic concentrations (~1 mg/L) were

sufficient for the inhibition of bacterial growth than on solid media (0.5-8 mg/L) (Sutera et al.,

2014, Yesilyurt et al., 2011). The efficacy of a glycylcycline antibiotic, tigecycline was also

examined, as its ability to reach high intracellular concentrations in macrophages and

neutrophils made it an interesting alternative drug against intracellular bacteria (George,

2005). The low MIC values of tigecycline against Francisella determined in a study in Turkey

indicate that this antibiotic might have potential in the therapy of tularaemia (Yesilyurt et al.,

2011).

Antibiotic susceptibility examinations of F. tularensis in Hungary were carried out in

1972 by disc diffusion method. The examined 22 Francisella strains showed susceptibility to

the aminoglycosides streptomycin, gentamicin, neomycin, kanamycin and paromomycin, to

chloramphenicol, tetracycline and novobiocin and most strains were also susceptible to

pristinamycin. The resistance of the strains was determined in the case of penicillines

(penicillin, meticillin, oxacillin, ampicillin and carbenicillin), polypeptide antibiotics (polymyxin B,

colistin and nystatin), macrolides (erythromycin, oleandomycin and spiramycin) and

vancomycin (Kemenes and Füzi, 1972).
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3. Aims of the study

The aims of the study were:

Ad 1. to investigate the occurrence and prevalence of F. tularensis and FLEs in

ticks in Hungary and Ethiopia, and to reveal the genetic variability of the described FLEs;

Ad 2. to determine the genetic characteristics of F. tularensis ssp. holarctica

strains originating from Hungary with high resolution molecular methods, including canSNP

typing, MLVA and WG sequencing;

Ad 3. to compare the complement sensitivity of F. tularensis ssp. holarctica

strains with different genetic background in the sera of the highly sensitive house mouse,

moderately sensitive European brown hare and the resistant cattle, and to discover host-

pathogen interactions for immune evasion, especially the binding of fH by F. tularensis ssp.

holarctica in these animal hosts;

Ad 4. to compare the pathogenicity of F. tularensis ssp. holarctica strains from

the two dominant genetic clade (B.FTNF002-00 and B.12) endemic in Europe in artificial

infection experiments of rats;

Ad 5. to characterize the in vitro antimicrobial susceptibility profile of the

Hungarian F. tularensis ssp. holarctica strains to antibiotics that could potentially be used in

clinical therapy.
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4. Materials and methods

4.1. Francisella tularensis ssp. holarctica strains
Sixty six F. tularensis ssp. holarctica strains were isolated from European brown hares

from six counties (Bács-Kiskun, Békés, Csongrád, Győr-Moson-Sopron, Hajdú-Bihar and

Jász-Nagykun-Szolnok) of Hungary between 2009 and 2010 and were kindly provided by

Miklós Gyuranecz. Further three strains originated from zoo monkeys died in tularaemia

outbreaks in Szeged zoo. In 2003 a patas monkey (Erythrocebus patas) and a vervet monkey

(Chlorocebus aethiops) died of tularaemia and in 2014 a red-handed tamarin (Saguinus

midas) succumbed to the infection (Fig. 7.). Two western European strains were kindly

provided by Pedro Anda from Spain and Massimo Fabbi from Italy. The live vaccine strain

(LVS, NCTC 10857) was also included in the examinations (Table S1).

Isolation of the strains was performed according to Gyuranecz et al. (2010c). Lung and

kidney samples of the animals were homogenized with physiological saline solution and

injected subcutaneously to NMRI (Naval Medical Research Institute) mice (Charles Rivers

Laboratories International, Inc., Research Models and Services, UK). Artificial infection of the

animals were in accordance with all national and institutional regulations (permit number:

22.1/2703/003/2009), approved by the ethics committees of the Institute for Veterinary Medical

Research. After 7-10 days of the injection the mice died of the infection without showing

exacerbated clinical signs. Heart blood and bone marrow samples of the mice were inoculated

on modified Francis agar (sheep blood chocolate agar with 1% D-glucose and 0.1% cysteine

/Sigma-Aldrich Co. LLC, St. Louis, MO/). Plates were incubated at 37°C with 5% CO2

atmosphere for 2-4 days and checked daily.
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Figure 7. Geographic origin and hosts of 69 Francisella tularensis ssp. holarctica
strains included in the examinations.

The size of circles is in correlation with the number of strains (n) originating from the
same county. Animal icons representing host species (brown hares and zoo monkeys).

4.2. Sample collection

Ticks were collected from the environment and from animal hosts in three periods and

their DNA were kindly provided by Sándor Hornok and Miklós Gyuranecz. Questing ticks were

collected by the dragging-flagging method from 39 different sites of 15 counties (in fringes of

pastures on bushy hillsides, fringes of meadows and wide paths in mountain forests and

lowland areas) in Hungary between 2007 and 2009 from March until October each year. Ticks

removed from common hamsters (Cricetus cricetus) and dogs in the same time period were

also included in the examinations. In spring of 2011 migratory birds (n=1786) were mist-netted

at the Ócsa Ringing Station (Duna-Ipoly National Park, Hungary) and were checked for the

presence of hard ticks. In 2012 ticks were collected from cattle grazing on moist highland or

savannah lowland in Didessa valley, south-western Ethiopia. Identification of the ticks were

carried out by microscopy on the basis of their morphology and by species specific PCRs

(Babos, 1964, Caporale et al., 1995, Hoogstraal, 1956, Rees et al., 2003, Rumer et al., 2011).
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4.3. Molecular methods

4.3.1. DNA extraction from bacteria and ticks

From each F. tularensis ssp. holarctica strain cultured on modified Francis agar one

colony was submitted for DNA extraction using the manufacturer’s protocol for Gram-negative

bacteria of the QIAmp DNA Mini Kit (Qiagen Inc., Valencia, CA).

In the case of the ticks collected in Hungary between 2007 and 2009, pools of 10 or

fewer ticks (when less than 10 individuals remained) were formed according to their collection

date, species, sampling location, developmental stage and gender. The DNA of the ticks

originating from migratory birds was extracted either individually or in pools (of 2-7 specimens)

separated according to the ticks’ hosts, species and developmental stages (Table S2).

Ethiopian ticks were submitted for DNA extraction individually. DNA was extracted from the

ticks with the QIAmp DNA Mini Kit (Qiagen) (Table S2) in the year of collection and was stored

at -20°C. Prevalence rates were calculated from PCR results of individual samples. For

pooled ticks, the minimum prevalence was determined from the number of positive pools,

expressed as the percentage of all evaluated tick individuals of the same species (provided

that there must have been at least one PCR-positive specimen in each PCR-positive pool).

4.3.2. Polymerase chain reactions for the detection of
Francisellaceae species

Francisellaceae specific conventional PCRs were performed for the detection of F.

tularensis and FLEs in ticks targeting the 16S rRNA gene, the tul4 gene (coding a 17 kDa

membrane lipoprotein) and the putative succinate dehydrogenase (sdhA) locus (Barns et al.,

2005, Long et al., 1993, Sjöstedt et al., 1997).

For the discrimination of F. tularensis ssp. holarctica genotypes B.FTNF002-00 and

B.12 the RD23 region was amplified. B.FTNF002-00 genotype contains the RD23 deletion

thus the size of the amplicon is 1380 bp in this case, while from other Francisella species a

2970 bp amplicon is produced in this assay (Dempsey et al., 2007).

All conventional PCRs were performed in a Biometra–T Personal thermal cycler

(Biometra, Analytik Jena AG, Germany). After amplification, 5 μl of each sample was loaded

in 1% agarose gel containing GR Safe Nucleic Acid stain (Lab Supply Mall, InnoVita Inc.,

Gaithersburg, MD) for electrophoresis and visualized in UV light.
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For the specific detection of F. tularensis fragment of the tul4 gene was amplified using a

real-time TaqMan PCR system (Versage et al., 2003). PCR amplifications were performed on

a StepOnePLus real-time instrument (Applied Biosystems, Foster City, CA). According to the

original description the detection limit of this assay is 1 CFU (Versage et al., 2003).

Primer pairs used in the reactions and predicted size of the amplicons are listed in

Table 2. Reaction mixtures and programs are presented in Table 3.

Table 2. Primers used in the PCRs and predicted size of the amplicons

target gene primer ID primer sequence (5' → 3') size

a16S rRNA Fr153F GCC CAT TTG AGG GGG ATA CC 1020 bp
Fr1281R GGA CTA AGA GTA CCT TTT TGA GT

btul4 FT-393 ATG GCG AGT GAT ACT GCT TG 250 bp
FT-642 GCA TCA TCA GAG CCA CCT AA

ctul4 TUL4-435 GCT GTA TCA TCA TTT AAT AAA CTG CTG 400 bp
TUL4-863 TTG GGA AGC TTG TAT CAT GGC ACT

asdhA SdhF AAG ATA TAT CAA CGA GCK TTT 344 bp
SdhR AAA GCA AGA CCC ATA CCA TC

dRD23
RD23F GTC TTG TTG AGC AAA TGC CC 1380 bp

or
2970 bpRD23R CGG AGC AGG CTT AAA TAG TGA

etul4
Tul4F ATT ACA ATG GCA GGC TCC AGA

100 bpTul4R TGC CCA AGT TTT ATC GTT CTT CT

Tul4P FAM-TTC TAA GTG CCA TGA TAC AAG CTT
CCC AAT TAC TAA G-BHQ

aBarns et al., 2005
bLong et al., 1993
cSjöstedt et al., 1997
dDempsey et al., 2007
eVersage et al., 2003
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Table 3. Reaction mixtures and PCR programs used in the study.

Reagents
Francisellaceae specific PCR

(Volumes /µl/ for 1 sample)
Francisella specific PCR
(Volumes /µl/ for 1 sample)

16S rRNAa tul4b,c sdhAa RD23d tul4e

MilliQ water (EMD Millipore, Merck
Millipore, Billerica, MA) 10.45 11.55 12.55 12.05

5x Green GoTaq Flexi Buffer
(ThermoFisher Scientific, Waltham, MA) 5 5 5 5

25mM MgCl2 (ThermoFisher Scientific) 2.5 2.5 2.5 2

10mM dNTP (ThermoFisher Scientific) 0.75 0.75 0.75 0.75

forward primer (10pmol/ µl) 2 2 1 2

reverse primer (10pmol/ µl) 2 2 1 2
GoTaq Polymerase (5 unit/µl)
(ThermoFisher Scientific) 0.3 0.2 0.2 0.2

Sample DNA 2 1 2 1

Total volume 25 25 25 25

MilliQ water (EMD Millipore) 6.9
AmpliTaq Gold Buffer (Applied
Biosystems) 1.25

25mM AmpliTaq Gold MgCl2 (Applied
Biosystems) 1.25

10mM dNTP (ThermoFisher Scientific) 0.5

forward primer (10pmol/ µl) 0.5

reverse primer (10pmol/ µl) 0.5

probe (10pmol/ µl) 0.5
AmpliTaq Gold Polymerase (5 unit/µl)
(Applied Biosystems) 0.1

Sample DNA 1

Total volume 11

PCR program

denaturation 95°C - 5' 95°C - 5' 94°C - 5' 95°C - 2.5' 94°C - 10'
number of
cycles 45 40 40 45 45

denaturation 95°C - 1' 95°C - 30'' 94°C - 30'' 95°C - 30'' 95°C - 15''

primer annealing 60°C - 1' 56°C - 1' 56°C - 45'' 64°C - 1' 60°C* - 30''

extension 72°C - 1' 72°C - 1' 72°C - 1' 72°C - 1' 72°C - 20''

final extension 72°C - 5' 72°C - 5' 72°C - 5' 72°C - 5'
aBarns et al., 2005; bLong et al., 1993; cSjöstedt et al., 1997; dDempsey et al., 2007;
eVersage et al., 2003

4.3.3. Sanger sequencing and phylogenetic analyses of target genes

Amplicons of 16S rRNA, tul4 gene and sdhA gene based PCRs were extracted from

agarose gel and direct cycle sequencing was performed with the primers used for amplification

on ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems). Nucleic acid databases

were searched using the BLASTN program in GenBank. The reading errors of the

chromatograms were corrected and alignments (16S rRNA, 1025 bp; tul4, 188 bp; sdhA, 270

bp) of the obtained DNA sequences were performed with programs of the Lasergene package
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(DNASTAR Inc., Madison, WI). JModeltest was used to identify nucleotide substitution models

best fitting for all groups of sequences (Posada, 2008). Based on Akaike information criterion

the Tamura–Nei 1993 model was chosen for further analysis from a range of models that

possessed a 100% confidence interval, built on the models’ cumulative weight gained during

the calculations (Posada, 2008). Phylogenetic analysis was conducted with the neighbor-

joining method using the maximum composite likelihood model (equivalent with Tamura–Nei

1993 model) and 1000 bootstraps in MEGA5 software (Tamura et al., 2011).

4.3.4. Genotyping of the Hungarian F. tularensis ssp. holarctica
strains

The canSNP typing of 70 F. tularensis ssp. holarctica strains (69 isolates from Hungary

and the LVS) was performed using 14 primer sets in melt analysis of mismatch amplification

mutation assays (melt-MAMA) (Chanturia et al., 2011, Gyuranecz et al., 2012a, Vogler et al.,

2009a) (Table S3). The melt-MAMA is based on competing allele specific primers, which are

distinguished by a 15-19 bp GC-clamp at the 5’end. The SNPs are identified by the melting

temperature (Tm) of the amplicons on a real-time PCR platform (Applied Biosystems

StepOnePlus real-time PCR system, StepOne Software v2.2.2 ) (Birdsell et al., 2012). Primers

used in the reactions are listed in Table S3. The reaction mixture and program are presented

in Table 4. The Tm of the amplicons was measured in a melt curve by ramping from 60°C to

95ºC with increment of 0.3 ºC/min.

The MLVA of the F. tularensis ssp. holarctica strains was performed by using 11 primer

pairs to further resolve genetic relationships within subclades determined by canSNP typing

(Vogler et al., 2009b) (Table S4). This MLVA uses genome markers with repeat unit sizes

between 5-23 bp, and the genetic analysis is based on the strains’ profiles resulted from the

number of repeat units on each examined loci. Primers used in the reactions are listed in

Table S4. The reaction mixture and program are presented in Table 4. The PCR was

performed in a Biometra–T Personal thermal cycler (Biometra). Fragment analysis of the

amplicons was performed on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) and

results were analyzed with Peak ScannerTM Software v.1.0 (Applied Biosystems).

The evolutionary relatedness among the allelic profiles of the strains was examined

with neighbour-joining algorithm in MEGA5 software (Tamura et al., 2011).
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Table 4. Reaction mixtures and PCR programs used for genotyping

Reagents canSNP
(Volumes /µl/ for 1 sample)

MLVA
(Volumes /µl/ for 1 sample)

MilliQ water (EMD Millipore) 4.37-4.67 10.8-15
5x Colorless GoTaq Flexi Buffer

(ThermoFisher Scientific) 3 5

25mM MgCl2 (ThermoFisher Scientific) 1 2
10mM dNTP (ThermoFisher Scientific) 0.5 0.8

EvaGreenTM dye (Biotium Inc., Hayward, CA) 0.5
primers (10pmol/ µl) according to Table S3 according to Table S4

GoTaq Polymerase (5 unit/µl)
(ThermoFisher Scientific) 0.08 0.2-0.4

Sample DNA 1 1
Total volume 10 25

PCR program
denaturation 95°C - 10' 94°C - 5'
number of cycles 40 35

denaturation 95°C - 15'' 94°C - 30''
primer annealing 60°C* - 1' 58°C - 30''
extension 72°C - 30''

extension 72°C - 5'

melt curve 60-95°C
0.3°C/min

4.3.5. Whole genome sequencing

To further resolve phylogenetic structure of Hungarian isolates the sequencing of the

WG of nine Hungarian strains was performed. The diverse selection of strains was based on

the year of isolation, geographic origin and host (Table S1). WG sequencing was

accomplished by sequence-by-synthesis next-generation sequencing technology on MiSeq

desktop sequencer (Illumina Inc., San Diego, CA) in the Swedish Defence Research Agency

(FOI, Umea, Sweden). The library for the samples was prepared according to the

manufacturer’s instructions by Nextera XT DNA Library Prep Kit (Illumina). After the

tagmentation of the DNA of the samples, each DNA library was marked with commercial index

primers. The DNA libraries were then normalized and pooled for cluster generation and

sequencing. Image analysis for base calling and alignments were performed with ABySS

sequence assembler and based on previous publications (Craig et al., 2008, Simpson et al.,

2009).
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4.4. Complement sensitivity assay
Complement sensitivity of different genotypes of F. tularensis ssp. holarctica strains

(B.FTNF002-00 and B.12) was compared using sera of selected animal hosts. Francisella

strains originated from Spain and Italy (strain IDs: Ft6 and 21581/2006, respectively;

B.FTNF002-00 genotypes) and Hungary (strain ID: FTH24/08; B.12 genotype). The attenuated

LVS (B.12 genotype) was included in the examinations also. Sera of NMRI mice (Charles

River Laboratories), European brown hares and cattle (Holstein-Friesian breed) were used to

represent hosts that are highly or moderately (reservoir) sensitive or resistant to tularaemia,

respectively. The sera were collected from healthy individuals (mouse, n=30; hare, n=10;

cattle, n=10) in accordance with all national and institutional regulations (permit number:

22.1/2703/003/2009). All sera were negative for antibodies against F. tularensis by slide and

tube agglutination tests (Bioveta Inc., Ivanovice na Hané, Czech Republic). None of the

animals were under antibiotic therapy during sampling, and sera were filtered through a 0.2

μm filter (Minisart NML, Sartorius AG, Göttingen, Germany) before use.

For the complement sensitivity assay F. tularensis ssp. holarctica strains were cultured

in filtered (0.2 μm pore size, Minisart NML), modified brain-heart infusion (BHI) medium,

containing 0.1% L-cysteine and 1% D-glucose (Sigma-Aldrich). An amount of 200 μl of four-

day-old bacterium culture of adjusted cell numbers (300 bacterial cells in 10 μl BHI) was

incubated together in 1:1 dilution with each serum at 37 °C for 4 h. Heat-inactivated sera (30

min at 56 °C) were used as inactive complement control. Each examination included a live cell

control from the broth culture of the examined Francisella strains and a dead cell control from

gentamicin- (100 μg/ml; Sigma-Aldrich) killed bacteria from each strain. After incubation, cells

were stained with propidium iodide (adding 1 μl propidium iodide /Sigma-Aldrich/ to 50 μl broth

culture and incubating for 8 min at room temperature with constant shaking) and examined by

flow cytometry and fluorescent microscopy.

The analyses were run on a Fluorescence Activated Cell Sorting single-laser flow

cytometer (Becton, Dickinson and Company). Events were counted in the list mode for one

minute, with 10 μl/min sample fluid flow rate. Live and dead cell controls were analysed first to

construct the gates. For the discrimination and enumeration of live and dead cells, gates were

read on the logarithmically amplified FL-2 vs. FL-3 fluorescence dot plot. Data were analysed

using the WinMDI software (Windows Multiple Document Interafce for Flow Cytometry,

Version 2.8, The Scripps Research Institute, La Jolla, CA).

Examinations were carried out in triplicates on each sample and the mean values were

used in the evaluations.
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4.5. Proteomic methods

4.5.1. Gaining whole cell lysates

Whole cell lysates of F. tularensis ssp. holarctica strains originating from Spain, Italy

and Hungary (strain IDs: Ft6, 21581/2006 and FTH24/08, respectively) and of LVS were

extracted for proteomic examinations. Bacterial cells in broth cultures were centrifuged (15 min

at 5500 rpm at 4 °C), then treated with 1% protease inhibitor cocktail (ProteoBlock Protease

Inhibitor Cocktail, Thermo Fisher Scientific), and after sonication whole cell lysates were

obtained from the supernatant of the centrifuged (30 min at 13,000 rpm at 4 °C) samples.

