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ABSTRACT 

 
Francisella tularensis is a Gram-negative intracellular pathogen causing the zoonotic 

disease tularemia. F. tularensis can be found almost all over the world and has been 

recovered from several animal species, even though the natural reservoir of the bacterium 

and parts of its life cycle are still unknown. Humans usually get infected after handling 

infected animals or from bites of blood-feeding arthropod vectors. There are four 

subspecies of F. tularensis: the highly virulent tularensis (Type A) that causes a very 

aggressive form of the disease, with mortality as high as 60% if untreated, the moderately 

virulent holarctica (Type B) and mediasiatica, and the essentially avirulent subspecies 

F. novicida. So far, our knowledge of the molecular mechanisms that would explain these 

differences in virulence among the subspecies is poor. However, recent developments of 

genetic tools and access to genomic sequences have laid the ground for progress in this 

research field. Analysis of genome sequences have identified several regions that differ 

between F. tularensis subspecies. One of these regions, RD19, encodes proteins postulated 

to be involved in assembly of type IV pili (Tfp), organelles that have been implicated in 

processes like twitching motility, biofilm formation and cell-to-cell communication in 

pathogenic bacteria. While there have been reports of pili-like structures on the surface of 

F. tularensis, these have not been linked to the Tfp encoding gene clusters until now. 

Herein, I present evidence that the Francisella pilin, PilA, can complement pilin-like 

characteristics and promote assembly of fibers in a heterologous system in Neisseria 

gonorrhoeae. pilA was demonstrated to be required for full virulence of both type A and 

type B strains in mice when infected via peripheral routes. A second region, RD18, 

encoding a protein unique to F. tularensis and without any known function, was verified to 

be essential for virulence in a type A strain. Interestingly, the non-licensed live vaccine 

strain, LVS (Type B), lacks both RD18 and RD19 (pilA) due to deletion events mediated by 

flanking direct repeats. The loss of RD18 and RD19 is responsible for the attenuation of 

LVS, since re-introducing them in cis could restore the virulence to a level similar to a 

virulent type B strain. Significantly, these deletion events are irreversible, preventing LVS 

to revert to a more virulent form. Therefore, this important finding could facilitate the 

licensing of LVS as a vaccine against tularemia. 
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1. BACKGROUND 

 

1.1 FRANCISELLA TULARENSIS 

 

Francisella tularensis is a Gram-negative facultative intracellular bacterial 

pathogen that was first discovered in Tulare County in California in 1911, causing 

a plague like disease in rodents (McCoy, 1911, McCoy & Chapin, 1912). McCoy 

and Chapin were first to isolate the bacterium and named it Bacterium tularense 

after Tulare County. The first human case was verified in Ohio in 1914 (Wherry & 

Lamb, 2004). Next, Dr. Edward Francis (1872-1957) concluded that several 

diseases reported from North America, Europe and Japan were all caused by the 

same bacterium, B. tularense, and he called the disease Tularemia (Francis, 1983). 

Further, Dr. Francis determined the bacterium to be spread to humans via bites of 

blood sucking arthropods or by handling of infected rodents (Francis, 1921, Francis 

et al., 1922). Later, taxonomical studies indicated that the pathogen belonged to 

another taxon than Bacterium and it was first placed in the Pasteurella genus and 

later in the Brucella genus (Buker & Owen, 1956, Owen et al., 1964). Finally, the 

bacterium was stated to belong to a completely new genus and was renamed 

Francisella tularensis to honour Dr. Francis (Olsufiev et al., 1959).  

 

1.1.1 Classification and epidemiology of Francisella tularensis strains 

 

Currently there is only one genus named Francisella in the family Francisellaceae, 

a member of the γ-subclass of proteobacteria (McLendon et al., 2006). Its closest 

relative is the tick endosymbiont Wolbachia persica, from the genus Wolbachia 

(Forsman et al., 1994). Based on DNA similarity and fatty acid content two species 
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within the Francisella genus have been defined: tularensis and philomiragia 

(Hollis et al., 1989, Forsman et al., 1994). F. philomiragia was originally given the 

name Yersinia philomiragia but was later included in the Francisella genus. 

F. philomiragia is a water associated bacterium, only known to cause disease in 

immunocompromised humans and in near-drowning victims (Wenger et al., 1989). 