4.5.2. Membrane protein extraction

Membrane proteins of F. tularensis ssp. holarctica strains originating from Spain, Italy

and Hungary (strain IDs: Ft6, 21581/2006 and FTH24/08, respectively) and of LVS were

extracted for proteomic examinations. Membrane proteins were gained from whole cell lysates

using the Proteojet Membrane Protein Extraction kit (Thermo Fisher Scientific) according to

the manufacturer’s instructions. Membrane proteins of each F. tularensis strain were run in

polyacrylamide gels (6% spacing gel and 10% resolving gel) and transferred to nitrocellulose

membranes (0.45 μm pore size, Thermo Fisher Scientific) by electroblotting (2 h at 200 V,

XCell SureLock Electrophoresis Cell, Invitrogen, Carlsbad, CA).

4.5.3. Western blot assay

Western blot assays were performed for the detection of possible interactions between

animal host fH and Francisella. Interactions between F. tularensis ssp. holarctica strains of

different genotypes (B.FTNF002-00 and B.12) and the sera of selected animal hosts of distinct

susceptibility to the pathogen (mouse, hare and cattle) were examined. The same sera were

used for Western blots as were for the complement sensitivity assays. Francisella strains

originated from Spain and Italy (strain IDs: Ft6 and 21581/2006, respectively; B.FTNF002-00

genotypes) and from Hungary (strain ID: FTH24/08; B.12 genotype). The attenuated LVS

(B.12 genotype) was included in the examinations also.

Bacterial membrane proteins of the Francisella strains were blocked in 2% SMTTBS

(2% skim milk in 0.05% Tween-20 Tris-Buffered Saline /Sigma-Aldrich/) for 1 h, then incubated

with the sera of animal hosts for 2 h at room temperature. For the detection of possible

interactions between membrane proteins and the complement regulator fH, nitrocellulose
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membrane bound proteins were incubated for 1 h with polyclonal primary antibody of goat

(concentration 1:200 in 0.5% SMTTBS; anti-factor H, Abcam PLC, Cambridge, UK) and for 1 h

with rabbit anti-goat HRPO (horseradish peroxidase; concentration 1:50,000 in 0.5% SMTTBS;

Sigma-Aldrich) secondary antibody. After a final step of 5 min incubation with SuperSignal

West Pico Chemiluminescent Substrate (Thermo Fisher Scientific), the chemiluminescence of

the samples was measured with a blot scanner (LI-COR C-DiGit, LI-COR Biotechnology,

Lincoln, NE).

Membrane proteins of B. hermsii were incubated together with serum of mouse and the

antibodies described above for use as positive control (Bhide et al., 2009). B. hermsii binds fH

with its 20 kDa protein, FhbA.

4.5.4. Pull-down assay

Pull-down assays were performed to show possible interactions between host and

pathogen proteins. Interactions between F. tularensis ssp. holarctica strains of different

genotypes (B.FTNF002-00 and B.12) and the sera of selected animal hosts of distinct

susceptibility to the pathogen (mouse, hare and cattle) were examined. The same sera and

bacterium strains were used for pull-down assays as were for the Western blots.

Protein G binding agarose beads (20 μl/sample; Abcam PLC) were washed with

radioimmunoprecipitation assay (RIPA) buffer (Abcam PLC) three times by vortexing the

beads in 300 μl buffer and then centrifuged for 1 min at 10,000 rpm, supernatants were

discarded. Then goat antibodies (7.4 μl/sample; anti-factor H, Abcam PLC) were conjugated to

the surface of the beads by incubation at 4°C for 1 h with continuous shaking in the presence

of protease inhibitor (0.5 μl; ThermoFischer Scientific). After incubation, beads were washed

three times with RIPA buffer. Sera were prepared for conjugation by centrifugation at 15,000

rpm for 5 min. Supernatants of the sera were then diluted (1:1) in RIPA buffer and added to

the beads in 1:5 or 1:10 concentrations. Sera and protein G bound goat anti-factor H

antibodies were incubated for 1 h at 4°C with continuous shaking. After incubation the beads

were washed three times with RIPA buffer, supernatants were discarded. Preparation of

Francisella whole cell lysates was performed by centrifugation at 15,000 rpm for 5 min.

Supernatants of the whole cell lysates were then diluted (1:1) in RIPA buffer and added to the

beads in 1:5 or 1:10 concentrations. After incubation for 1 h at 4°C with continuous shaking,

beads were washed three times in RIPA buffer and supernatants were discarded. Finally,

glicin HCl (60 μl/sample; Abcam PLC) of pH 2.7 was added to the beads to release protein-

complexes and vortexed for 15 min. Acidity was neutralized by adding tris HCl (4.1 μl; Abcam

PLC) of pH9. After centrifugation of the samples for 1 min at 10,000 rpm, supernatants were

taken and dried completely with Savant SpeedVac Concentrator (Thermo Fisher Scientific)
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(53°C at 878 rpm in vacuum). Samples were then diluted in molecular grade water (5 μl in 15

μl) and run in polyacrylamide gel (6% spacing gel and 10% resolving gel) and stained with

Coomassie Blue (Abcam PLC).

Conjugated proteins were then extracted from the polyacrylamide gel, destained and

identified by protein mass fingerprinting on a matrix-assisted laser desorption/ionization time-

of-flight mass spectrometer (Ultraflex, Bruker Corporation, MA) and data were analysed by

Mascot software (Matrix Science Ltd., London, UK), a search algorithm for mass spectral

proteomics peaklists.

4.6. Artificial infection

4.6.1. Preparation of infectious inoculum

The virulence of different genotypes of F. tularensis ssp holarctica strains (B.FTNF002-

00 and B.12) was compared in rats. Bacterial strains originating from Italy (strain ID:

21851/2006; B.FTNF002-00 genotype) and Hungary (strain ID: FTH24/08; B.12 genotype)

were cultured on modified Francis agar for 48 h at 37°C and 5% CO2. First, colonies were

suspended in sterile saline and adjusted to 0.5 McFarland turbidity. Then 100 µl of each

dilution from a tenfold dilution series of the suspension was inoculated on modified Francis

agar and incubated for 48 h to determine the CFUs (4*107).

For the infection of the Fischer 344 rats, fresh bacteria colonies were suspended in

sterile saline and adjusted to 0.5 McFarland turbidity, then diluted in sterile saline to get 100,

101 and 102 concentrations. Following the artificial infection of the rats, CFUs were re-checked

from the used dilutions on modified Francis plates after 48 h of incubation.

4.6.2. Animal model and infection

Age matched (7 weeks) female Fischer 344 rats were purchased from Charles River

Laboratories. The animals were kept in accordance with all national and institutional

regulations (permit number: PEI/001/1927-4/2015). The rats (6 animals/group) were injected

intraperitoneally (ip) with 100 µl of the B.FTNF002-00 and B.12 genotypes of F. tularensis ssp.

holarctica (100, 101 and 102 concentrations). A group of 6 Fischer 344 rats injected ip with 100

µl sterile saline was used as negative control in the experiment.
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After infection, the animals were checked and measured daily for 21 days. Rats that did

not succumb to the infection were euthanized by CO2 over exposure at the end of the

experiment. Slide agglutination test was performed at necropsy with heart blood, using the

commercially available Antigen Francisella tularensis (Bioveta). Tissue samples were excised

from the lung, thymus, liver, spleen, kidney, small and large intestine, muscle, bone marrow

and brain and preserved in 10% formalin for histological and IHC examinations.

4.6.3. Histology and immunohistochemistry

Histopathological changes were detected by light microscope on 10% formalin-fixed,

paraffin-embedded tissue samples stained with hematoxylin and eosin.

IHC examinations were performed as described before (Gyuranecz et al., 2010b). In

brief, formalin-fixed, paraffin-embedded tissue samples were deparaffinised and F. tularensis

lipopolysaccharide antigen was retrieved by heating the slides in citrate buffer (pH 6.0) for 20

min in microwave oven at 750 W. Rabbit polyclonal antibody in 1:30,000 dilution was used as

primary antibody and incubated overnight at 37°C with the samples. Antibody binding was

detected by a HRPO-labelled polymer (EnVisionTM+ Kit; Dako Inc., Glostrup, Denmark). A

serial section incubated with phosphate buffer solution was used as a negative control.

4.7. Antimicrobial susceptibility test

The susceptibility of 30 F. tularensis ssp. holarctica strains (29 isolates from Hungary

and the LVS) to 11 antibiotics (erythromycin, streptomycin, gentamicin, ciprofloxacin,

levofloxacin, tetracycline, doxycycline, tigecycline, rifampicin, linezolid and chloramphenicol;

Table S5) was determined. The strains were isolated between 2003 and 2010 from European

brown hares shot during hunting and from zoo monkeys, originating from different parts of

Hungary.

Antibiotic susceptibility tests were performed by MIC test strips (Liofilchem s.r.l.,

Roseto degli Abruzzi, Italy; Table S5) on 5 mm thick modified Francis agar plates. The strains

were cultured for 48 h on modified Francis agar at 37°C in a 5% CO2 atmosphere. Three to

four colonies were suspended in 3 ml of physiological saline, with the turbidity adjusted to be

equivalent to that of a 0.5 McFarland standard. The plates were inoculated using sterile cotton

swabs and one MIC test strip was placed on each plate within 15 min. After 48 h of incubation

at 37°C in a 5% CO2 atmosphere, the MIC results were read according to the manufacturer’s

instructions. The F. tularensis ssp. holarctica LVS was included as a quality control. The

breakpoints were interpreted according to CLSI standards for F. tularensis, where available,

and to CLSI standards for Enterobacteriaceae, staphylococci or Streptococcus pneumoniae

where specific standards were unavailable (CLSI, 2009).
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4.8. Statistical analysis
Independent t-test was performed to evaluate differences in the results of complement

sensitivity assays. The absolute values of the differences between mean values of number of

events in normal and inactivated sera in the case of wild and attenuated F. tularensis spp.

holarctica strains, and in groups B.FTNF002-00 and B.12 within the wild strains were

compared in each host species.

The results of the artificial infection experiments were compared with independent t-

test. The categories of the severity of clinical signs were converted into numbers and results of

all groups infected with B.FTNF002-00 genotype were compared with data of all groups

infected with B.12 genotype.
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5. Results

5.1. Francisellaceae in ticks from Hungary and Ethiopia
A total of 5024 questing ticks of 6 species (3222 Ixodes ricinus, 369 D. marginatus, 361

D. reticulatus, 315 Haemaphysalis /Ha./ inermis, 735 Ha. concinna and 22 Ha. punctata) were

collected and 378 ticks were removed from animal hosts (374 I. acuminatus from common

hamsters and 4 D. reticulatus from dogs) in a two-year period in Hungary. In addition, 108

(104 I. ricinus, 1 Ha. concinna and 3 Hyalomma /Hy./ marginatum) ticks were collected from

62 migratory birds in an examination in 2011 during which 1786 birds were checked for

infesting ticks. In Ethiopia a total of 296 ticks, 118 A. variegatum, 100 A.cohaerens, 2 A.

lepidum, 50 R. decoloratus, 17 R. evertsi, 8 R. praetextatus and 1 Hy. rufipes were collected

from cattle in 2012. Altogether, 352 individual and 568 pooled tick samples were screened for

the presence of members of the Francisellaceae family.

The same F. tularensis ssp. holarctica strain was detected in 1 nymph and 1 female

Ha. concinna pool collected from a meadow in Békés county in 2009, and in 1 D. reticulatus

pool of females collected from the environment in Zala county in 2007. The positive samples

representing a minimum prevalence (calculating with only 1 infected tick per pool) of 0.27%

within the examined tick species (2/735 of Hy. concinna and 1/361 of D. reticulatus). Both 16S

rRNA and tul4 gene coding regions were sequenced and genetic relationships with other

Francisellaceae species was demonstrated by neighbor-joining phylogenetic analysis

(GenBank No.: JQ942363, JQ942364, JQ942366, JQ942367) (Fig. 8.). F. tularensis specific

DNA was not detected in any of the ticks collected from migratory birds in Hungary or from

cattle in Ethiopia.

FLEs were found in 11 pools of D. reticulatus questing ticks collected in 2007 (2 pools

of nymphs from Nógrád county, 1 pool of males from Borsod-Abaúj-Zemplén county, and 8

pools of females from Bács-Kiskun, Csongrád, Nógrád, Pest /n=2/, Somogy, Vas and Zala

counties), showing a minimum prevalence of 3% (11/361). Both 16S rRNA and tul4 gene

coding sequences were identical in all 11 FLEs of D. reticulatus (GenBank No.: JQ942365,

JQ942368) (Fig. 8.). The comparison of the obtained sequences with those deposited in

GenBank revealed that the detected 16S rRNA gene sequence was identical to the FLE of D.

reticulatus from Bulgaria (GenBank No.: HQ705173) and differed in 2 nucleotides from the

endosymbiont found earlier in 3 D. reticulatus samples in Hungary (GenBank No.: EU234535)

(Fig. 8., 16S rRNA). However, the tul4 gene coding sequences of the present FLEs proved to

be identical to the endosymbiont found earlier in Portugal (GenBank No.: GU113085) and in

Hungary (GenBank No.: EU126640) (Fig. 8., tul4).
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According to its 16S rRNA gene sequence, a novel FLE was obtained from an I. ricinus

larva removed from a European robin (Erithacus rubecula) in 2011. The 16S rRNA sequence

of the novel FLE (GenBank No.: JQ740890) showed closest similarity (99%) to endosymbionts

previously described in D. reticulatus in Hungary and Bulgaria (Fig. 8., 16S rRNA).

The 16S rRNA and sdhA genes of a FLE were found in the sole Hy. rufipes specimen

originating from Ethiopia. The sequence of the 16S rRNA gene fragment of this endosymbiont

(GenBank No.: KJ522773) resulted to be identical with that of the endosymbionts described in

R. sanguineus and Hy. marginatum collected in Bulgaria (Fig. 8., 16S rRNA). The sequence of

the sdhA gene fragment of the present Ethiopian endosymbiont (GenBank No.: KJ864964)

showed 99% identity with W. persica (GenBank No.: JQ027678) detected in Egypt (Fig. 8.,

sdhA). The amplification of the tul4 gene fragments failed with both primer pairs used (Long et

al., 1993, Sjöstedt et al.,1997).

GenBank accession numbers of the detected genes of Francisellaceae species are

summerized in Table S2.



45

5.2. Genotyping of F. tularensis ssp. holarctica strains by high
resolution molecular methods

The comprehensive study of the genotyping of 69 F. tularensis ssp. holarctica strains

and the LVS was performed by canSNP and MLVA methods, and 9 strains were submitted for

WG sequencing as well. The strains originated from six counties from regions where the

European brown hare, the reservoir of the bacterium is prevalent in the country (Table S1, Fig.

7.).

Phylogenetic analyses showed that all Hungarian F. tularensis ssp. holarctica strains

belong to subclades of the main genetic clade B.12. CanSNP typing classified the Hungarian

strains and LVS into 9 subclades (B.LVS, B. 23/14/25, B.20/21/33, B.33/34, B.34/35, B.35/36,

B.36/37, B.37/38 and B.Tul07/2007), out of which B.33/34 subclade was the most dominant as

68% (47/69) of the strains showed this genotype and 89.85% (62/69) belonged to the B.33/34

subclade or derivated subclades (Fig. 9.).

The MLVA showed variability on two loci out of the examined 11 loci among the 69 F.

tularensis ssp. holarctica strains. The three subclades: B.20/21/33, B.33/34 and B.34/35

determined by canSNP typing were further resolved with MLVA into 4, 6 and 4 subgroups,

respectively (Fig. 10.).

Strains originating from zoo monkeys from the 2003 and 2014 tularaemia outbreaks in

Szeged Zoo showed identical MLVA profiles (Fig. 10.). The canSNP and MLVA profiles of the

strains are presented in Tables S6 and S7.

Analysis of the WG sequences of 9 selected strains and a previously sequenced

Hungarian strain (FTH7 a.k.a. Tul7/2007, Gyuranecz et al., 2012a) confirmed results of

canSNP and MLVA typing (Fig. 10.). No association was found between genotypes and

geographical origins, year of isolation or host species of the samples.
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Figure 9. CanSNP typing based genotypes and geographic origin of 69 F. tularensis ssp.
holarctica strains from Hungary.

Colour codes representing genotypes, number of isolates of the same genotype is in brackets,
and circles are representing number of strains according to Fig. 7.
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5.3. Host-pathogen interactions between Francisella strains
and selected animal species

The complement sensitivity assays were performed on one attenuated (LVS) and three

wild F. tularensis ssp. holarctica strains, originating from Italy and Spain (clade B.FTNF002-

00), and from Hungary (clade B.12) using sera of the highly susceptible house mouse,

moderately susceptible European brown hare and relatively resistant cattle. Differences were

observed in the resistance of the strains to serum killing and among the hosts’ susceptibility

(Fig. 11.).

Figure 11. Percentage of live F. tularensis ssp. holarctica bacterial cells in the sera of house
mouse, brown hare and cattle in complement sensitivity assays.

Values represent the percentage of live bacterial cells in normal sera compared to live cell
numbers in heat-inactivated sera after incubation at 37 °C for 4 h, determined by flow

cytometry. Animal icons (mouse, hare and cattle) represent the origin of the sera examined.
Abbreviations represent the origin of the strains: Italy, B.FTNF002-00 group (I), Spain,

B.FTNF002-00 group (E), Hungary, B.12 group (H) and live vaccine strain, B.12 group (LVS)

The complement sensitivity assays showed that most bacterial cells stayed intact after

incubation with mouse serum in every case examined by flow cytometry (Fig. 11.) and

fluorescent microscopy as well. In the case of hare serum, flow cytometric analyses showed a

decreased number of events in the LVS broth culture after incubation with normal serum

compared to cultures incubated with heat-inactivated hare serum (Fig. 11.). Examinations by

fluorescent microscope confirmed bacterial cell lysis in the assays with normal hare serum and

LVS. Noticeable elevation of fluorescence emission and a significant decrease in the number

of live cell events (p=0.003) were observed in LVS broth culture after incubation with normal

cattle serum compared to incubation with inactivated cattle serum due to mass bacterial cell

killing (Figs. 11 and 12.).
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Figure 12. Flow cytometric analyses of complement sensitivity assay of LVS in normal (left
side) and heat inactivated (right side) cattle serum.

Elevated fluorescent emission is observed in the case of LVS incubated with normal cattle
serum due to mass bacterial cell killing.

In contrast with the attenuated strain, the wild strains (both B.FTNF002-00 and B.12

isolates) stayed intact after incubation with normal hare and cattle sera. No significant

differences were observed between live cell rates of distinct genotypes of Francisella wild

strains in the examined sera (Table 5).

Table 5. Mean values of event counts by flow cytometry after complement sensitivity assays of

Francisella tularensis ssp. holarctica strains in the sera of selected animal species.

Strain ID Origin Genotype Virulence
mouse serum hare serum cattle serum

inact. norm. inact. norm. inact. norm.

21851/2006 Italy B.FTNF wild 121 129 290 321 249 254

FT6 Spain B.FTNF wild 95 87 168 167 164 184

FTH24/08 Hungary B.12 wild 114 104 172 144 215 205

LVS Russia B.12 attenuated 104 92 256 50 364 88

B.FTNF= B.FTNF002-00; inact.=heat inactivated serum; norm.= normal serum
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Despite the observed host–pathogen interactions in complement sensitivity assays,

further examinations on fH binding to bacterial cell membrane proteins using Western blot

assays and pull-down assays did not reveal specific interactions in any of the animal species

examined (Fig. 13.). Protein mass fingerprinting identified the unspecific binding of an

undefined 42 kDa membrane protein of F. tularensis to serum fH and a 72 kDa competence

protein of F. tularensis to the primary antibody sheep anti-fH.

Figure 13. Western blot assays for the detection of fH binding with F. tularensis ssp.
holarctica strains in selected animal species.

Animal icons (mouse, hare and cattle) represent the origin of the sera examined;
negative control (–) excluding sera from the reagents are presented in each case.

Abbreviations represent the positive control Borrelia hermsii (B. hermsii) and the origin of
Francisella strains according to Fig. 11. B. hermsii binds fH with its 20 kDa protein, FhbA. Non-

specific binding of the primary antibody by ~28 kDa Francisella membrane protein can be
observed.
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5.4. Comparison of pathogenicity of Francisella genotypes
B.12 and B.FTNF002-00

The virulence of F. tularensis ssp. holarctica strains of the two Francisella genotypes,

B.FTNF002-00 and B.12 endemic in Europe was compared in three concentrations infecting

Fischer 344 rats intraperitoneally (ip). All rats showed clinical signs after ip inoculation of F.

tularensis ssp. holarctica strains (both genotypes B.12 and B.FTNF002-00), between days 4-

12 post infection (pi.). Clinical signs included porphyrin accumulation around the eyes, nasal

discharge, weight loss, weakness, ruffled fur, inactivity, diarrhea and laboured breathing.

According to the severity of clinical signs three categories (mild, moderate and severe) were

distinguished (Table 6), but the categories did not correlate with the challenge dose.

Table 6. Categories of clinical signs shown by Francisella infected Fischer 344 rats

Severity of
disease Clinical signs

mild weight loss, accumulation of porphyrin around the eyes (one or both
sides), nasal discharge

moderate weight loss, definite porphyrin secretion (one or both sides), nasal
discharge, ruffled fur, decreased activity, diarrhoea

severe weight loss, definite porphyrin secretion (both sides), nasal
discharge, ruffled fur, inactivity, diarrhoea, laboured breathing, weakness

More than 50% of the rats survived the ip challenge by F. tularensis ssp. holarctica

strains in all, but one group (genotype B.FTNF002-00, 100 CFU) and severity of the disease

did not correlate with the challenge dose, thus further analysis is based on the comparison of

the two main groups differing in the infective agent. More rats showed severe clinical signs

infected with the B.FTNF002-00 genotype, although the difference was not significant

(p=0.066) (Fig. 14.).

Figure 14. Number of rats showing different severity of clinical signs



52

In the B.FTNF002-00 genotype infected group 33% (6/18) of the animals succumbed

between days 4-12 pi., losing 5.6-35.5% of their body weight. In contrast, only 11% (2/18) of

the rats died of the disease caused by B.12 genotype on days 8 and 10 pi., with 18.1% and

24.0% weight loss, respectively. At necropsy, the deceased rats were seronegative while all

the survived rats showed positive reaction in slide agglutination test on day 21 pi. Macroscopic

pathological findings were scarce, enlarged spleen was occasionally observed in the

deceased and euthanized rats as well. Histopathological examinations showed similar

pathological changes in the case of both infecting agents. Histological findings in rats that

succumbed to the infection consisted of acute multiplex necrotic foci in the liver and spleen

and IHC showed high amounts of antigens in these organs (Fig. 15A.). Sub-acute interstitial

lymphohistiocytic inflammation was also observed in the lung with high or moderate amounts

of antigens in rats that died of the infection (Fig. 15B.). Seropositive rats which were sacrificed

on day 21 pi. showed sub-acute serous inflammation in the liver and spleen with no or low

amounts of antigens.

Figure 15. Histopathological and IHC findings in the spleen (A) and and lung (B) of
succumbed rats.

Signs of acute infection are shown in the hematoxylin eosine stained slide of spleen (A) with
lymphocyte depletion (asterix) and necrotic cells (arrow), 20x magnification. In the lung (B)
high amounts of stained Francisella antigen accumulated in the macrophages (arrows) are

observed with IHC, 40x magnification.

A B
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5.5. Antibiotic susceptibility examinations of F. tularensis ssp.
holarctica strains from Hungary

From the collection of F. tularensis ssp. holarctica strains originating from Hungary 29

isolates were systematically chosen for antibiotic susceptibility examination considering their

geographical origin, host species and genetic characteristics. The selected strains originated

from European brown hares (28 strains) and a patas monkey from different parts of Hungary.

Phylogenetic analyses demonstrated that the strains belonged to the subclades B.23/14/25

(n=1), B.20/21/33 (n=4), B.33/34 (n=18), B.35/36 (n=1), B.37/38 (n=4) and B.Tul07/2007 (n=1)

of group B.12. According to the MIC values that inhibited the growth of 90% of the strains

(MIC90), resistance to erythromycin (>256 mg/L) and linezolid (32 mg/L) and susceptibility to

aminoglycosides (gentamicin, 0.75 mg/L; and streptomycin, 6.0 mg/L), quinolones

(ciprofloxacin, 0.047 mg/L; and levofloxacin, 0.023 mg/L), tetracyclines (tetracycline, 0.5 mg/L;

and doxycycline, 1.0 mg/L), rifampicin (1.0 mg/L), tigecycline (0.19 mg/L) and chloramphenicol

(1.5 mg/L) were observed in all 29 strains (Fig. 16., Tables 7 and S8).

Figure 16. In vitro susceptibility of F. tularensis ssp. holarctica strains from Hungary.
The strains were susceptible to quinolones recommended in clinical use (e.g. levofloxacin, A),

and to tigecycline (B) which represents the potential of clinical use of this antibiotic against
tularaemia. All strains were resistant to erythromycin (C).
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6. Discussions

6.1. Francisellaceae in ticks from Hungary and Ethiopia
Tularaemia occurs mainly in the Northern Hemisphere and knowledge on the presence

of F. tularensis and FLEs in Africa is limited (Brevik et al., 2011, Keim et al., 2007, Mohamed

et al., 2012, Scoles, 2004). Previous studies in Central Europe (Austria, Czech Republic and

Slovakia) demonstrated a 0.1–2.8% prevalence of F. tularensis in Ixodid ticks (Gurycová et al.,

1995, Hubálek et al., 1997). FLEs were detected in several countries throughout Europe by

amplifying the sequences of the 16S rRNA, tul4, lpnA and/or sdhA genes. While D.

marginatus, D. reticulatus, and I. ricinus ticks have been reported to harbour F. tularensis in

Europe, Francisella-like agents were detected in Amblyomma spp., Dermacentor spp.,

Hyalomma spp. and in Rhipicephalus spp. (de Carvalho et al., 2011, Escudero et al., 2008,

Franke et al., 2010, Hubálek et al., 1997, Ivanov et al., 2011, Milutinovic et al., 2008, Sréter-

Lancz et al. 2009, Stanek, 2009, Toledo et al., 2009, Tomanovic et al., 2013, Wicki et al.,

2000).

Tularaemia is known to be endemic in Hungary, and the results of the study confirm the

role of ticks in the ecology of the disease and highlights that ticks carrying the pathogen could

pose a threat to public health (Gyuranecz et al., 2010d). The prevalence of F. tularensis

(0.27%) in the Hungarian tick population was within the range found in the neighbouring

countries (Gurycová et al., 1995, Hubálek et al., 1997). The prevalence of the pathogen in

ticks is in correlation with the moderate activity of the disease in the tick collection period, as

seropositivity in the European brown hare population (0.66–1.1%) and the annual number of

human cases 20–25 were relatively low at that time (Gyuranecz et al., 2010d).

Genetic analysis of the FLE of D. reticulatus revealed, that although the tul4 gene

sequence of this FLE was identical to Hungarian (GenBank No.: EU126640) and Portuguese

(GenBank No.: GU113085) FLEs found earlier, and the 16S rRNA sequence was also

identical to the sequence of the endosymbiont of D. reticulatus described in Bulgaria

(GenBank No.: HQ705173), these 16S rRNA gene coding sequences differed in 2 nucleotides

from the one found earlier in this tick species in Hungary (GenBank No.: EU234535) (Fig. 7.,

16S rRNA and tul4). This divergence may appear to be a minor difference between the

sequences, but Francisellaceae have a very conservative genetic character and this 2-

nucleotide-divergence between the FLEs is equivalent in magnitude to the difference between

the type strain (Schu S4, accession number: AJ749949) of the highly virulent F. tularensis ssp.

tularensis and the attenuated F. tularensis ssp. holarctica LVS (accession number, AJ698866;
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Fig. 7., 16S rRNA) (Keim et al. 2007). Thus, this is a notable difference that could lead to the

hypothesis that there may be 2 distinct FLEs circulating in D. reticulatus populations in

Hungary and therefore in Europe. However, the FLEs of D. reticulatus from Hungary differing

in their 16S rRNA genes showed identical tul4 gene sequences, and the samples were

collected from the same geographical region within a relatively short time, for which a technical

error during sequencing cannot be ruled out. Based on the identical sequences of the 17 kDa

lipoprotein and 16S rRNA genes of the FLE species harboured by D. reticulatus in Europe

host adaptation and a host species–linked evolution of this FLE species could be assumed.

Birds in the epidemiology of tick-borne diseases may act as transporters of ticks,

frequently disseminating them to large distances, especially during seasonal migration. Birds

can also serve as reservoirs of the pathogens, providing the source of infection for ticks during

bacteraemia (Elfving et al., 2010, Hubálek, 2004). The significance of birds in these situations,

especially in the case of zoonotic pathogens may be particularly high in urban and periurban

habitats. The European robin is a synanthropic migratory bird, which arrives to Hungary from

the Mediterranean countries (Csörgő et al., 2009). These birds can cover few hundreds of

kilometres during a single day of migration, and tick larvae and nymphs are known to attach

and feed for several days, thus it is assumed that most of the ticks collected from European

robin in this study derived from southern Europe (Babos, 1964). The I. ricinus tick containing

the FLE detected in the study most likely acquired the endosymbiont transovarially, because

an engorged nymph from the same bird was PCR negative. However, the horizontal transfer

(e.g. by co-feeding) from other ticks cannot be excluded, as suggested in the case of the

ancestors of these endosymbionts (Scoles, 2004). The identification of a FLE in I.ricinus from

a European robin in 2012 was the first molecular evidence of their occurrence in Ixodes spp.

and it was indicated for the first time that FLEs may associate with bird ticks. The sequence

divergence between the Francisella-like agent of I. ricinus in the present study and those

already reported from D. reticulatus exceeds in magnitude the difference between F. tularensis

ssp. tularensis and F. tularensis ssp. holarctica in the same part of their 16S rRNA genes, thus

the FLE is considered to be a new Francisella variant.

F. tularensis occurs primarily in North-America and Eurasia and the Francisella-like

agents might be more prevalent in those areas than in Africa. The screening of 296 individual

ticks of 6 species collected from cattle in Ethiopia resulted in the detection of the 16S rRNA

and sdhA gene fragments of a FLE in a Hy. rufipes. Unfortunately, sdhA gene has not been

used for FLE detection and comparison previously, thus the comprehensive analysis of this

sequence was not possible. The amplification of the tul4 gene fragments of this FLE using two

different primer pairs failed. Similar results were gained during the examination of ticks from

Bulgaria, where only six out of twelve 16S rRNA gene based PCR-positive FLEs resulted

positive with the tul4 gene based PCR assay as well, using the TUL4B-F/TUL4B-R primer pair
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(Ivanov et al., 2011). These findings suggest that the tul4 gene of some FLEs may significantly

differ from that of F. tularensis, whilst others’ are similar enough for causing misidentification

using PCR assay without sequencing (Escudero et al., 2008, Kugeler et al., 2005, de Carvalho

et al., 2011). The sequence of the 16S rRNA gene fragment of the detected endosymbiont of

Hy. rufipes was identical with that of the endosymbionts described in R. sanguineus and Hy.

marginatum collected in Bulgaria (Ivanov et al., 2011). The detection of endosymbionts with

identical 16S rRNA gene sequences in a Rhipicephalus and two Hyalomma species supports

the hypotheses, that most FLEs had independent evolution from their tick hosts (Ivanov et al.,

2011, Scoles, 2004). Since the first detection of a FLE (W. persica in a soft tick in Egypt,

1961), FLEs have been detected only twice from Africa: in the hard tick Hy. truncatum from

Namibia (GenBank No.: JF290387) and in the soft tick Ornithodoros porcinus from Southern

Africa (Brevik et al., 2011, Scoles, 2004). Phylogenetic analysis of the 16S rRNA gene

fragments revealed close relatedness among endosymbionts of hard ticks from Europe and

Africa (Fig. 7.). Sporadic occurrence of Hy. rufipes was reported in Europe, probably

transported by migrating birds, but the detection of FLE in this species has not been

documented so far, thus this is the first molecular evidence of a FLE in this tick species

(Hornok and Horváth, 2012).

More recent examinations on FLEs in France, Germany and Poland confirmed the

presence of the same FLE, what we had found in D. reticulatus in other parts of Europe, which

supports the hypothesis that this FLE has host species–linked evolution (Gehringer et al.,

2013, Michelet et al., 2013, Wójcik-Fatla et al., 2015). Currently, FLEs with identical

sequences of the 17 kDa lipoprotein gene were reported in Ixodes spp. (de Carvalho et al.,

2015, Wójcik-Fatla et al., 2015). The identical sequences of these FLEs of Ixodes spp.

(Prostriata, Ixodinae) and of the FLE of D. reticulatus (Metastriata, Rhipicephalinae), tick

species of another subfamily likely support the hypothesis that FLEs can be transmitted

horizontally (e.g. by co-feeding) (de Carvalho et al., 2015, Wójcik-Fatla et al., 2015). Even

more, FLEs have been described lately in wood mouse (Apodemus sylvaticus) in Portugal,

and one of these FLEs was found in ticks as well (in D. marginatus, R. pusillus and in R.

sanguineus), representing the potential of FLEs to occur in small mammals, and based on

these results the horizontal transmission of FLEs between small mammals and ticks might be

also possible (de Carvalho et al., 2015).
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6.2. Genotyping of F. tularensis ssp. holarctica strains by high
resolution molecular methods

Phylogenetic analysis of Francisella species with high resolution molecular typing

methods promotes understanding of epidemiologic characteristics and evolutionary history of

the bacteria. The performed canSNP and MLVA typing of 69 Hungarian F. tularensis ssp.

holarctica strains showed close genetic relationships between the isolates, and no correlations

were found between genotypes and other characteristics of the strains (e.g. host, year of

isolation or geographic origin). All strains belonged to the main clade B.12 showing lower

overall genetic diversity of the pathogen in Hungary compared to Scandinavian countries or

Turkey (Karadenizli et al., 2015, Özsürekci et al, 2015, Svensson et al., 2009a, Vogler et al.,

2009a). However, higher resolution of the strains’ genetic characteristics revealed the

presence of 8 subclades of the B.12 group in the country, which supports the hypothesis that

F. tularensis ssp. holarctica has descended from a diverse set of minor subclades in Hungary

shared with isolates from central Europe, Scandinavia and Russia (Gyuranecz, 2012a). The

majority of the strains (88.4%) belonged to subclade B.33/34 and to its derivated subclades,

which were detected and predominant in all examined counties. The WG sequencing of 9

selected strains further confirmed the relative diversity of the strains in Hungary described by

canSNP and MLVA typings, and these sequences will be used in a comprehensive global

phylogenetic analysis of Francisella species as well.

In previous studies Francisella was hypothesized to have landscape-epidemiology,

consisting of the presence of phylogenetically distinct clones in restricted regions, which could

persist in the environment for decades (Johansson et al., 2014, Karlsson et al., 2013, Petersen

et al., 2008, Svensson et al., 2009b). Environmental factors (e.g. climate or the density of host

populations) are suggested to be involved in the triggering of tularaemia outbreaks, thus

genetically distinct clones are usually detected in epidemics instead of the spread of a certain

clone with enhanced infectivity and fitness (Gyuranecz et al., 2012b, Johansson et al., 2014,

Karlsson et al., 2013). Nevertheless, during longer periods, clones with higher fitness may

predominate in certain regions, completing a selective genetic sweep in the area (Svensson et

al, 2009b). Considering this landscape-epidemiology of the pathogen, the interpretation of

genetic similarities of the isolates in epidemiological investigations during tularaemia outbreaks

should be handled with caution (Johansson et al., 2014).
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In the current study, isolates of different genotypes were involved in tularaemia

outbreaks in many regions (e.g. strains FTH18 and 19 from Szegvár, FTH50 and 53 from

Püspökladány or strains FTH57 and 66 from Báránd, Fig. 10.), which is in accordance with the

suggestion that epidemics are triggered by ecological factors rather than the increased

infectivity of a specific F. tularensis clone. The detection of identical genotypes of Francisella

strains from zoo monkeys succumbed to tularaemia in 2003 and 2014 present an example for

long-term environmental phase of the pathogen, which is to be considered in the prevention of

human infections as well.

6.3. Host-pathogen interactions between Francisella strains
and selected animal species

As an intracellular bacterium F. tularensis has to evade a diverse spectrum of

extracellular and intracellular defence reactions during its pathogenesis. Moreover, for its rapid

dissemination in the host system, the bacterium survives and replicates in the extracellular

compartments; thus the subversion of a first-line defence system, the complement system is

crucial in the bacterial invasion (Clinton et al., 2010, Yu et al., 2008).

Complement sensitivity assays were performed on three wild and one attenuated F.

tularensis ssp. holarctica strains of two genotypes (B.FTNF002-00 and B.12) in the sera of

selected animal species with different susceptibility to tularaemia. The comparison of host-

pathogen interactions in the in vitro experiments showed differences in the resistance of the

strains to serum killing, in conformity with previous observations (Jones et al., 2012).

In tularaemia and intracellular bacteria research, a frequently used experimental

infection model is the mouse infected with F. tularensis ssp. holarctica LVS, as the strain has

attenuated virulence in humans, but still can cause lethal disease in mice (Elkins et al., 2003).

In the experiments most bacterial cells - disregarded of their genotypes or attenuation - stayed

intact after incubation with mouse serum. The demonstrated resistance of the attenuated LVS

strain to serum killing in mouse is consistent with the known high susceptibility of this animal

species to tularaemia (Elkins et al., 2003).

The European brown hare, a main source of human infections, is considered to be a

reservoir species for F. tularensis ssp. holarctica B.12 strains in Central and Eastern Europe,

developing sub-acute pathological changes during infection (Gyuranecz et al., 2010b,

2012ab). In the experiments the attenuated LVS cells were lysed in normal hare serum, which

highlights the capability of this host to control tularaemia infection. The wild strains (both

B.FTNF002-00 and B.12 isolates) stayed intact after incubation with normal hare serum, which

is in accordance with the virulence characteristics of the strains.
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The relative resistance of cattle to F. tularensis suggests a limited role of this host in

the epidemiology of the pathogen, as the animals most probably eliminate the bacteria during

seroconversion (Mörner and Sandstedt, 1983). The complement sensitivity assays showed

mass bacterial cell killing in the case of the attenuated LVS cells in cattle serum. However,

wild bacterial strains (B.FTNF002-00 and B.12 isolates as well) were resistant to serum killing

in cattle, which assumes that cattle eliminate the pathogen after seroconversion with the help

of the adaptive immune system.