F. tularensis contains four subspecies: tularensis (also denoted type A), holarctica 

(also denoted type B), mediasiatica and novicida (Johansson et al., 2004). 

However, according to the official nomenclature, novicida is still considered to be 

a third species within the genus Francisella and will therefore be referred to as 

F. novicida in this thesis. In addition, there is another variant of the holarctica ssp., 

japonica, found in Japan (Svensson et al., 2005). Further, the ssp. tularensis is 

divided into two geographically distinct subdivisions denoted A.I and A.II, where 

A.I is significantly more virulent (Beckstrom-Sternberg et al., 2007). Interestingly, 

in a recent report Barns and co workers characterised previously unrecognised 

Francisella subspecies found in soil and water samples (Barns et al., 2005). Hence, 

the list of Francisella subspecies could increase in the future.  

Most human cases of tularemia are caused by type A and type B strains, where 

type A strains are significantly more virulent (Table 1). The virulence of 

F. tularensis ssp. mediasiatica is considered to be comparable to type B strains, 

although it rarely infects humans (Sandström et al., 1992a, Olsufjev & 

Meshcheryakova, 1982). F. novicida is significantly less pathogenic and has been 

reported to cause infections in immunocompromised individuals only on rare 

occasions (Tärnvik, 1989, Hollis et al., 1989, Whipp et al., 2003, Clarridge et al., 

1996). Very little is known about the F. tularensis life cycle but there are studies 

indicating protozoa to be a natural reservoir since the bacterium, similar to 

Legionella pneumophila, can survive inside the amoeba Acanthamoeba castellanii 

(Abd et al., 2003, Greub & Raoult, 2004, Molmeret et al., 2005).  
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Francisella tularensis subspecies Virulence 

in humans 

tularensis (Type A) 

holarctica (Type B) 

mediasiatica 

novicidab 

Very high 

High 

Higha 

Low 

Francisella philomiragia Low 

 
Table 1. Virulence of different Francisella species and subspecies. 
a mediasiatica exhibits a virulence comparable to Type B 
strains but seldom infect humans. 
b According to the official nomenclature, F. novicida is still 
considered to be a third species within the genus Francisella.   

 

F. tularensis is mainly found in the northern hemisphere where type B strains are 

most widespread and can be found in most of Europe, Asia and North America 

(Fig. 1). The more virulent type A strains are found almost exclusively in North 

America. Meanwhile, ssp. mediasiatica localises to Central Asia and F. novicida 

has been found in numerous locations in North America and recently in Australia 

(Whipp et al., 2003, Petersen & Schriefer, 2005). F. novicida is considered to be 

evolutionarily oldest among the four subspecies, followed by the virulent type A 

strains and ssp. mediasiatica. Evolutionarily youngest are the moderately virulent 

type B strains. (Svensson et al., 2005) 
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Figure 1. Global distribution of disease caused by F. tularensis subspecies. The 
different shadings represent the overlapping distribution of Type A and Type B (  ), 
exclusively Type B (   ), F. novicida (   ), and mediasiatica (   ). Note that in North 
America, disease is caused by both subspecies Type A and Type B. Reprinted with 
permission from (Petersen & Schriefer, 2005). Copyright 2005 INRA, EDP Sciences. 
 

1.1.2 F. tularensis as a biological weapon 

 

F. tularensis has for a long time been considered to have potential as a biological 

warfare agent. Due to the extremely low infection dose (less than 10 bacteria), the 

ease to disseminate and its capacity to cause severe illness and death without 

transmission to other humans, it is listed as a category A agent by CDC (Centers 

for Disease Control and Prevention) and NIAID (National Institute of  Allergy and 

Infectious Diseases) (Dennis et al., 2001). F. tularensis has previously been studied 

for military purposes in a number of countries. During 1932-1945, Japanese 

research groups were studying F. tularensis during an operation in Manchuria 

(Northeast China) and in the 1950s and 1960s the US developed weapons that 

could efficiently spread the bacteria by aerosols (Harris, 1992, Christopher et al., 

1997). In the former Soviet Union extensive military research of F. tularensis was 
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performed from the 1930s until the 1970s involving multiresistant bacteria 

(Häggström et al., 2004). Actually, a scientist from the former Soviet Union, Ken 

Alibek, has suggested that the high incidence of tularemia cases among German 

and Russian soldiers on the East front during the World War II may not have 

occurred due to natural causes (Alibek, 1999). However, this statement has not 

been proved and is still under debate. 