While differences in virulence among F. tularensis subspecies or even among genetic

clades of subspecies are noticeable (e.g. in the case of F. tularensis ssp. tularensis clade A1

and clade A2), the phylogeographically distinct F. tularensis ssp. holarctica wild strains,

originating from Italy and Spain (B.FTNF002-00 genetic group) and from Hungary (B.12

genetic group) revealed no relevant differences in their survivability in the serum of the animal

species examined (Keim et al., 2007; Molins et al., 2010).

Previously, the binding of fH complement regulator protein to the surface of both F.

tularensis ssp. tularensis strain Schu S4 and F. tularensis ssp. holarctica strain LVS has been

described in humans (Ben Nasr and Klimpel, 2008). However, the exact mechanism of this

binding has not been discovered yet, but fibrinogen and/or plasmin are hypothesised to have a

promoter role in fH binding to F. tularensis cell surface (Crane et al., 2009, Jones et al., 2012).

Although in the present study host–pathogen interactions were observed by complement

sensitivity assays, further examinations on fH binding to bacterial cell membrane proteins

using Western blot assays and pull-down assays did not reveal specific interactions in any of

the animal species examined. The lack of direct fH binding to F. tularensis membrane proteins

might result from the absence of a co-factor (e.g. fibrinogen or plasmin) or may represent

difference in the individual hosts’ immunity and might suggest that the pathogen does not use

fH binding during complement evasion in animal hosts. Further examinations are needed for

the identification and characterization of the unspecific binding of certain proteins of the

pathogen to fH and anti-fH antibodies found by pull-down assays. Future experiments are

required also for the description of interactions between the different hosts’ C3 component

(key member of the complement system) and the pathogen to reveal differential kinetics

among Francisella and the animal hosts of distinct susceptibility to tularaemia.
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6.4. Comparison of pathogenicity of Francisella genotypes
B.FTNF002-00 and B.12

While clear differences are described among F. tularensis ssp. tularensis

subpopulations, little or no information is available about the subpopulations of the widespread

holarctica subspecies. The two genotypes of F. tularensis ssp. holarctica described in Europe

(B.12 and B.FTNF002-00) differ in their geographic distribution, and the difference in the

pathological signs of tularaemia in European brown hare originating from distinct geographic

regions might assume the probability of difference in virulence of these genotypes as well

(Decors et al., 2011, Gyuranecz et al., 2010b, Rijks et al., 2013).

The susceptibility of Fischer 344 rats to tularaemia was described in previous

examinations (Jemski, 1981, Signarovitz et al., 2012, Wu et al., 2009). The artificial infection of

the rats with ip inoculation of 101 CFU of a F. tularensis ssp. holarctica strain from Sweden

(B.12 genotype) manifested fatal disease within 10 days in this species (Raymond and

Conlan, 2009). In the current study, the virulence of two F. tularensis ssp. holarctica strains of

genotypes B.12 and B.FTNF002-00 was compared in Fischer 344 rats by ip inoculation of 100,

101 and 102 CFU bacteria. The severity of the disease did not correlate with the challenge

dose and mortality rates reached the LD50 in only one group of the animals (infected with 100

CFU of the B.FTNF002-00 strain), which might be in connection with a possible attenuation

process during culturing of the bacteria on artificial media and suggests the need of higher

bacterial load for experimental infection. However, clinical signs manifested in most rats, and

they were in accordance with previously described symptoms in Fischer 344 rats infected

subcutaneously with F. tularensis ssp. tularensis SCHU S4 strain (Wu et al., 2009). The

number of rats with severe clinical signs was higher in the B.FTNF002-00 infected group,

compared to the B.12 genotype infected group. Most of the rats (n=6/8) succumbed to the

infection by day 8 pi., and detectable difference was observed in the mortality rates between

the two groups. The results revealed difference in the pathogenic potential of the two strains

and supports the hypothesis that B.FTNF002-00 genotype is moderately more virulent than

the B.12 genotype. Nevertheless, experimental infections repeated in the brown hare, the host

which shows the presumptive pathological changes and involving higher number of strains of

the two genotypes probably would enlighten better the possible differences between the

genotypes’ virulence.
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6.5. Antibiotic susceptibility examinations of F. tularensis ssp.
holarctica strains from Hungary

The examination of the susceptibility of selected 29 Hungarian F. tularensis strains to

11 antibiotics with potential to be used in clinical therapy was performed in the study. As the

resistance of F. tularensis ssp. holarctica to beta-lactam antibiotics and cephalosporins (with

few exceptions) has already been confirmed in several studies, these antibiotics were

excluded from the present study (García del Blanco et al., 2004, Georgi et al., 2012, Ikäheimo

et al., 2000, Tomaso et al., 2005, Yesilyurt et al., 2011).

F. tularensis ssp. holarctica strains could be categorized into two biovars based on

their erythromycin susceptibility, where biovar I is the erythromycin sensitive (present in

Western Europe: France, Germany, Spain and Switzerland; genotype B.FTNF002-00) while

biovar II is the resistant type (present in Northern and Eastern Europe: Austria, Germany,

Sweden and Turkey; all other genotypes of the holarctica subspecies) (Georgi et al., 2012,

Keim et al., 2007, Yesilyurt et al., 2011). All Hungarian strains proved to be consistently

resistant to erythromycin, thus confirming their classification into biovar II (B.12 genotype).

Linezolid is used in the treatment of infections caused by Gram-positive bacteria, and it

is especially active against vancomycin-resistant enterococci and methicillin-resistant

Staphylococcus aureus. The in vitro susceptibility of F. tularensis to linezolid has been also

demonstrated recently (Yesilyurt et al., 2011, Sutera et al., 2014). In the previous studies

linezolid showed 0.5-4 mg/L MIC values on solid medium and 1 mg/L MIC values in the

extracellular compartment when examined in cell cultures (Yesilyurt et al., 2011, Sutera et al.,

2014). Contrary to these findings, all Hungarian F. tularensis strains were resistant to linezolid

(MIC range: 12-48 mg/L), similarly to North American F. tularensis ssp. holarctica strains

(Johansson et al., 2002).

In the treatment of human tularaemia infections, the aminoglycosides gentamicin and

streptomycin are the antibiotics of choice in Hungary (Herpay et al., 2011). All strains were

susceptible in vitro to both antibiotics, but it should be noted that in one case (the strain from

the patas monkey) the MIC value for streptomycin reached the limit of intermediate

susceptibility (8 mg/L).

In 2011, the National Centre of Epidemiology (Budapest, Hungary) recommended

ciprofloxacin and chloramphenicol for post-exposure prophylaxis of tularaemia (Herpay et al.,

2011). The examined F. tularensis strains showed high susceptibility to quinolones

(ciprofloxacin and levofloxacin) and chloramphenicol as well, although the latter has serious

side effects thus its use in therapy is limited to exceptional cases (e.g. tularaemia with

meningitis) (Hofinger et al., 2009, Tomaso et al., 2005).
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The WHO’s guidelines on tularaemia also recommend tetracyclines and especially

doxycycline for the therapy of tularaemia (WHO, 2007). The examined strains showed good in

vitro susceptibility to both tetracycline and doxycycline; however, the risk of relapse should be

considered during the clinical use of these antibiotics (Ahmad et al., 2010, Hepburn and

Simpson, 2008, Urich and Petersen, 2008).

F. tularensis susceptibility to tigecycline was detected for the first time in Turkey

(Yesilyurt et al., 2011). Tigecycline is a member of the glycylcyclines, a new class of antibiotics

that achieves high intracellular concentrations; hence, its use in the treatment of tularaemia

has also been recommended (Yesilyurt et al., 2011). Examining the Hungarian strains’

susceptibility to tigecycline, the results were consistent with the susceptibility reported in the

publication of Yesilyurt and co-workers (2011). Due to the low in vitro MIC values of

tigecycline, this antibiotic may have potential in the clinical therapy of tularaemia in Hungary as

well.

Rifampicin was also effective in vitro against the F. tularensis strains, but due to its

tendency for emerging resistance in monotherapy, its use is only recommended in

combination with other antibiotics (e.g. tetracyclines) (Ikäheimo et al., 2000, Tomaso et al.,

2005, Yesilyurt et al., 2011).

In conclusion, on the basis of in vitro examinations, quinolones are recommended as

first choice in the therapy of tularaemia in Hungary. Oral application of ciprofloxacin (2x500 mg

for adults and 2x10-15 mg/kg for children) or levofloxacin (500 mg for adults) for tularaemia

treatment takes 2 weeks of daily administration (Bossi et al., 2004). The use of

aminoglycosides, tetracyclines and chloramphenicol is also appropriate against F. tularensis in

Hungary. In the case of moderate clinical signs, the daily administration of doxycycline for 3

weeks (2x100 mg for adults and 2x2.2 mg/kg for children) is recommended, while in severe

forms the intravenous application of gentamicin for 10 days (5 mg/kg for adults and 2.5 mg/kg

for children) is suggested (Bossi et al., 2004). The in vitro effectiveness of tigecycline against

F. tularensis ssp. holarctica suggests the applicability of this antibiotic in tularaemia treatment

as well, but further in vivo examinations are required for confirmation. The use of macrolides

(e.g. erythromycin) and linezolid in the treatment of tularaemia should be avoided in Hungary.
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7. Overview of the new scientific results

Ad 1. Ticks possess epidemiologic importance in the case of tularaemia in Hungary. Host

adaptation of the FLE of D. reticulatus is hypothesised, while most FLEs had independent

evolution from their tick hosts. A novel FLE variant was detected in I. ricinus, a new tick host of

the agent. FLEs from Europe and Africa are closely related.

Ad 2. Relatively high genetic diversity was described of F. tularensis ssp. holarctica in

Hungary. The population structure of the strains suggests the parallel emergence of multiple

clones from the environment during outbreaks. The pathogen has long-term dormancy with

low replication rates in the environment.

Ad 3. The wild, virulent F. tularensis ssp. holarctica strains resist serum killing in mice, hare

and cattle. The attenuated LVS strain could evade the complement system of mice only. For

the interactions the direct, specific binding of factor H on the cell surface is not needed in the

examined animal hosts, or the pathogen might need a co-factor for the binding of factor H.

Ad 4. The F. tularensis ssp. holarctica genotype dominant in Western Europe is suggested to

have moderately higher pathological potential, than the genotype dominant in Central and

Eastern Europe.

Ad 5. Levofloxacin, ciprofloxacin and doxycycline are the recommended antibiotics for clinical

use against tularaemia in Hungary. The effectiveness of tigecycline in the in vitro examinations

suggests the potential of this antibiotic in the therapy of tularaemia. The use of linezolid and

macrolides against tularaemia in the region should be avoided.



65

8. References

Abd, H., Johansson, T., Golovliov, I., Sandstrom, G., Forsman, M.: Survival and growth of
Francisella tularensis in Acanthamoeba castellanii, Appl. Environ. Microbiol., 69.

600–606, 2003.

Afset, J.E., Larssen, K.W., Bergh, K., Larkeryd, A., Sjodin, A., Johansson, A., Forsman, M.:

Phylogeographical pattern of Francisella tularensis in a nationwide outbreak of
tularaemia in Norway, 2011, Euro Surveill., 20. pii21125, 2015.

Ahmad, S., Hunter, L., Qin, A., Mann, B.J., Van Hoek, M.L.: Azithromycin effectiveness
against intracellular infections of Francisella, BMC Microbiol., 10. 123, 2010.

Amara, U., Flierl, M.A., Rittirsch, D., Klos, A., Chen, H., Acker, B., Bruckner, U.B., Nilsson, B.,

Gebhard, F., Lambris, J.D., Huber-Lang, M.: Molecular intercommunication
between the complement and coagulation systems, J. Immunol., 185. 5628–5636,

2010.

Antunes, N.T., Frase, H., Toth M., Vakulenko, S.B.: The class A β-lactamase FTU-1 is
native to Francisella tularensis, Antimicrob. Agents Chemother., 56. 666–671,

2012.

Antwerpen, M.H., Schacht, E., Kaysser, P., Splettstoesser, W.D.: Complete genome
sequence of a Francisella tularensis subsp. holarctica strain from Germany
causing lethal infection in common marmosets, Genome Announc., 1. e00135-12,

2013.

Ariza-Miguel, J., Johansson, A., Fernández-Natal, M.I., Martínez-Nistal, C., Orduña, A.,

Rodríguez-Ferri, E.F., Hernández, M., Rodríguez-Lázaro, D.: Molecular
investigation of tularemia outbreaks, Spain, 1997–2008, Emerg. Infect. Dis., 20.

754, 2014.

Babos S.: Die Zeckenfauna Mitteleuropas, Academic Press, Budapest, Hungary, 1–410,

1964. [in German]

Bäckman, S., Näslund, J., Forsman, M., Thelaus, J.: Transmission of tularemia from a
water source by transstadial maintenance in a mosquito vector, Sci. Rep., 5.

7793, 2015.

Barabote, R.D., Xie, G., Brettin, T.S., Hinrichs, S.H., Fey, P.D., Jay, J.J., Engle, J.L., Godbole,

S.D., Noronha, J.M., Scheuermann, R.H., Zhou, L.W., Lion, C., Dempsey, M.P.:

Complete genome sequence of Francisella tularensis subspecies holarctica
FTNF002-00, PLoS One, 4. e7041, 2015.



66

Barns, S.M., Grow, C.C., Okinaka, R.T., Keim, P., Kuske, C.R.: Detection of diverse new
Francisella-like bacteria in environmental samples, Appl. Environ. Microbiol., 71.

5494-5500, 2005.

Ben Nasr, A., Haithcoat, J., Masterson, J.E., Gunn, J.S., Eaves-Pyles, T., Klimpel, G.R.:

Critical role for serum opsonins and complement receptors CR3 (CD11b/CD18)
and CR4 (CD11c/CD18) in phagocytosis of Francisella tularensis by human
dendritic cells (DC): uptake of Francisella leads to activation of immature DC
and intracellular survival of the bacteria, J. Leukoc. Biol., 80. 774-786, 2006.

Ben Nasr, A., Klimpel, G.R.: Subversion of complement activation at the bacterial surface
promotes serum resistance and opsonophagocytosis of Francisella tularensis,

J. Leukoc. Biol., 84. 77– 85, 2008.

Bhide, M.R., Escudero, R., Camafeita, E., Gil, H., Jado, I., Anda, P.: Complement factor H
binding by different Lyme disease and relapsing fever Borrelia in animals and
human, BMC Res. Notes, 2. 134, 2009.

Biedzka-Sarek, M., Jarva, H., Hyytiäinen, H., Meri, S., Skurnik, M.: Characterization of
complement factor H binding to Yersinia enterocolitica serotype O: 3, Infect.

Immun., 76. 4100–4109, 2008.

Bina, X.R., Lavine, C.L., Miller, M.A., Bina, J.E.: The AcrAB RND efflux system from the live
vaccine strain of Francisella tularensis is a multiple drug efflux system that is
required for virulence in mice, FEMS Microbiol. Lett.; 279.  226–233, 2008.

Birdsell, D.N., Pearson, T., Price, E.P., Hornstra, H.M., Nera, R.D., Stone, N., Gruendike, J.,

Kaufman, E.L., Pettus, A.H., Hurbon, A.N., Buchhagen, J.L., Harms, N.J., Chanturia,

G., Gyuranecz, M., Wagner, D.M., Keim, P.S.: Melt analysis of mismatch
amplification mutation assays (Melt-MAMA): a functional study of a cost-
effective SNP genotyping assay in bacterial models, PLoS One, 7. e32866, 2012.

Birdsell, D.N., Johansson, A., Öhrman, C., Kaufman, E., Molins, C., Pearson, T., Gyuranecz

M., Naumann, A., Vogler, A.J., Myrtennäss, K., Larsson, P., Forsman, M., Sjödin, A.,

Gillece, J.D., Schupp, J., Petersen, J.M., Keim, P., Wagner, D.M.: Francisella
tularensis subsp. tularensis group AI, United States, Emerg. Infect. Dis., 20. 861-

865, 2014.

Birkbeck, T.H., Bordevik, M., Frøystad, M.K., Baklien, A.: Identification of Francisella sp.
from Atlantic salmon, Salmo salar L., in Chile, J. Fish Dis., 30. 505– 507, 2007.

Boisset, S., Caspar, Y., Sutera, V., Maurin, M.: New therapeutic approaches for treatment
of tularaemia: a review, Front. Cell. Infect. Microbiol., 4. 40, 2014.

Bosio, C.M.: The subversion of the immune system by Francisella tularensis, Front.

Microbiol., 2. 9, 2011.



67

Bossi, P., Tegnell, A., Baka, A., Van Loock, F., Hendriks, J., Werner, A., Maidhof, H., Gouvras,

G.: Bichat guidelines for the clinical management of tularaemia and
bioterrorism-related tularaemia, Euro Surveill., 9. E9–10, 2004.

Brevik, O.J., Ottem, K.F., Nylund, A.: Multiple-locus, variable number of tandem repeat
analysis (MLVA) of the fish-pathogen Francisella noatunensis, BMC Vet. Res., 7.

5, 2011.

Burgdorfer, W., Brinton, L.P., Hughes, L.E.: Isolation and characterization of symbiotes
from the Rocky Mountain wood tick, Dermacentor andersoni, J. Invertebr.

Pathol., 22. 424–434, 1973.

Caporale, D.A., Rich, S.M., Spielman, A., Telford, S.R. III, Kocher, T.D.: Discriminating
between Ixodes ticks by means of mitochondrial DNA sequences, Mol.

Phylogenet. Evol., 4. 361–365, 1995.

Cederlund, A., Gudmundsson, G., Agerberth, B.: Antimicrobial peptides important in innate
immunity, FEBS J., 278. 3942–3951, 2011.

Chanturia, G., Birdsell, D. N., Kekelidze, M., Zhgenti, E., Babuadze, G., Tsertsvadze, N.,

Tsanava, S., Imnadze, P., Beckstrom-Sternberg, S.M., Beckstrom-Sternberg, J.S.,

Champion, M.D., Sinari, S, Gyuranecz, M., Farlow, J., Pettus, A.H., Kaufman, E.L.,

Busch, J.D., Pearson, T., Foster, J.T., Vogler, A.J., Wagner, D.M., Keim, P.:

Phylogeography of Francisella tularensis subspecies holarctica from the
country of Georgia, BMC Microbiol., 11. 139, 2011.

Chen, W., KuoLee, R., Shen, H., Conlan, J.W.: Susceptibility of immunodeficient mice to
aerosol and systemic infection with virulent strains of Francisella tularensis,

Microbial Pathog., 36. 311-318, 2004.

Chong, A., Wehrly, T.D., Nair, V., Fischer, E.R., Barker, J.R., Klose, K.E., Celli, J.: The early
phagosomal stage of Francisella tularensis determines optimal phagosomal
escape and Francisella pathogenicity island protein expression, Infect. Immun.,

76. 5488–5499, 2008.

Chong, A., Celli, J.: The Francisella intracellular life cycle: toward molecular mechanisms
of intracellular survival and proliferation, Front. Microbiol., 1. 138, 2010.

Clay, C.D., Soni, S., Gunn, J.S., Schlesinger, L.S.: Evasion of complement-mediated lysis
and complement C3 deposition are regulated by Francisella tularensis
lipopolysaccharide O antigen, J. Immunol., 181. 5568–5578, 2008.

Clemens, D.L., Lee, B.Y., Horwitz, M.A.: Francisella tularensis enters macrophages via a
novel process involving pseudopod loops, Infect. Immun., 73. 5892–5902, 2005.

Clinical and Laboratory Standard Institute. Performance Standards for Antimicrobial
Susceptibility Testing. Nineteenth Informational Supplement. M100-S19. Vol. 29 n3.

2009.



68

Clinton, S.R., Bina, J.E., Hatch, T.P., Whitt, M.A., Miller, M.A.: Binding and activation of
host plasminogen on the surface of Francisella tularensis, BMC Microbiol., 10.

76, 2010.

Cowley, S.C., Elkins, K.L.: Immunity to francisella, Front. Microbiol., 2. 26, 2011.

Craig, D.W., Pearson, J.V., Szelinger, S., Sekar, A., Redman, M., Corneveaux, J.J.,

Pawlowski, T.L., Laub, T., Nunn, G., Stephan, D.A., Homer, N., Huentelman, M.J.:

Identification of genetic variants using bar-coded multiplexed sequencing, Nat.

Methods., 5. 887-893, 2008.

Crane, D.D., Warner, S.L., Bosio, C.M.: A novel role for plasminmediated degradation of
opsonizing antibody in the evasion of host immunity by virulent, but not
attenuated, Francisella tularensis, J. Immunol. 183. 4593– 4600, 2009.

Csörgő T., Karcza Z., Halmos G., Magyar G., Gyurácz J., Szép T., Bankovics A., Schmidt A.,

Schmidt E.: Hungarian Bird Migration Atlas, Kossuth Kiadó Zrt., Budapest,

Hungary, 672., 2009. [in Hungarian with English summaries]

de Carvalho, I.L., Santos, N., Soares, T., Zé-Zé, L., Núncio, M.S.: Francisella-like
endosymbiont in Dermacentor reticulatus collected in Portugal, Vector-Borne

Zoonot. Dis.; 11. 185–188, 2011.

de Carvalho, I.L., Toledo, A., Carvalho, C.L., Barandika, J.F., Respicio-Kingry, L.B., Garcia-

Amil, C., García-Pérez, A.L., Olmeda, A.S., Zé-Zé, L., Petersen, J.M., Anda, P.,

Núncio, M.S., Escudero, R.: Francisella species in ticks and animals, Iberian
Peninsula, Ticks Tick-borne Dis., 2015. [in press]

Decors, A., Lesage, C., Jourdain, E., Giraud, P., Houbron, P., Vanhem, P., Madani, N.:

Outbreak of tularaemia in brown hares (Lepus europaeus) in France, January to
March 2011, Euro Surveill., 16. 19913, 2011.

Dempsey, M.P., Dobson, M., Zhang, C., Zhang, M., Lion, C., Gutiérrez-Martín, C.B., Iwen,

P.C., Fey, P.D., Olson, M.E., Niemeyer, D., Francesconi, S., Crawford, R., Stanley,

M., Rhodes, J., Wagner, D.M., Vogler, A.J., Birdsell, D., Keim, P., Johansson, A.,

Hinrichs, S.H., Benson, A.K.: Genomic deletion marking an emerging subclone of
Francisella tularensis subsp. holarctica in France and the Iberian Peninsula,

Appl. Environ. Microbiol., 73. 7465–7470, 2007.

Dentan, C., Pavese, P., Pelloux, I., Boisset, S., Brion, J.P., Stahl, J.P., Maurin, M.: Treatment
of tularemia in pregnant woman, France, Emerg. Infect. Dis., 19. 996–998, 2013.

Dorofeev, K.A.: Classification of the causative agent of tularaemia, Symp. Res. Work Inst.

Epidemiol. Microbiol. Chita, 1. 170-180, 1947.

DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) Bacterial
Nomenclature Up-To-Date (Approved list, Validation list), 2015. Available from:

http://www.dsmz.de/download/bactnom/bactname.pdf



69

Elfving, K., Olsen, B., Bergström, S., Waldenström, J., Lundkvist, A., Sjöstedt, A., Mejlon, H.,

Nilsson, K.: Dissemination of spotted fever rickettsia agents in Europe by
migrating birds, PLoS One, 5. e8572, 2010.

Elkins, K.L., Cowley, S.C., Bosio, C.M.: Innate and adaptive immune responses to an
intracellular bacterium, Francisella tularensis live vaccine strain, Microbes

Infect., 5. 135-142, 2003.

Ellis, J., Oyston, P.C., Green, M., Titball, R.W.: Tularemia, Clin. Microbiol. Rev., 15. 631-646,

2002.

Enderlin, G., Morales, L., Jacobs, R.F., Cross, J.T.: Streptomycin and alternative agents for
the treatment of tularemia: review of the literature, Clin. Infect. Dis., 19. 42–47,

1994.

Epinfo (az Országos Epidemiológiai Központ epidemiológiai információs hetilapja)

http://www.oek.hu/oek.web?nid=41&pid=1

Escudero, R., Toledo, A., Gil, H., Kovácsová, K., Rodríguez-Vargas, M., Jado, I., García-Amil,

C., Lobo, B., Bhide, M., Anda, P.: Molecular method for discrimination between
Francisella tularensis and Francisella-like endosymbionts, J. Clin. Microbiol., 46.

3139–3143, 2008.

Escudero, R., Elía, M., Sáez‐Nieto, J.A., Menéndez, V., Toledo, A., Royo, G., Rodríguez-

Vargas, M., Whipp, M.J., Gil, H., Jado., I., Anda, P.: A possible novel Francisella
genomic species isolated from blood and urine of a patient with severe illness,

Clin. Microbiol. Infect., 16. 1026-1030, 2010.

Evans, M.E., Gregory, D.W., Schaffner, W., McGee, Z.A.: Tularemia: a 30 year experience
with 88 cases, Medicine (Baltimore), 64. 251–269, 1985.

Feldman, K.A.: Tularemia, JAVMA-J. Am. Vet. Med. A., 222. 725–730, 2003.

Ferreira, V.P., Pangburn, M.K., Cortés, C.: Complement control protein factor H: the good,
the bad, and the inadequate. Mol. Immunol., 47. 2187-2197, 2010.

Forestal, C.A., Malik, M., Catlett, S.V., Savitt, A.G., Benach, J.L., Sellati, T.J., Furie, M.B.:

Francisella tularensis has a significant extracellular phase in infected mice, J.

Infect. Dis., 196. 134–137, 2007.

Forsman, M., Sandström, G., Sjöstedt, A.: Analysis of 16S ribosomal DNA sequences of
Francisella strains and utilization for determination of the phylogeny of the
genus and for identification of strains by PCR, Int. J Syst. Bacteriol., 44. 38-46,

1994.

Francis, E.: Tularemia. I. The occurrence of tularemia in nature as a disease of man,

Publ. Health Rep., 36. 1731-1753, 1921.

Francis, E., Mayne, B., Lake, G.C.: Tularemia Francis 1921: A new disease of man, Hyg.

Lab. Bull., 130. 1-87, 1922.



70

Francis, E.: A summary of the present knowledge of tularemia, Medicine (Baltimore), 7.

411-432, 1928.

Franke, J., Fritzsch, J., Tomaso, H., Straube, E., Dorn, W., Hildebrandt, A.: Coexistence of
pathogens in host-seeking and feeding ticks within a single natural habitat in
Central Germany, Appl. Environ. Microbiol., 76, 6829–6836, 2010.

Friend, M.: Tularemia, 1st ed. U.S. Geological Survey, Circular 1297, Reston, Virginia, U.S.A.,

2006.

García del Blanco, N., Gutiérrez Martín, C.B., de la Puente Redondo, V.A., Rodríguez Ferri,

E.F.: In vitro susceptibility of field isolates of Francisella tularensis subsp.
holarctica recovered in Spain to several antimicrobial agents, Res. Vet. Sci., 76.

195–198, 2004.

Gehringer, H., Schacht, E., Maylaender, N., Zeman, E., Kaysser, P., Oehme, R., Pluta S.,

Splettstoesser, W. D.: Presence of an emerging subclone of Francisella
tularensis holarctica in Ixodes ricinus ticks from south-western Germany, Ticks

Tick-borne Dis., 4. 93-100, 2013.

George, A.P.: Tigecycline, J. Antimicrob. Chemother., 56. 470–480, 2005.

Georgi, E., Schacht, E., Scholz, H.C., Splettstoesser, W.D.: Standardized broth
microdilution antimicrobial susceptibility testing of Francisella tularensis
subsp. holarctica strains from Europe and rare Francisella species, J.

Antimicrob. Chemother., 67. 2429–2433, 2012.

Gestin, B., Valade, E., Thibault, F., Schneider, D., Maurin, M.: Phenotypic and genetic
characterization of macrolide resistance in Francisella tularensis subsp.
holarctica biovar I, J. Antimicrob. Chemother., 65. 2359-2367, 2010.

Gil, H., Platz, G.J., Forestal, C.A., Monfett, M., Shekhar Bakshi, C., Sellati, T.J., Furie, M.B.,

Benach, J.L., Thanassi, D.G.: Deletion of TolC orthologs in Francisella tularensis
identifies roles in multidrug resistance and virulence, Proc. Natl. Acad. Sci.

U.S.A., 103. 12897–12902, 2006.

Gill, V., Cunha, B.A.: Tularemia pneumonia, Semin. Respir. Infect., 12. 61–67, 1997.

Griffin, M.O., Fricovsky, E., Ceballos, G., Villarreal, F.: Tetracyclines: a pleitropic family of
compounds with promising therapeutic properties. Review of the literature, Am.

J. Phisiol.– Cell Phisiol., 299. C539-C548, 2010.

Gunn, J.S., Ernst, R.K.: The structure and function of Francisella lipopolysaccharide,

Ann. N. Y. Acad. Sci., 1105. 202–218, 2007.

Gurycová, D., Kocianová, E., Vyrosteková, V., Rehácek, J.: Prevalence of ticks infected
with Francisella tularensis in natural foci of tularemia in western Slovakia, Eur.

J. Epidemiol., 11. 469–474, 1995.



71

Gyuranecz M., Dénes B., Dán Á., Rigó K., Földvári G., Szeredi L., Fodor L., Sallós A., Jánosi

K., Erdélyi K., Krisztalovics K., Makrai L.: Susceptibility of the common hamster
(Cricetus cricetus) to Francisella tularensis and its effect on the epizootiology
of tularemia in an area where both are endemic, J. Wildl. Dis., 46. 1316–1320,

2010a.

Gyuranecz M., Szeredi L., Makrai L., Fodor L., Mészaros Á.R., Szépe B., Füleki M., Erdélyi K.:

Tularemia of European brown hare (Lepus europaeus) A pathological,
histopathological, and immunohistochemical study, Vet. Pathol., 47. 958-963,

2010b.

Gyuranecz M., Erdélyi K., Fodor L., Jánosi K., Szépe B., Füleki M., Szőke I., Dénes B., Makrai

L.: Characterization of Francisella tularensis strains, comparing their carbon
source utilization, Zoonoses Public Health, 57. 417-422, 2010c.

Gyuranecz M., Fodor L., Makrai L., Monse L., Krisztalovics K., Dénes B., Szépe B., Füleki M.,

Erdélyi K.: A tularaemia járványtana, különös tekintettel a mezei nyúl (Lepus
europaeus) fertőződésére, Magy. Állatorovosok Lapja, 132. 39-46, 2010d. [in

Hungarian with English summaries]

Gyuranecz M., Birdsell, D.N., Splettstoesser, W., Seibold, E., Beckstrom-Sternberg, S.M.,

Makrai L., Fodor L., Fabbi, M., Vicari, N., Johansson, A., Busch, J.D., Vogler, A.J.,

Keim, P.,Wagner, D.M.: Phylogeography of Francisella tularensis subsp.
holarctica, Europe, Emerg. Infect. Dis., 18. 290-293, 2012a.

Gyuranecz M., Reiczigel J., Krisztalovics K., Monse L., Szabóné G.K., Szilágyi A., Szépe B.,

Makrai L., Magyar T., Bhide M., Erdélyi K.: Factors influencing emergence of
tularemia, Hungary, 1984–2010, Emerg. Infect. Dis., 18. 1379-1381, 2012b.

Gyuranecz M.: Tularemia, In: Duff, J.P., Gavier-Wieden, D., Meredith, A. (eds): Infectious

diseases of wild birds and mammals in Europe, Wiley-Blackwell Publishing, Hoboken,

New Jersey, U.S.A., 303–309, 2012c.

Hepburn, M.J., Simpson, A.J.H.: Tularemia: current diagnosis and treatment options,

Expert Rev. Anti Infect. Ther., 6. 231–240, 2008.

Herpay M, Szabó Z., Pályi B.: Veszélyes kórokozó baktériumok diagnosztikájának
aktuális kérdéseiről I. Alapismeretek és a bakteriológiai laboratóriumok
együttműködése Bacillus anthracis, Brucella spp., Francisella tularensis,
Yersinia pestis, Burkholderia mallei és Burkholderia pseudomallei, Mikrobiol.

Körlev., 11. 13–24, 2011. [In Hungarian]

Hofinger, D.M., Cardona, L., Mertz, G.J., Davis, L.E.: Tularemic meningitis in the United
States, Arch. Neurol., 66. 523–527, 2009.



72

Hoogstraal, H.: African Ixodoidae. 1. Ticks of the Sudan (with special reference to
Equatoria province and with preliminary review of general Rhipicephalus,
Margaropus and Hyalomma), Research Report NM 005 050.29. 07., Department of

the Navy, Bureau of Medicine and Surgery Washington, DC.US Navy, Washington,

DC, 1956.

Hooper, D.C.: Mode of action of fluoroquinolones, Drugs, 58. 6-10, 1999.

Hornok S., Horváth G.: First report of adult Hyalomma marginatum rufipes (vector of
Crimean–Congo haemorrhagic fever virus) on cattle under continental climate
in Hungary, Parasit. Vectors, 5. 170, 2012.

Hubálek, Z., Sixl, V., Halouzka, J., Mikulásková, M.: Prevalence of Francisella tularensis in
Dermacentor reticulatus ticks collected in adjacent areas of the Czech and
Austrian Republics, Centr. Eur. J. Publ. Hlth., 5. 199–201, 1997.

Hubálek, Z.: An annotated checklist of pathogenic microorganisms associated with
migratory birds, J. Wildl. Dis., 40. 639–659, 2004.

Ikäheimo, I., Syrjälä, H., Karhukorpi, J., Schildt, R., Koskela, M.: In vitro antibiotic
susceptibility of Francisella tularensis isolated from humans and animals, J.

Antimicrob. Chemother., 46. 287–290, 2000.

Ivanov, I.N., Mitkova, N., Reye, A.L., Hübschen, J.M., Vatcheva-Dobrevska, R.S., Dobreva,

E.G., Kantardjiev, T.V., Muller, C. P.: Detection of new Francisella-like tick
endosymbionts in Hyalomma spp. and Rhipicephalus spp. (Acari: Ixodidae)
from Bulgaria, Appl. Environ. Microbiol., 77. 5562-5565, 2011.

Jackson, J., McGregor, A., Cooley, L., Ng, J., Brown, M., Ong, C.W., Darcy, C., Sintchenko,

V.: Francisella tularensis subspecies holarctica, Tasmania, Australia, 2011,

Emerg. Infect. Dis., 18. 1484-1486, 2012.

Janeway, C.A.Jr., Travers, P., Walport, M., Shlomchik, M.J.: The complement system and
innate immunity, In: Immunobiology: The Immune System in Health and Disease,

5th ed., Garland Science, New York, U.S.A., 2001. Available from:

http://www.ncbi.nlm.nih.gov/books/NBK27100/

Janeway, C.A.,Jr., Medzhitov, R.: Innate immune recognition, Annu. Rev. Immunol., 20.

197–216, 2002.

Jellison, W.L., Owen, C.R., Bell, J.F., Kohls, G.M.: Tularemia and animal populations:
ecology and epizoology, J. Wildl. Dis., 17. 1–22, 1961.

Jemski, J.V.: Respiratory tularemia: comparison of selected routes of vaccination in
Fischer 344 rats, Infect. Immun., 34. 766-772, 1981.

Johansson, A., Berglund, L., Gothefors, L., Sjöstedt, A., Tärnvik, A.: Ciprofloxacin for
treatment of tularemia in children, Pediatr. Infect. Dis. J., 19.  449–453, 2000.



73

Johansson, A., Urich, S.K., Chu, M.C., Sjöstedt, A., Tärnvik, A.: In vitro susceptibility to
quinolones of Francisella tularensis subspecies tularensis, Scand. J. Infect. Dis.,

34. 327-330, 2002.

Johansson, A., Farlow, J., Larsson, P., Dukerich, M., Chambers, E., Byström, M., Fox, J., Chu,

M., Forsman, M., Sjöstedt, A., Keim, P.: Worldwide genetic relationships among
Francisella tularensis isolates determined by multiple-locus variable-number
tandem repeat analysis, J. Bacteriol., 186. 5808-5818, 2004.

Johansson, A., Lärkeryd, A., Widerström, M., Mörtberg, S., Myrtännäs, K., Öhrman, C.,

Birdsell, D., Keim, P., Wagner, D.M., Forsman, M., Larsson, P.: An outbreak of
respiratory tularemia caused by diverse clones of Francisella tularensis, Clin.

Infect. Dis., 59. 1546-1553, 2014.

Jones, C.L., Napier, B.A., Sampson, T.R., Llewellyn, A.C., Schroeder, M.R., Weiss, D.S.:

Subversion of host recognition and defense systems by Francisella spp.,
Microbiol. Mol. Biol. Rev., 76., 383-404, 2012.

Kamaishi, T., Fukuda, Y., Nishiyama, M., Kawakami, H., Matsuyama, T., Yoshinaga, T.,

Oseko, N.: Identification and pathogenicity of intracellular Francisella bacterium
in three-line Grunt Parapristipoma trilineatum, Fish Pathol., 40. 67–71, 2005.

Karadenizli, A., Forsman, M., Simsek, H., Taner, M., Öhrman, C., Myrtennäs, K., Lärkeryd, A.,

Johansson, A., Özdemir, I., Sjödin, A.: Genomic analyses of Francisella tularensis
strains confirm disease transmission from drinking water sources, Turkey,
2008, 2009 and 2012, Euro Surveill., 20. pii21136, 2015.

Karlsson, K.A., Dahlstrand, S., Hanko, E., Soderlind, O.: Demonstration of Francisella
tularensis in sylvan animals with the aid of fluourescent antibodies, Acta Pathol.

Microbiol. Immunol. Scand., 78. 647-651, 1970.

Karlsson, E., Svensson, K., Lindgren, P., Byström, M., Sjödin, A., Forsman, M., Johansson, A.:

The phylogeographic pattern of Francisella tularensis in Sweden indicates a
Scandinavian origin of Eurosiberian tularaemia, Environ. Microbiol., 15. 634-645,

2013.

Kawai, T., Akira, S.: The role of pattern-recognition receptors in innate immunity: update
on Toll-like receptors, Nat. Immunol., 11. 373– 384, 2010.

Kaya, A., Deveci, K., Uysal, I.Ö., Güven, A.S., Demir, M., Uysal, E.B., Gültekin, A.,

Icagasioglu, F.D.: Tularemia in children: evaluation of clinical, laboratory and
therapeutic features of 27 tularemia cases, Turk. J. Pediatr., 54. 105–112, 2012.

Keim, P.S., Johansson, A., Wagner, D.M.: Molecular epidemiology, evolution and ecology
of Francisella,  Ann. NY. Acad. Sci., 1105. 30-66, 2007.

Kemenes F., Füzi M.: Hazai Francisella tularensis törzsek antibiotikum-érzékenysége.

Orv. Hetil., 113. 2103–2105, 1972. [in Hungarian]



74

Kemenes F.: Die Epizootologie der Hausen-tularemie in Ungarn, Proceedings 2.

Internationales Arbeitskolloquium über “Naturherde von Infektionskrankheiten in

Zentraleuropa”, Graz, Austria, 285-289, 1976. [in German]

Kilic, S., Celebi, B., Acar, B., Atas, M.: In vitro susceptibility of isolates of Francisella
tularensis from Turkey, Scand. J. Infect. Dis., 45. 337-341, 2013.