 

1.1.3 Ljusdal and Martha’s Vineyard – examples of endemic tularemia areas 

 

Tularemia outbreaks have been reported from around the world (Bellido-Casado et 

al., 2000, Siret et al., 2006, Tärnvik et al., 2004, Farlow et al., 2005). Interestingly, 

there are some endemic areas with recurring high incidences of tularemia. Two of 

these areas are the town Ljusdal in the county of Hälsingland in central Sweden 

and the island Martha’s Vineyard, Massachusetts in the US. In Sweden, more than 

7000 human cases of tularemia have been reported during 1931-2006 by SMI (The 

Swedish Institute for Infectious Disease Control). The number of cases can range 

from just a few some years to several hundred other years, e.g. >2700 cases in 

1967. The two most recent major outbreaks of tularemia in Sweden were in 2000 

and 2003 with 464 and 698 reported cases respectively, compared to only 241 

cases in 2006 (Eliasson et al., 2002, Payne et al., 2005). Most cases in Sweden 

occur in the late summer or early autumn and mosquitoes are believed to be the 

main vector transmitting the disease (Tärnvik et al., 1996). In Sweden, there is a 

significant amount of mosquitoes being hatched in ponds and lakes during the 

summer months. As mentioned previously, the knowledge of the ecology of 

F. tularensis is still limited but the natural reservoir is believed to be water-

associated. Usually, the majority of cases have been reported from Ljusdal with 

surroundings. During the outbreak in 2000, however, 40% of the reported cases 

were contracted south of Ljusdal in an emerging endemic area (Eliasson et al., 
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2002). Moreover, in year 2003 almost 80% of the reported cases were acquired 

from new emerging areas (Payne et al., 2005). The reason for this is still unknown, 

but climatic and ecological factors could play an important role.  

Martha’s Vineyard is mainly known for two things: being a summer resort for 

famous and rich people and for outbreaks of pneumonic tularemia. In the 1930s 

infected rabbits were imported to the island and, ever since, cases of human 

tularemia have been reported (Belding & Merrill, 1941). The first major outbreak 

on Martha’s Vineyard was in the summer of 1978 and comprised 15 cases (Teutsch 

et al., 1979, Feldman et al., 2001). The second major outbreak was in 2000 and 

again 15 cases were confirmed (Feldman et al., 2001). However, the high incidence 

of cases continued to 2006 and 59 cases of tularemia were reported during 2000-

2006, which could be described as a multi-year outbreak. Out of these 59 cases, 

60% were believed to be due to inhalation of the bacterium. (Matyas et al., 2007) 

In contrast to Sweden, tularemia on Martha’s Vineyard is believed to be associated 

with dog ticks and infected skunks and raccoons (Goethert et al., 2004). Recent 

case reports have identified landscapers as being a special risk group for 

contracting tularemia while mowing lawns. The exposure seems to be related to 

inhalation of aerolised bacteria possibly from urine and faeces from infected 

skunks and raccoons. 

 

1.1.4 LVS – The Live Vaccine Strain 

 

Live attenuated F. tularensis vaccines were developed in the Soviet Union in the 

1930s and 1940s based on different type B strains (Tigertt, 1962). The first human 

vaccine trial was carried out in 1942 (El'bert et al., 1947). This trial was successful 

and the vaccine provided protection against a virulent F. tularensis strain. 

However, after years of inoculation of vaccinees the strain was lost. Several other 

attenuated strains became the focus of interest and between 1947 and 1960 more 
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than 60 million individuals were immunised in the Soviet Union (Pollitzer, 1967). 

In 1956, one of these strains was brought to the US and denoted LVS (the live 

vaccine strain). LVS provided effective but not complete protection against 

laboratory-acquired tularemia (McCrumb, 1961, Tigertt, 1962). The introduction of 

LVS as a vaccine for laboratory workers at USAMRIID (the United States Army 

Medical Research Institute of Infectious Diseases) yielded a significant decrease in 

incidences of laboratory-acquired tularemia (Burke, 1977, Rusnak et al., 2004). 