Kugeler, K.J., Gurfield, N., Creek, J.G., Mahoney, K.S., Versage, J.L., Petersen, J.M.:

Discrimination between Francisella tularensis and Francisella-like
endosymbionts when screening ticks by PCR, Appl. Environ. Microbiol., 71. 7594–

7597, 2005.

Kugeler, K.J., Mead, P.S., McGowan, K.L., Burnham, J.M., Hogarty, M.D., Ruchelli, E.,

Pollard, K., Husband, B., Conley, C., Rivera, T., Kelesidis, T., Lee, W.M., Mabey, W.,

Winchell, J.M., Stang, H.L., Staples, E., Chalcraft, L.J., Petersen, J.M.: Isolation and
characterization of a novel Francisella sp. from human cerebrospinal fluid and
blood, J. Clin. Microbiol., 46. 2428-2431, 2008.

Lahteenmaki, K., Kuusela, P., Korhonen, T.K.: Bacterial plasminogen activators and
receptors, FEMS Microbiol. Rev., 25. 531–552, 2001.

Larsson, P., Svensson, K., Karlsson, L., Guala, D., Granberg, M., Forsman, M., Johansson,

A.: Canonical insertion-deletion markers for rapid DNA typing of Francisella
tularensis, Emerg. Infect. Dis., 13. 1725-1732, 2007.

Long, G.W., Oprandy, J.J., Narayanan, R.B., Fortier, A.H., Porter, K.R., Nacy, C.A.: Detection
of Francisella tularensis in blood by polymerase chain reaction, J. Clin.

Microbiol., 31. 152–154, 1993.

Maraha, B., Hajer, G., Sjödin, A., Forsman, M., Paauw, A., Roeselers, G., Verspui, E., Frenay,

I., Notermans, D., de Vries, M., Reubsaet, F.: Indigenous infection with Francisella
tularensis holarctica in the Netherlands, Case Rep. Infect. Dis., Article ID 916985,

2013.

Mauel, M.J., Soto, E., Moralis, J.A., Hawke, J.: A piscirickettsiosis-like syndrome in
cultured Nile tilapia in Latin America with Francisella spp. as the pathogenic
agent, J. Aquat. Anim. Health, 19. 27–34, 2007.

Maurin, M., Mersali, N.F., Raoult, D.: Bactericidal activities of antibiotics against
intracellular Francisella tularensis, Antimicrob. Agents Chemother., 44.  3428–

3431, 2000.

Maurin, M., Pelloux, I., Brion, J.P., Del Banõ, J-N., Picard, A.: Human tularemia in France,
2006-2010, Clin. Infect. Dis., 53. e133–141, 2011.

Maurin, M., Gyuranecz M.: Tularemia: clinical aspects in Europe, Lancet Infect. Dis., 16.

113-124, 2016.



75

McCaffrey, R.L., Schwartz, J.T., Lindemann, S.R., Moreland, J.G., Buchan, B.W., Jones, B.D.,

Allen, L.A.: Multiple mechanisms of NADPH oxidase inhibition by type A and
type B Francisella tularensis, J. Leukoc. Biol., 88. 791–805, 2010.

McCoy, G.W.: A plague-like disease in rodents, Publ. Health Bull., 43. 53–71, 1911.

McCoy, G.W., Chapin, C.W.: Further observations on a plague-like disease of rodents
with a preliminary note on the causative agent Bacterium tularense, J. Infect.

Dis., 10. 61-72, 1912.

Memish, Z.A., Mah, M.W.: Less usual indications: Mycobacterial, Brucella, Yersinia,
Francisella and other infections, In: Ronald, A.L., Low, D. (eds): Fluoroquinolone

antibiotics, Birkhäuser Verlag, Basel, Switzerland, 245–250, 2003.

Meri, T., Amdahl, H., Lehtinen, M.J., Hyvärinen, S., McDowell, J.V., Bhattacharjee, A., Meri,

S., Marconi, R., Goldman, A., Jokiranta, T.S.: Microbes bind complement inhibitor
factor H via a common site, PLoS Pathog., 9. e1003308, 2013.

Michelet, L., Bonnet, S., Madani, N., Moutailler, S.: Discriminating Francisella tularensis
and Francisella-like endosymbionts in Dermacentor reticulatus ticks:
evaluation of current molecular techniques, Vet. Microbiol., 163, 399-403, 2013.

Milutinovic, M., Masuzawa, T., Tomanovic, S., Radulovic, Z., Fukui, T., Okamoto, Y.: Borrelia
burgdorferi sensu lato, Anaplasma phagocytophilum, Francisella tularensis and
their co-infections in host-seeking Ixodes ricinus ticks collected in Serbia, Exp.

Appl. Acarol., 45. 171–183, 2008.

Mohamed, S.E.R., Mubarak, A.I., Alfarooq, L.O.: Francisella tularensis bacteremia: a case
report from Sudan, Case Rep. Infect. Dis., Article ID 405737, 2012.

Molins, C.R., Delorey, M.J., Yockey, B.M., Young, J.W., Sheldon, S.W., Reese, S.M.,

Schriefer, M.E., Petersen, J.M.: Virulence differences among Francisella
tularensis subsp. tularensis clades in mice, PLoS ONE, 5. e10205, 2010.

Mörner, T., Sandstedt, K.: A serological survey of antibodies against Francisella
tularensis in some Swedish mammals, Nord. Vet. Med., 35. 82–85, 1983.

Mörner, T.: Tularemia in hares in Sweden, MS Thesis, Swedish University of Agricultural

Science, Uppsala, Sweden, 1994.

Mörner, T., Addison, E.: Tularemia. In: Williams, E.S., Barker, I.K. (eds): Infectious Diseases

of Wild Animals, Iowa State University, Ames, Iowa. 303–312, 2001.

Niebylski, M.L., Peacock, M.G., Fischer, E.R., Porcella, S.F., Schwan, T.G.: Characterization
of an endosymbiont infecting wood ticks, Dermacentor andersoni, as a member
of the genus Francisella, Appl. Environ. Microbiol., 63. 3933-3940, 1997.

Noda, H., Munderloh, U.G., Kurtti, T.J.: Endosymbionts of ticks and their relationship to
Wolbachia spp. and tick-borne pathogens of humans and animals, Appl.

Environ. Microbiol., 63, 3926-3932, 1997.



76

Nylund, A, Ottem, K.F., Watanabe, K., Karlsbakk, E., Krossoy, B.: Francisella sp. (Family
Francisellaeceae) causing mortality in Norwegian cod (Gadus morhua) farming,

Arch. Microbiol., 185. 383–392, 2006.

Ohara, Y., Sato, T., Fujita, H., Ueno, T., Homma, M.: Clinical manifestations of tularemia in
Japan — analysis of 1355 cases observed between 1924 and 1987, Infection, 19.

14–17, 1991.

Office International des Epizooties (OIE): Chapter Tularemia, Manual of Diagnostic Tests and

Vaccines for Terrestrial Animals, 361-366, 2008.

Olsen, A.B., Mikalsen, J., Rode, M., Alfjorden, A., Hoel, E., Straum-Lie, K., Haldorsen, R.,

Colquhoun, D.J.: A novel systemic granulomatous inflammatory disease in
farmed Atlantic cod, Gadus morhua L., associated with a bacterium belonging
to the genus Francisella, J. Fish Dis., 29. 307–311, 2006.

Olsufyev, N.G., Emelyanova, O.S., Dunayeva, T.N.: Comparative study of strains of B.
tularense in the old and new world and their taxonomy, J. Hyg. Epidemiol.

Mikrobiol. Immunol. (Prague), 3. 138–149, 1959.

Olsufyev, N.G., Emelyanova, O.S.: Immunological relationships between Old and New
World varieties of tularaemic bacteria, J. Hyg. Epidemiol. Microbiol. Immunol., 7.

178-187, 1963.

Olsufyev, N.G., Meshcheryakova, I.S.: Subspecific taxonomy of Francisella tularensis, Int.

J. Syst. Bacteriol., 33. 872–874, 1983.

Origgi, F., Frey, J., Pilo, P.: Characterisation of a new group of Francisella tularensis
subsp. holarctica in Switzerland with altered antimicrobial susceptibilities, 1996
to 2013, Euro. Surveill., 19. pii=20858, 2014.

Ostland, V.E., Stannard, J.A., Creek, J.J., Hedrick, R.P., Ferguson, H.W., Carlberg, J.M.,

Westerman, M.E.: Aquatic Francisella-like bacterium associated with mortality of
intensively cultured hybrid striped bass Morone chrysops x M. saxatilis, Dis.

Aquat. Organ., 72., 135–145, 2006.

O'Toole, D., Williams, E.S., Woods, L.W., Mills, K., Boerger-Fields, A., Montgomery,

D.L.,Jaeger, P., Edwards, W.H., Christensen, D., Marlatt, W.: Tularemia in range
sheep: an overlooked syndrome, J. Vet. Diagn. Invest., 20. 508-513, 2008.

Ottem, K.F., Nylund, A., Karlsbakk, E., Friis‐Moller, A., Kamaishi, T.: Elevation of Francisella
philomiragia subsp. noatunensis Mikalsen et al. (2007) to Francisella
noatunensis comb. nov.[syn. Francisella piscicida Ottem et al. (2008) syn. nov.]
and characterization of Francisella noatunensis subsp. orientalis subsp. nov.,
two important fish pathogens, J. Appl. Microbiol., 106. 1231-1243, 2009.



77

Otto, P., Chaignat, V., Klimpel, D., Diller, R., Melzer, F., Müller, W., Tomaso, H.: Serological
investigation of wild boars (Sus scrofa) and red foxes (Vulpes vulpes) as
indicator animals for circulation of Francisella tularensis in Germany, Vector-

Borne Zoonot. Dis., 14. 46-51, 2014.

Özsürekci, Y., Birdsell, D.N., Celik, M., Karadag-Öncel, E., Johansson, A., Forsman, M.,

Vogler, A.J., Keim, P., Ceyhan, M., Wagner, D.M.: Diverse Francisella tularensis
strains and oropharyngeal tularemia, Turkey, Emerg. Infect. Dis., 21. 173-175,

2015.

Pangburn, M.K., Ferreira, V.P., Cortes, C.: Discrimination between host and pathogens by
the complement system, Vaccine, 26. I15–I21, 2008.

Pearson, T., Busch, J.D., Ravel, J., Read, T.D., Rhoton, S.D., U’Ren, J.M., Simonson, T.S., S.

Kachur, M., Leadem, R.R., Cardon, M.L., Van Ert, M.N., Huynh, L.Y., Fraser, C.M.,

Keim, P.: Phylogenetic discovery bias in Bacillus anthracis using single-
nucleotide polymorphisms from whole genome sequencing, Proc. Natl. Acad.

Sci. U.S.A., 101. 13536–13541, 2004.

Pérez-Castrillón, J.L., Bachiller-Luque, P., Martín-Luquero, M., Mena-Martín, F.J., Herreros,

V.: Tularemia epidemic in northwestern Spain: clinical description and
therapeutic response, Clin. Infect. Dis., 33. 573–576, 2001.

Petersen, J.M., Carlson, J.K., Dietrich, G., Eisen, R.J., Coombs, J., Janusz, A.M., Summers,

J.D., Ben Beard, C., Mead, P.S.: Multiple Francisella tularensis subspecies and
clades, tularemia outbreak, Utah, Emerg. Infect. Dis., 14., 1928-1930, 2008.

Philip, C.B., Owen, C.R.: Comments on the nomenclature of the causative agent of
tularemia, Int. Bull. Bacteriol. Nomencl. Taxon., 11. 67-72, 1961.

Posada, D.: JModel test: phylogenetic model averaging, Mol. Biol. Evol., 25. 1253–1256,

2008.

Qu, P.H., Chen, S.Y., Scholz, H.C., Busse, H.J., Gu, Q., Kämpfer, P., Foster, J.T., Glaeser,

S.P., Chen, C., Yang, Z.C.: Francisella guangzhouensis sp. nov., isolated from
air-conditioning systems, Internat. J. Syst. Evol. Microbiol., 63. 3628-3635, 2013.

Raymond, C.R., Conlan, J.W.: Differential susceptibility of Sprague–Dawley and Fischer
344 rats to infection by Francisella tularensis, Microb .Pathog., 46. 231-234, 2009.

Rees, D.J., Dioli, M., Kirkendall, L.R.: Molecules and morphology: evidence for cryptic
hybridization in African Hyalomma (Acari: Ixodidae), Mol. Phylogenet. Evol., 27.

131–142, 2003.

Reintjes, R., Dedushaj, I., Gjini, A., Jorgensen, T.R., Cotter, B., Lieftucht, A., D’Ancona, F.,

Dennis, D.T., Kosoy, M.A., Mulliqi-Osmani, G., Grunow, R., Kalaveshi, A., Gashi, L.,

Humolli, I.: Tularemia outbreak investigation in Kosovo: case control and
environmental studies, Emerg. Infect. Dis., 8. 69–73, 2002.



78

Rijks, J.M., Kik, M., Koene, M.G.,Engelsma, M.Y., van Tulden, P., Montizaan, M.G., Oomen,

T., Spierenburg, M.A., Ijzer, J., van der Giessen, J.W., Gröne, A., Roest, H.J.:

Tularaemia in a brown hare (Lepus europaeus) in 2013: first case in the
Netherlands in 60 years, Euro Surveill., 18. pii:20655, 2013.

Risi, G.F., Pombo, D.J.: Relapse of tularemia after aminoglycoside therapy: case report
and discussion of therapeutic options, Clin. Infect. Dis., 20. 174–175, 1995.

Rumer, L., Sheshukova, O., Dautel, H., Donoso Mantke, O., Niedrig M.: Differentiation of
medically important Euro-Asian tick species Ixodes ricinus, Ixodes persulcatus,
Ixodes hexagonus, and Dermacentor reticulatus by polymerase chain reaction,

Vector-Borne Zoonot. Dis., 11. 899–905, 2011.

Sandström, G.: The tularemia vaccine, J. Chem. Technol. Biotechnol., 59. 315–320, 1994.

Scoles, G.A.: Phylogenetic analysis of the Francisella-like endosymbionts of
Dermacentor ticks, J. Medical Entomol., 41. 277-286, 2004.

Sewell, D.L.: Minireview, laboratory safety practices associated with potential agents of
biocrime or bioterrorism, J. Clin. Microbiol., 41. 2801-2809, 2003.

Signarovitz, A.L., Ray, H.J.,Yu, J.J.,Guentzel, M.N., Chambers, J.P., Klose, K., Arulanandam,

B.P.: Mucosal immunization with live attenuated Francisella novicida U112Δ
iglB protects against pulmonary F. tularensis SCHU S4 in the Fischer 344 Rat
Model, PLoS ONE, 7. e47639, 2012.

Simpson, J.T., Wong, K., Jackman, S.D., Schein, J.E., Jones, S.J., Birol, I.: ABySS: a parallel
assembler for short read sequence data, Genome Res., 19, 1117-1123, 2009.

Sjödin, A., Svensson, K., Öhrman, C., Ahlinder, J., Lindgren, P., Duodu, S., Johansson, A.,

Colquhoun, D.J., Larsson, P., Forsman, M.: Genome characterisation of the genus
Francisella reveals insight into similar evolutionary paths in pathogens of
mammals and fish, BMC Genomics, 13. 268, 2012.

Sjöstedt, A., Eriksson, U., Berglund, L., Tärnvik, A.: Detection of Francisella tularensis in
ulcers of patients with tularemia by PCR, J. Clin. Microbiol., 35. 1045–1048, 1997.

Sjöstedt, A.B.: Family III. Francisellaceae fam. nov., In: Brenner, D.J., Krieg, N.R., Staley,

J.T., Garrity, G.M. (eds): Bergey's Manual of Systematic Bacteriology, 2nd ed., vol. 2

(The Proteobacteria), part B (The Gammaproteobacteria), Springer, New York, NJ,

USA, 199-200, 2005.

Sjöstedt, A.: Tularemia: history, epidemiology, pathogen physiology, and clinical
manifestations, Ann. N. Y. Acad. Sci., 1105. 11–29, 2007.

Somogyi F.: A mezei nyúl-hasznosítás kereskedelmi lehetőségei. In: Nagy E. (ed.): Mezei

nyúl – A vadgazdálkodás időszerű kérdései 5. Dénes Natúr Műhely Kiadó,

Százhalombatta, 62-72, 2006.



79

Sréter-Lancz Z., Széll L., Sréter T., Márialigeti K.: Detection of a novel Francisella in
Dermacentor reticulatus: A need for careful evaluation of PCR-based
identification of Francisella tularensis in Eurasian ticks, Vector-Borne Zoonot.

Dis., 9. 123–126, 2009.

Stanek, G.: Pandora’s box: pathogens in Ixodes ricinus ticks in Central Europe, Wien.

Klin. Wochenschr., 121. 673–683, 2009.

Staples, J.E., Kubota, K.A., Chalcraft, L.G., Mead, P.S., Petersen, J.M.: Epidemiologic and
molecular analysis of human tularemia, United States, 1964–2004, Emerg. Infect.

Dis., 12. 1113–1118, 2006.

Steinemann, T.L., Sheikholeslami, M.R., Brown, H.H., Bradsher, R.W.: Oculoglandular
tularemia, Arch. Opthalmol., 117:132–133, 1999.

Suitor, E.C., Weiss, E.: Isolation of a rickettsialike microorganism (Wolbachia persica,
n.sp.) from Argus persicus (Oken), J. Infect. Dis., 108. 95-106, 1961.

Sutera, V., Caspar, Y., Boisset, S., Maurin, M.: A new dye uptake assay to test the activity
of antibiotics against intracellular Francisella tularensis, Front. Cell. Infect.

Microbiol., 4. 36, 2014.

Svensson, K., Granberg, M., Karlsson, L., Neubauerova, V., Forsman, M., Johansson, A.: A
real-time PCR array for hierarchical identification of Francisella isolates, PLoS

ONE, 4. e8360, 2009a.

Svensson, K., Bäck, E., Eliasson, H., Berglund, L., Granberg, M., Karlsson, L., Larsson, P.,

Forsman, M., Johansson, A.: Landscape epidemiology of tularemia outbreaks in
Sweden, Emerg. Infect. Dis., 15. 1937-1947, 2009b.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S.: MEGA5: molecular
evolutionary genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods, Mol. Biol. Evol., 28. 2731–2739,

2011.

Tärnvik, A., Chu, M.C.: New approaches to diagnosis and therapy of tularemia, Ann. N. Y.

Acad. Sci., 1105. 378–404, 2007.

Thelaus, J., Andersson, A., Mathisen, P., Forslund, A.L., Noppa, L., Forsman, M.: Influence of
nutrient status and grazing pressure on the fate of Francisella tularensis in lake
water, FEMS Microbiol. Ecol., 67. 69–80, 2009.

Thelaus, J., Andersson, A., Broman, T., Bäckman, S., Granberg, M., Karlsson, L., Kuoppa, K.,

Larsson, E., Lundmark, E., Lundström, J.O., Mathisen, P., Näslund, J., Schäfer, M.,

Wahab, T., Forsman, M.: Francisella tularensis subspecies holarctica occurs in
Swedish mosquitoes, persists through the developmental stages of laboratory-
infected mosquitoes and is transmissible during blood feeding, Microb. Ecol.,

67. 96–107, 2014.



80

Toledo, A., Olmeda, A.S., Escudero, R., Jado, I., Valcárcel, F., Casado-Nistal, M.A.,

Rodríguez-Vargas, M., Gil, H., Anda, P.: Tick-borne zoonotic bacteria in ticks
collected from central Spain, Am. J. Trop. Med. Hyg., 81. 67–74, 2009.

Tomanovic, S., Chochlakis, D., Radulovic, Z., Milutinovic, M., Cakic, S., Mihaljica, D.,

Tselentis, Y., Psaroulaki, A.: Analysis of pathogen co-occurrence in host-seeking
adult hard ticks from Serbia, Exp. Appl. Acarol., 59. 367–376, 2013.

Tomaso, H., Al Dahouk, S., Hofer, E., Splettstoesser, W.D., Treu, T.M., Dierich, M.P.,

Neubauer, H.: Antimicrobial susceptibilities of Austrian Francisella tularensis
holarctica biovar II strains, Int. J. Antimicrob. Agents, 26. 279–284, 2005.

Urich, S.K., Petersen, J.M.: In vitro susceptibility of isolates of Francisella tularensis
types A and B from North America, Antimicrob. Agents Chemother., 52. 2276-

2278, 2008.

Valade, E., Vaissaire, J., Mérens, A., Hernandez, E., Gros, Chantal, Le Doujet, C., Paucod,

J.C., Thibault, F.M., Durand, B., Lapalus, M., Dupuis, I., Caclard, A., Vidal, D.R.,

Cavallo, J.D.: Susceptibility of 71 French isolates of Francisella tularensis
subsp. holarctica to eight antibiotics and accuracy of the Etest method, J.

Antimicrob. Chemother., 62. 208–120, 2008.

Valentine, B.A., DeBey, B.M., Sonn, R.J., Stauffer, L.R., Pielstick, L.G.: Localized cutaneous
infection with Francisella tularensis resembling ulceroglandular tularemia in a
cat, J. Vet. Diagn. Invest., 16. 83-85, 2004.

Van Ert, M.N., Easterday, W.R., Huynh, L.Y., Okinaka, R.T., Hugh-Jones, M.E., Ravel, J.,

Zanecki, S.R., Pearson, T., Simonson, T.S., U'Ren, J.M., Kachur, S.M., Leadem-

Dougherty, R.R. Rhoton, S.D., Zinser, G., Farlow, J., Coker, P.R., Smith, K.L., Wang,

B., Kenefic, L.J., Fraser-Liggett, C.M., Wagner, D.M., Keim, P.: Global genetic
population structure of Bacillus anthracis, PLoS One, 2. e461, 2007.

Versage, J.L., Severin, D.D.M., Chu, M.C., Petersen, J.M.: Development of multitarget real-
time TaqMan PCR assay for enhanced detection of Francisella tularensis in
complex specimens, J. Clin. Microbiol., 41. 5492–5499, 2003.

Vogler, A.J., Birdsell, D., Price, L.B., Bowers, J.R., Beckstrom-Sternberg, S.M., Auerbach,

R.K., Beckstrom-Sternberg, J.S., Johansson, A., Clare, A., Buchhagen, J.L.,

Petersen, J.M., Pearson, T., Vaissaire, J., Dempsey, M.P., Foxall, P., Engelthaler,

D.M., Wagner, D.M., Keim, P.: Phylogeography of Francisella tularensis: global
expansion of a highly fit clone, J. Bacteriol., 191. 2474-2484, 2009a.

Vogler, A.J., Birdsell, D., Wagner, D. M., Keim, P.: An optimized, multiplexed multi‐locus

variable‐number tandem repeat analysis system for genotyping Francisella
tularensis, Letters Appl. Microbiol., 48. 140-144, 2009b.



81

Vyrosteková V.: Transstadial transmission of Francisella tularensis by Ixodes ricinus
ticks infected during the nymphal stage, Epidemiol. Mikrobiol. Imunol., 43. 166–

170, 1994. [article in Slovak]

Wang, Y., Peng, Y., Hai, R., Xia, L., Li, H., Zhang, Z., Cai, H., Liang, Y., Shen, X., Yu, D.,

Birdsell, D., Wagner, D.M., Keim, P.: Diversity of Francisella tularensis subsp.
holarctica lineages, China, Emerg. Infect. Dis., 20. 1191, 2014.

Wehrly, T.D., Chong, A., Virtaneva, K., Sturdevant, D.E., Child, R., Edwards, J.A., Brouwer,

D., Nair, V., Fischer, E.R., Wicke, L., Curda, A.J., Kupko, J.J., Martens, C., Crane,

D.D., Bosio, C.M., Porcella, S.F., Celli, J.: Intracellular biology and virulence
determinants of Francisella tularensis revealed by transcriptional profiling
inside macrophages, Cell Microbiol., 11. 1128–1150, 2009.

WHO, World Health Organization: Guidelines on Tularemia, WHO Press, Geneva,

Switzerland, 2007. Available from:

www.cdc.gov/tularemia/resources/whotularemiamanual.pdf

Wicki, R., Sauter, P., Mettler, C., Natsch, A., Enzler, T., Pusterla, N., Kuhnert, P., Egli, G.,

Bernasconi, M., Lienhard, R., Lutz, H., Leutenegger, C.M.: Swiss Army Survey in
Switzerland to determine the prevalence of Francisella tularensis, members of
the Ehrlichia phagocytophila genogroup, Borrelia burgdorferi sensu lato, and
tick-borne encephalitis virus in ticks, Eur. J. Clin. Microbiol. Infect. Dis., 19. 427–

432, 2000.

Wójcik-Fatla, A., Zając, V., Sawczyn, A., Cisak, E., Sroka, J., Dutkiewicz, J.: Occurrence of
Francisella spp. in Dermacentor reticulatus and Ixodes ricinus ticks collected in
eastern Poland, Ticks Tick-borne Dis., 6. 253-257, 2015.

Woods, J.P., Panciera, R.J., Morton, R.J., Lehenbauer, T.W.: Feline tularemia, Compendium

on Continuing Education for the Practicing Veterinarian, 20. 442, 1998.

Wu, T.H., Zsemlye, J.L., Statom, G.L., Hutt, J.A., Schrader, R.M., Scrymgeour, A.A., Lyons,

C.R.: Vaccination of Fischer 344 rats against pulmonary infections by
Francisella tularensis type A strains, Vaccine, 27. 4684-4693, 2009.

Yesilyurt, M., Kilic, S., Celebi, B., Celik, M., Gül, S., Erdogan, F., Özel, G.: Antimicrobial
susceptibilities of Francisella tularensis subsp. holarctica strains isolated from
humans in the Central Anatolia region of Turkey, J. Antimicrob. Chemother., 66.

2588–2592, 2011.

Yu, J.J., Raulie, E.K., Murthy, A.K., Guentzel, M.N., Klose, K.E., Arulanandam, B.P.: The
presence of infectious extracellular Francisella tularensis subsp. novicida in
murine plasma after pulmonary challenge, Eur. J. Clin. Microbiol. Infect. Dis., 27.

323–325, 2008.



82

Zarrella, T.M., Singh, A., Bitsaktsis, C., Rahman, T., Sahay, B., Feustel, P.J., Gosselin, E.J.,

Sellati, T.J., Hazlett, K.R.: Host-adaptation of Francisella tularensis alters the
bacterium’s surface-carbohydrates to hinder effectors of innate and adaptive
immunity, PLoS One, 6. e22335, 2011.

Zeidner, N.S., Carter, L.G., Monteneiri, J.A., Petersen, J.M., Schriefer, M., Gage, K.L., Hall,

G., Chu, M.C.: An outbreak of Francisella tularensis in captive prairie dogs: an
immunohistochemical analysis, J. Vet. Diagn. Invest., 16. 150-152, 2004.



83

9. Scientific publications

In peer-reviewed journals
Kreizinger Z., Makrai L., Helyes G., Magyar T., Erdélyi K., Gyuranecz M.: Hazai Francisella
tularensis ssp. holarctica törzsek antibiotikum-érzékenységének vizsgálata
(másodközlés), Magy. Állatorvosok Lapja, 137. 377-383, 2015.

Kreizinger Z., Bhide, M., Bencurova, E., Dolinska, S., Gyuranecz, M.: Complement
sensitivity and factor H binding of European Francisella tularensis ssp. holarctica
strains in selected animal species, Acta Vet. Hung., 63. 275-284, 2015.

Kreizinger Z., Szigeti A., Hornok S., Duressa G.A., Gyuranecz M.: Detection of Francisella-
like endosymbiont in Hyalomma rufipes from Ethiopia, Ticks Tick-borne Dis., 5. 818-820,

2014.

Kreizinger Z., Makrai L., Helyes G., Magyar T., Erdélyi K., Gyuranecz M.: Antimicrobial
susceptibility of Francisella tularensis subsp. holarctica isolates from Hungary, Central
Europe, J. Antimicrob. Chemother., 68. 370-373, 2013.

Kreizinger Z., Hornok S., Dán Á., Hresko, S., Makrai L., Magyar T., Bhide, M., Erdélyi K.,

Hofmann-Lehmann, R., Gyuranecz M.: Prevalence of Francisella tularensis and
Francisella-like endosymbionts in the tick population of Hungary and the genetic
variability of Francisella-like agents, Vector-borne Zoonot. Dis., 13. 160-163, 2013.

Hornok S., Csörgő T., de la Fuente, J., Gyuranecz M., Privigyei Cs., Meli, M.L.,Kreizinger Z.,
Gönczi E., Fernández de Mera, I.G., Hofmann-Lehmann, R.: Synanthropic birds associated
with high prevalence of tick-borne rickettsiae and with the first detection of Rickettsia
aeschlimannii in Hungary, Vector-borne Zoonot. Dis., 13. 77-83, 2013.

Conference poster presentation
Kreizinger Z., Bencurova, E., Bhide, M., Dolinska, S., Gyuranecz M.: Complement sensitivity

of Francisella tularensis ssp. holarctica strains in selected animal species, SfAM Summer

Conference 2014, Brighton, United Kingdom, 2014.



84

Other publications in peer-reviewed journals
Kreizinger Z., Sulyok K.M., Makrai L., Rónai Z., Fodor L., Jánosi S., Gyuranecz M.:

Antimicrobial susceptibility of Bacillus anthracis strains from Hungary, Acta Vet. Hung.,

64:(2), 2016.

Kreizinger Z., Szeredi L., Bacsadi Á., Nemes C., Sugár L., Varga T., Sulyok K.M., Szigeti A.,

Ács K., Tóbiás E., Borel, N., Gyuranecz M.: Occurrence and significance of Coxiella
burnetii and Chlamydiales in abortions of domestic ruminants and in wild ruminants in
Hungary, Central Europe, J. Vet. Diagn. Invest., 27. 206-210, 2015.

Kreizinger Z., Sulyok K.M., Pásztor A., Erdélyi K., Felde O., Povazsán J., Kőrösi L.,

Gyuranecz M.: Rapid, simple and cost-effective molecular method to differentiate the
temperature sensitive (ts+) MS-H vaccine strain and wild-type Mycoplasma synoviae
isolates, Plos ONE, 10. e0133554, 2015.

Kreizinger Z., Foster, J.T., Rónai Z., Sulyok K.M., Wehmann E., Jánosi S., Gyuranecz M.:

Genetic relatedness of Brucella suis biovar 2 isolates from hares, wild boars and
domestic pigs, Vet. Microbiol., 172. 492, 2014.

Rónai Z., Kreizinger Z., Dán Á., Drees, K., Foster, J.T., Bányai K., Marton S., Szeredi L.,

Jánosi S., Gyuranecz M.: First isolation and characterization of Brucella microti from wild
boar, BMC Vet. Res. 11. 147, 2015.

Sulyok K.M., Kreizinger Z., Fekete L., Jánosi S., Schweitzer N., Turcsányi I., Makrai L.,

Erdélyi K., Gyuranecz M.: Phylogeny of Mycoplasma bovis isolates from Hungary based
on multi locus sequence typing and multiple-locus variable-number tandem repeat
analysis, BMC Vet. Res., 10. 108, 2014.

Sulyok K.M., Kreizinger Z., Hornstra, H.M., Pearson, T., Szigeti A., Dán Á., Balla E., Keim,

P.S., Gyuranecz M.: Genotyping of Coxiella burnetii from domestic ruminants and
human in Hungary: indication of various genotypes, BMC Vet. Res., 10. 107, 2014.

Sulyok K.M., Kreizinger Z., Fekete L., Hrivnák V., Magyar T., Jánosi S., Schweitzer N.,

Turcsanyi I., Makrai L., Erdélyi K., Gyuranecz M.: Antibiotic susceptibility profiles of
Mycoplasma bovis strains isolated from cattle in Hungary Central Europe, BMC Vet.

Res., 10. 256, 2014.



85

Gyuranecz M., Kreizinger Z., Horváth G., Rónai Z., Dán Á., Nagy B., Szeredi L., Makrai L.,

Jánosi S., Hajtós I., Magyar T., Bhide, M., Erdélyi K., Dénes B.: Natural IS711 insertion
caused Omp31 gene suppression in Brucella ovis, J Vet. Diagn. Invest., 25. 234-238,

2013.

Rónai Z., Csivincsik Á., Gyuranecz M., Kreizinger Z., Dan Á., Jánosi S.: Molecular analysis
and MIRU-VNTR typing of Mycobacterium avium subsp. paratuberculosis strains from
various sources, J. Appl. Microbiol., 118. 275-283, 2014.

Juma, A., Cera, I., Boci, J., Haxha, L., Kreizinger Z., Gyuranecz M., Koleci, X.: Serological
investigation on Chlamydophila abortus infection in cattle from Albania, Albanian J.

Agric. Sci., 12. 99-102, 2013.

Gyuranecz M., Foster, J.T., Dán Á., Ip, H.S., Egstad, K.F., Parker, P.G., Higashiguchi, J.M.,

Skinner, M.A., Höfle, U., Kreizinger Z., Dorrestein, G.M., Solt S., Sós E., Kim, Y.J., Uhart, M.,

Pereda, A., González-Hein, G., Hidalgo, H., Blanco, J.M., Erdélyi, K.: Worldwide
Phylogenetic Relationship of Avian Poxviruses, J. Virol., 87. 4938-4951, 2013.

Other conference poster presentations
Kreizinger Z., Magyar T., Foster, J.T., Rónai Z., Sulyok K.M., Wehmann E., Jánosi S.,

Gyuranecz M.: Genetic relatedness of Brucella suis biovar 2 isolates from hares, wild boars

and domestic pigs, 11th EWDA  Conference, Edinburgh, United Kingdom, 2014.

Kreizinger Z., Szeredi L., Bacsadi Á., Nemes C., Sugár L., Varga T., Sulyok K.M., Ács K.,

Borel, N., Gyuranecz M.: Members of the Chlamydiales order in abortions of domestic

ruminants and in wild ruminants in Hungary, 13th Deutscher Chlamydienworkshop, Vienna,

Austria, 2015.

Sulyok K.M., Kreizinger Z., Dán Á., Hornstra, H.M., Pearson, T., Keim, P.S., Balla E., Szigeti

A., Gyuranecz M.: Genotyping of Coxiella burnetii from domestic ruminants and human in

Hungary, SfAM Summer Conference 2014, Brighton, United Kingdom, 2014.



86

10. Supplements

Table S1. Host, geographic origin, year of isolation of Francisella tularensis ssp. holarctica
strains and examinations performed on the strains.

Strain ID Host City of origin
County

of
origin

Year of
isolation

can
SNP MLVA WGS AB H-P V

FTH1/03 patas monkey Szeged Cs 2003 X X X
FTH2/03 vervet monkey Szeged Cs 2003 X X
FTH3/07 brown hare Alattyán JNSz 2007 X X X
FTH4/07 brown hare Kengyel JNSz 2007 X X X
FTH5/07 brown hare Békés B 2007 X X X X
FTH6/07 brown hare Battonya B 2007 X X X X
FTH7/07 brown hare Szarvas B 2007 X X X
FTH8/07 brown hare Körösladány B 2007 X X X
FTH9/07 brown hare Köröstarcsa B 2007 X X X

FTH10/07 brown hare Csökmő HB 2007 X X X
FTH11/07 brown hare Jászberény JNSz 2007 X X X X
FTH12/08 brown hare Kecel BK 2008 X X X
FTH13/08 brown hare Jászárokszállás JNSz 2008 X X X
FTH14/08 brown hare Hegyeshalom GyMS 2008 X X X
FTH15/08 brown hare Jánossomorja GyMS 2008 X X X X
FTH16/08 brown hare Dévaványa B 2008 X X
FTH17/08 brown hare Dévaványa B 2008 X X
FTH18/08 brown hare Szegvár Cs 2008 X X X
FTH19/08 brown hare Szegvár Cs 2008 X X
FTH20/08 brown hare Mindszent Cs 2008 X X
FTH21/08 brown hare Bucsa B 2008 X X
FTH22/08 brown hare Szeghalom B 2008 X X
FTH23/08 brown hare Püspökladány HB 2008 X X X
FTH24/08 brown hare Orosháza B 2008 X X X X X X
FTH25/08 brown hare Gerendás B 2008 X X
FTH26/08 brown hare Szeghalom B 2008 X X
FTH27/08 brown hare Orosháza B 2008 X X
FTH28/08 brown hare Csanádpalota Cs 2008 X X X X
FTH29/08 brown hare Bucsa B 2008 X X
FTH30/09 brown hare Alattyán JNSz 2009 X X X
FTH31/09 brown hare Füzesgyarmat B 2009 X X
FTH32/09 brown hare Füzesgyarmat B 2009 X X
FTH33/09 brown hare Surjány JNSz 2009 X X X
FTH34/09 brown hare Gyomaendrőd B 2009 X X
FTH35/09 brown hare Jászjákóhalma JNSz 2009 X X X
FTH36/09 brown hare Gyomaendrőd B 2009 X X
FTH37/09 brown hare Törökszentmiklós JNSz 2009 X X X
FTH38/09 brown hare Hegyeshalom GyMS 2009 X X
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Strain ID Host City of origin
County

of
origin

Year of
isolation

can
SNP MLVA WGS AB H-P V

FTH39/09 brown hare Hegyeshalom GyMS 2009 X X X
FTH40/09 brown hare Kevermes B 2009 X X
FTH41/09 brown hare Ópusztaszer Cs 2009 X X X
FTH42/09 brown hare Gyomaendrőd B 2009 X X
FTH43/09 brown hare Szarvas B 2009 X X
FTH44/09 brown hare Szajol JNSz 2009 X X
FTH45/09 brown hare Szajol JNSz 2009 X X
FTH46/09 brown hare Szajol JNSz 2009 X X
FTH47/09 brown hare Okány B 2009 X X X
FTH48/09 brown hare Okány B 2009 X X
FTH49/09 brown hare Kétegyháza B 2009 X X X
FTH50/09 brown hare Püspökladány HB 2009 X X
FTH51/09 brown hare Dévaványa B 2009 X X X
FTH52/09 brown hare Kétegyháza B 2009 X X
FTH53/09 brown hare Püspökladány HB 2009 X X
FTH54/09 brown hare Dévaványa B 2009 X X
FTH55/09 brown hare Békés B 2009 X X
FTH56/09 brown hare Békés B 2009 X X
FTH57/10 brown hare Báránd HB 2010 X X X
FTH58/10 brown hare Püspökladány HB 2010 X X X
FTH59/10 brown hare Battonya B 2010 X X

FTH60/10 brown hare Jászfelsőszent-
györgy JNSz 2010 X X

FTH61/10 brown hare Jászfelsőszent-
györgy JNSz 2010 X X X

FTH62/10 brown hare Felsőszentiván BK 2010 X X
FTH63/10 brown hare Battonya B 2010 X X
FTH64/10 brown hare Szajol JNSz 2010 X X
FTH65/10 brown hare Szajol JNSz 2010 X X X
FTH66/10 brown hare Báránd HB 2010 X X
FTH67/10 brown hare Felsőszentiván BK 2010 X X X
FTH68/10 brown hare Szegvár Cs 2010 X X

FTH69/14 red-handed
tamarin Szeged Cs 2014 X X

FTH70/15 brown hare Gyomaendrőd B 2014 X X
FTH71/15 brown hare Csökmő HB 2014 X X

21851/
2006 brown hare Italy NA 2006 X X

FT6 NA Spain NA NA X
LVS NA Russia NA NA X X X X
Abbreviations are: NA: not available; canSNP: canonical single nucleotide polymorphism;
MLVA: multi-locus variable number of tandem repeats analysis; WGS: whole genome
sequencing; AB: antibiotic susceptibility; H-P: host-pathogen interactions; V: virulence
comparison; B: Békés; BK: Bács-Kiskun; Cs: Csongrád; GyMS: Győr-Moson-Sopron; HB:
Hajdú-Bihar; JNSZ: Jász-Nagykun-Szolnok.
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Table S2. The number of pools and origin of examined tick species for the presence of
Francisellaceae, with GenBank Accession numbers.
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Table S3. Primers used in canSNP typing and their volumes in the melt-MAMA reaction
mixtures (Chanturia et al., 2011, Gyuranecz et al., 2012a, Vogler et al., 2009a)

SNP

Genome
SNP
state
(D/A)

melt-MAMA primer sequencesc
Primer

volumes
(μl)

Melting
Tm (°C)

B.Br.012 T/Aa cggggcggggcggggcggggSGGTTCAGCACGTCAATATcA 0.15 77,5
ttttttttttttttttttttCSGGTTCAGCACGTCAATATtT 0.15 72,5

YARKACAATYGCAAATGCAAATG 0.15
B.Br.013 G/Aa cggggcggggcggggcggggGTATATTGGGTATGGGCGAATgC 0.15 73.5, 80d

ttttttttttttttttttttGGTATATTGGGTATGGGCGAATtT 0.15 70
GCAGCAGGTAGTTGTAATAACTCTAGTAATAAA 0.15

B.Br.020 C/Ta gcgggcgcgggcagggcggcTCTGATGAAGAATATCTTAgAg 0.15 74,7
gcgggcTCTGATGAAGAATATCTTAaAa 0.15 71,7

ATTATGGCAAAACTATACCTT 0.15
B.Br.021 T/Ca gcgggcACCAAGGTAGATTTGCAGCTtCa 0.15 75,9

gcgggcgcgggcagggcggcACCAAGGTAGATTTGCAGCTcCg 0.15 78.1,
82.1d

ATCCCTGTTGGGATATCCTCGACTAA 0.15
B.Br.022 A/Ga TGAATACTCTACGCGATAAGtTa 0.3 73,6

gcgggcgcgggcagggcggcTGAATACTCTACGCGATAAGgTg 0.15 76.2,
80.2d

ATCAGACTTAGGTGTTAGATCAGAGTT 0.15
B.Br.023 A/Ca TTACTACAAATTCGCCTCTtAt 0.15 72,8

gcgggcgcgggcagggcggcTTACTACAAATTCGCCTCTgAg 0.15 77,3
AGCAAAAGAGCTTACTAAACAATTTGA 0.15

B.Br.024 C/Aa gcgggcgcgggcagggcggcTATCGCCAGGTTTAATTTGgTg 0.15 80,6
gcgggcTATCGCCAGGTTTAATTTGtTt 0.15 75,8

TCTGCAGCATCTATCCCATTAGCCTTA 0.15
B.Br.025 A/Ga gcgggcTGTATCTAAGACAGCAGTGAtGt 0.15 73,5

gcgggcgcgggcagggcggcTGTATCTAAGACAGCAGTGAgGc 0.15 76.6,
80.6d

ATGGTAGCATAGTTCTAGGAATAAACT 0.15
B.33 T/Cb ggggcggggcggggcATTGCTACTTCTATTTACGCCAAgAa 0.15 79,0

ATTGCTACTTCTATTTACGCCAAcAg 0.15 74,3
TGTGAACAACCAAGTTGGCTT 0.15

B.34 A/Gb ggggcggggcggggcTAGCGAGCATTATTTGCTGGgTt 0.45 78,6
GTAGCGAGCATTATTTGCTGGtTc 0.15 69,2

ATAAAACTATAAATTTACATAAAATGAAAACTTCTC 0.15
B.35 A/Cb ggggcggggcggggcGCCTTAATCTAGTATTTTCGCTTATCaCa 0.15 75,5

GCCTTAATCTAGTATTTTCGCTTATCtCc 0.3 70,3
CGGGCTCTAAAATAAGATTTAAGTTAGTAAGT 0.15

B.36 A/Cb ggggcggggcggggcTATTATAGTTTCTAAAAACAGTCTAATTAATTgTt 0.15 73,9
TATTATAGTTTCTAAAAACAGTCTAATTAATTtTg 0.45 69,0

GTTCGACCATGACTACAGTGTTG 0.15
B.37 T/Cb ggggcggggcggggcCATTTTAGGAACTCTACGATGATAAACTTgAt 0.15 75,9

AACATTTTAGGAACTCTACGATGATAAACTTaAc 0.15 69,7
GAAATATCTCAATGAAATCTAATTTAACTAAAATCAC 0.15

B.38 C/Tb ggggcggggcggggcCCATCAGCCATTTACTACTCcCg 0.15 80,1
ATGCCATCAGCCATTTACTACTCaCa 0.15 73,7

CTTCCCTGATTTTCTAAGTTCTGCTTG 0.15
a SNP states are presented according to their orientation in the SCHU S4 reference genome (NC_006570)
b SNP states are presented according to their orientation in the LVS reference genome
c Primer tails and mismatch bases are in lower case, primers are in the order: derived, ancestral and consensus.
d Two melting temperatures reflecting differential dissociation of the product



90

Table S4. Primers and their volumes in the reaction mixtures used in MLVA and predicted
ranges of amplicons (Vogler et al., 2009b).
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aEqual amounts of 6FAM-labeled and unlabeled (cold) Ft-M20-2AF were added to PCR Mix 2 to decrease signal
strength for multiplexing.
bFt-M20-2AR and Ft-M20-2BF have overlapping primer sequences and so cannot be run in the same PCR.
cFt-M05-2R and Ft-M10-2R have the same primer sequence.
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Table S5. Antibiotics and concentration ranges used in susceptibility examinations of F.

tularensis ssp. holarctica strains

antibiotic group antibiotic
concentration
range on test
strip (mg/L)

Aminoglycosides Gentamicin (Cn) 0.016 - 256
Streptomycin (S ) 0.064 - 1024

Tetracyclines Doxycycline (Dx ) 0.016 - 256
Tetracycline (Te) 0.016 - 256

Quinolones Ciprofloxacin (Cip) 0.002 - 32
Levofloxacin (Lev) 0.002 - 32

Macrolides Erythromycin (E ) 0.016 - 256
Rifampin Rifampicin (Rd) 0.016 - 256
Phenicols Chloramphenicol (C ) 0.016 - 256

Oxazolidinons Linezolid (Lnz) 0.016 - 256
Glycylcyclines Tigecyclin (Tgc) 0.016 - 256
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Table S6. CanSNP profiles of the 70 Francisella tularensis ssp. holarctica strains examined.

Strain
ID

Br
012

Br
013

FtB
23M

FtB
24M

FtB
25M

FtB
20M

FtB
21M

FtB
22M

BBr
33

BBr
34

BBr
35

BBr
36

BBr
37

BBr
38

FTH1/03 der der anc anc anc der anc anc der anc anc anc anc anc

FTH2/03 der der anc anc anc der anc anc der anc anc anc anc anc

FTH3/07 der der der anc anc anc anc anc anc anc anc anc anc anc

FTH4/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH5/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH6/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH7/07 der der anc anc anc der anc anc der der der der der der

FTH8/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH9/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH10/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH11/07 der der anc anc anc der anc anc der anc anc anc anc anc

FTH12/08 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH13/08 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH14/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH15/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH16/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH17/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH18/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH19/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH20/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH21/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH22/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH23/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH24/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH25/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH26/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH27/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH28/08 der der anc anc anc der anc anc der der anc anc anc anc

FTH29/08 der der anc anc anc der anc anc der anc anc anc anc anc

FTH30/09 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH31/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH32/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH33/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH34/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH35/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH36/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH37/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH38/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH39/09 der der anc anc anc der anc anc der der anc anc anc anc

FTH40/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH41/09 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH42/09 der der anc anc anc der anc anc der der der der anc anc
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Strain
ID

Br
012

Br
013

FtB
23M

FtB
24M

FtB
25M

FtB
20M

FtB
21M

FtB
22M

BBr
33

BBr
34

BBr
35

BBr
36

BBr
37

BBr
38

FTH43/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH44/09 der der anc anc anc der anc anc der der der anc anc anc

FTH45/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH46/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH47/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH48/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH49/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH50/09 der der anc anc anc der anc anc der der der anc anc anc

FTH51/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH52/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH53/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH54/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH55/09 der der anc anc anc der anc anc der anc anc anc anc anc

FTH56/09 der der anc anc anc der anc anc der der der der der anc

FTH57/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH58/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH59/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH60/10 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH61/10 der der anc anc anc der anc anc anc anc anc anc anc anc

FTH62/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH63/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH64/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH65/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH66/10 der der anc anc anc der anc anc der der anc anc anc anc

FTH67/10 der der anc anc anc der anc anc der anc anc anc anc anc

FTH68/10 der der anc anc anc der anc anc der der anc anc anc anc

FTH69/14 der der anc anc anc der anc anc der anc anc anc anc anc

LVS der der der der anc anc anc anc anc anc anc anc anc anc
Abbreviations are: anc=ancestor; der=derived. The strains classification into canSNP groups
are according to the last derived primers (highlighted).
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Table S7. MLVA profiles of the 70 Francisella tularensis ssp. holarctica strains examined.

Strain ID FtM22 FtM03 FtM23 FtM24 FtM04 FtM02 FtM20B FtM06 FtM20A FtM10 FtM05
FTH1/03 172 312 326 416 226 338 149 315 306 196 297
FTH2/03 172 312 326 416 226 338 149 315 306 196 297
FTH3/07 172 348 326 416 226 338 149 273 306 196 297
FTH4/07 172 303 326 416 226 338 149 315 306 196 297
FTH5/07 172 303 326 416 226 338 149 315 306 196 297
FTH6/07 172 303 326 416 226 338 149 315 306 196 297
FTH7/07 172 330 326 416 226 338 149 273 306 196 297
FTH8/07 172 303 326 416 226 338 149 315 306 196 297
FTH9/07 172 303 326 416 226 338 149 315 306 196 297

FTH10/07 172 303 326 416 226 338 149 315 306 196 297
FTH11/07 172 312 326 416 226 338 149 294 306 196 297
FTH12/08 172 303 326 416 226 338 149 357 306 196 297
FTH13/08 172 303 326 416 226 338 149 357 306 196 297
FTH14/08 172 312 326 416 226 338 149 273 306 196 297
FTH15/08 172 303 326 416 226 338 149 336 306 196 297
FTH16/08 172 303 326 416 226 338 149 315 306 196 297
FTH17/08 172 303 326 416 226 338 149 315 306 196 297
FTH18/08 172 303 326 416 226 338 149 294 306 196 297
FTH19/08 172 321 326 416 226 338 149 294 306 196 297
FTH20/08 172 303 326 416 226 338 149 294 306 196 297
FTH21/08 172 303 326 416 226 338 149 294 306 196 297
FTH22/08 172 312 326 416 226 338 149 294 306 196 297
FTH23/08 172 303 326 416 226 338 149 315 306 196 297
FTH24/08 172 312 326 416 226 338 149 294 306 196 297
FTH25/08 172 303 326 416 226 338 149 315 306 196 297
FTH26/08 172 303 326 416 226 338 149 315 306 196 297
FTH27/08 172 321 326 416 226 338 149 294 306 196 297
FTH28/08 172 312 326 416 226 338 149 294 306 196 297
FTH29/08 172 303 326 416 226 338 149 336 306 196 297
FTH30/09 172 294 326 416 226 338 149 273 306 196 297
FTH31/09 172 312 326 416 226 338 149 315 306 196 297
FTH32/09 172 303 326 416 226 338 149 315 306 196 297
FTH33/09 172 321 326 416 226 338 149 315 306 196 297
FTH34/09 172 303 326 416 226 338 149 315 306 196 297
FTH35/09 172 312 326 416 226 338 149 294 306 196 297
FTH36/09 172 303 326 416 226 338 149 315 306 196 297
FTH37/09 172 303 326 416 226 338 149 294 306 196 297
FTH38/09 172 303 326 416 226 338 149 315 306 196 297
FTH39/09 172 312 326 416 226 338 149 294 306 196 297
FTH40/09 172 303 326 416 226 338 149 315 306 196 297
FTH41/09 172 294 326 416 226 338 149 315 306 196 297
FTH42/09 172 312 326 416 226 338 149 294 306 196 297
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Strain ID FtM22 FtM03 FtM23 FtM24 FtM04 FtM02 FtM20B FtM06 FtM20A FtM10 FtM05
FTH43/09 172 303 326 416 226 338 149 294 306 196 297
FTH44/09 172 312 326 416 226 338 149 294 306 196 297
FTH45/09 172 303 326 416 226 338 149 315 306 196 297
FTH46/09 172 303 326 416 226 338 149 294 306 196 297
FTH47/09 172 312 326 416 226 338 149 315 306 196 297
FTH48/09 172 303 326 416 226 338 149 315 306 196 297
FTH49/09 172 303 326 416 226 338 149 315 306 196 297
FTH50/09 172 312 326 416 226 338 149 294 306 196 297
FTH51/09 172 303 326 416 226 338 149 315 306 196 297
FTH52/09 172 303 326 416 226 338 149 315 306 196 297
FTH53/09 172 312 326 416 226 338 149 315 306 196 297
FTH54/09 172 303 326 416 226 338 149 294 306 196 297
FTH55/09 172 303 326 416 226 338 149 315 306 196 297
FTH56/09 172 312 326 416 226 338 149 294 306 196 297
FTH57/10 172 312 326 416 226 338 149 315 306 196 297
FTH58/10 172 303 326 416 226 338 149 315 306 196 297
FTH59/10 172 303 326 416 226 338 149 315 306 196 297
FTH60/10 172 312 326 416 226 338 149 357 306 196 297
FTH61/10 172 312 326 416 226 338 149 357 306 196 297
FTH62/10 172 312 326 416 226 338 149 315 306 196 297
FTH63/10 172 312 326 416 226 338 149 315 306 196 297
FTH64/10 172 303 326 416 226 338 149 315 306 196 297
FTH65/10 172 303 326 416 226 338 149 315 306 196 297
FTH66/10 172 312 326 416 226 338 149 294 306 196 297
FTH67/10 172 312 326 416 226 338 149 315 306 196 297
FTH68/10 172 312 326 416 226 338 149 294 306 196 297
FTH69/14 172 312 326 416 226 338 149 315 306 196 297

LVS 172 357 326 416 226 338 149 315 318 196 297
The profiles are given by the sizes of the amplicons in base pairs. The most variable loci are
highlighted.
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Table S8. In vitro activity of 11 antibiotics against 29 Hungarian F. tularensis ssp. holarctica
clinical strains

mg/L CN S DX TE CIP LEV E RD C LNZ TGC
LVS 0.094 0.38 0.25 0.19 0.008 0.006 >256 0.094 1.0 6.0 0.064

FTH1/03 1.0 8.0 1.0 0.5 0.047 0.023 >256 1.0 1.0 32.0 0.125
FTH3/07 0.75 4.0 0.5 0.75 0.032 0.016 >256 1.0 0.75 32.0 0.094
FTH4/07 0.5 4.0 0.75 0.38 0.047 0.016 >256 1.0 1.5 48.0 0.125
FTH5/07 0.75 6.0 1.0 0.5 0.047 0.012 >256 1.0 1.0 24.0 0.125
FTH6/07 0.5 6.0 1.0 0.5 0.047 0.012 >256 1.0 1.5 24.0 0.125
FTH7/07 1.0 4.0 0.75 0.38 0.047 0.023 >256 1.0 1.5 32.0 0.125
FTH8/07 0.75 3.0 1.0 0.38 0.032 0.016 >256 1.0 1.0 24.0 0.125
FTH9/07 0.75 4.0 0.75 0.38 0.047 0.016 >256 0.75 1.5 16.0 0.19

FTH10/07 0.75 3.0 1.0 0.25 0.032 0.012 >256 1.0 1.0 24.0 0.125
FTH11/07 0.5 6.0 0.75 0.38 0.047 0.016 >256 0.75 0.5 24.0 0.125
FTH12/08 0.38 3.0 1.0 0.5 0.032 0.012 >256 1.0 0.75 32.0 0.125
FTH13/08 0.5 4.0 1.0 0.5 0.023 0.023 >256 0.75 0.75 32.0 0.125
FTH14/08 0.5 4.0 0.75 0.38 0.047 0.016 >256 0.75 0.75 32.0 0.125
FTH15/08 0.5 3.0 0.5 0.38 0.047 0.016 >256 1.0 2.0 16.0 0.125
FTH18/08 0.47 3.0 0.5 0.19 0.023 0.004 >256 1.0 0.75 12.0 0.19
FTH24/08 0.5 4.0 1.5 0.38 0.012 0.004 >256 0.5 1.0 32.0 0.125
FTH28/08 0.5 4.0 0.75 0.38 0.032 0.016 >256 1.0 1.5 32.0 0.125
FTH39/09 0.5 4.0 0.75 0.38 0.047 0.016 >256 1.0 2.0 24.0 0.19
FTH41/09 0.5 4.0 0.75 0.38 0.032 0.008 >256 1.0 0.5 12.0 0.19
FTH44/09 0.5 3.0 0.125 0.5 0.012 0.006 >256 0.5 1.0 24.0 0.125
FTH47/09 0.5 4.0 0.75 0.19 0.032 0.008 >256 0.5 0.75 12.0 0.094
FTH37/09 0.5 3.0 0.75 0.38 0.047 0.016 >256 0.75 1.0 48.0 0.125
FTH51/09 0.75 4.0 0.5 0.5 0.047 0.016 >256 1.0 1.0 12.0 0.094
FTH52/09 0.5 4.0 1.5 0.5 0.047 0.006 >256 0.75 1.5 32.0 0.19
FTH57/10 0.5 4.0 0.75 0.38 0.047 0.016 >256 1.0 2.0 24.0 0.094
FTH58/10 0.5 4.0 0.75 0.75 0.047 0.016 >256 2.0 1.5 32.0 0.19
FTH61/10 0.5 3.0 1.0 0.75 0.032 0.012 >256 1.0 0.75 12.0 0.125
FTH65/10 0.5 4.0 1.0 0.25 0.032 0.023 >256 1.0 1.5 12.0 0.125
FTH67/10 0.75 4.0 1.5 0.25 0.032 0.016 >256 0.75 1.5 12.0 0.125

MIC
range

(mg/L)for
clinical
strains

0.38
-

1.0

3.0
-

8.0

0.125
-

1.5

0.19
-

0.72

0.012
-

0.047

0.004
-

0.023
>256

0.5
-

2.0

0.5
-

1.5

12.0
-

48.0

0.094
-

0.19

MIC50 0.5 4.0 0.75 0.38 0.032 0.016 >256 1.0 1.0 24.0 0.125
MIC90 0.75 6.0 1.0 0.5 0.047 0.023 >256 1.0 1.5 32.0 0.19

Abbreviations are: CN: gentamicin; S: streptomycin; DX: doxycycline;TE: tetracycline; CIP:
ciprofloxacin; LEV: levofloxacin; E: erythromycin; RD: rifampicin; C: chloramphenicol; LNZ:
linezolid; TGC: tigecycline.
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