However, the genetic mechanism behind the attenuation of LVS is still not known 

and without this knowledge it can not be excluded that LVS could revert to become 

more virulent. In addition, in vaccine studies involving both humans and animals, 

LVS provided limited protection against aerosol challenge with virulent type A 

strains (McCrumb, 1961). LVS is also known to show a mixed colony morphology 

linked to variable immunogenicity (see below chapter 1.2.1) (Griffin et al., 2007, 

Hartley et al., 2006). For these reasons, LVS has never been licensed as a vaccine.  

 

1.1.5 Tularemia – the disease 

 

F. tularensis causes the severe zoonotic disease tularemia, also known as Ohara’s 

disease, rabbit fever, hare fever, tick fever, lemming fever and deerfly fever. 

Natural infections have been reported in a range of vertebrates, including 

mammals, birds, fish and amphibians, and even in invertebrates (Mörner, 1992, 

Tärnvik & Berglund, 2003). Natural infections can occur via ingestion of 

contaminated food or water, contact with infected animals, bites by infected 

arthropods including mosquitoes and ticks, or via inhalation (Tärnvik, 1989). 

F. tularensis is a highly infectious pathogen and less than 10 bacteria can cause 

disease. Tularemia in humans can occur in several different forms and the 

symptoms depend on the route of infection (Ellis et al., 2002). However, some 

common signs are influensa-like symptoms especially fever, chills, headache, 
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myalgia and nausea. The incubation period is normally about 2-7 days but can 

range from 1 to 21 days (Hubálek & Halouzka, 1997, Eliasson et al., 2002).  

The most common form of the disease, ulceroglandular tularemia, is transmitted by 

arthropod vectors, mainly by ticks in the US and Central Europe and by mosquitoes 

in Northern Europe, which have previously fed on infected animals (Ellis et al., 

2002, Eliasson et al., 2002). Ulceroglandular tularemia is also the most common 

variant in Sweden, where it comprises ~ 90% of all cases (Tärnvik & Berglund, 

2003). Typical for ulceroglandular tularemia is the ulcer, which is formed at the 

site of infection and can persist for several months (Evans et al., 1985). Inside the 

body the bacteria spread via the lymphatic system to the lymph nodes. At this 

stage, the lymph nodes appear swollen and painful and remind of the buboes 

associated with bubonic plague. Later, the infection becomes systemic and the 

bacteria spread to organs such as liver, spleen, kidneys and lungs. Other forms of 

tularemia are: glandular (similar to ulceroglandular, but without the obvious ulcer),  

oculoglandular (via the eye), oropharyngeal (by ingestion), and pneumonic (Stuart 

& Pullen, 1945, Guerrant et al., 1976, Steinemann et al., 1999, Hughes & Etteldorf, 

1957, Luotonen et al., 1986). The latter is the most acute form and is associated 

with inhalation of bacteria (Gill & Cunha, 1997). This form of the disease is often 

associated with farms and the presence of infected rodents in hay and dust. 

Pneumonic tularemia can also occur as a complication of other forms of tularemia. 

Generally, the mortality rate for untreated type A infections is 5-10%. However, 

the mortality rate for untreated pneumonic type A infections is significantly higher: 

30-60%. In contrast, type B infections have a low mortality rate: less than 3%. 

(Tärnvik & Berglund, 2003) Tularemia can be readily treated with antibiotics, 

where doxycycline is the preferred drug (Johansson et al., 2000, Tärnvik & 

Berglund, 2003) . 
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1.1.5.1 Immune responses to infections with F. tularensis 

 

Immune responses to infections with F. tularensis have much in common with 

immune responses to other intracellular pathogens. Cells of the innate immune 

system, macrophages, dendritic cells, natural killer (NK) cells and neutrophils, 

stimulate production of several cytokines e.g. tumour necrosis factor-alpha (TNF-

α), interleukin 12 (IL-12) and interferon-gamma (IFN-γ) (Elkins et al., 1993, Leiby 

et al., 1992, Anthony et al., 1989, Golovliov et al., 1995, Stenmark et al., 1999). 

Increased production of IFN-γ is important for macrophage activation (Fortier et 

al., 1992). Activation of macrophages increases their resistance to many pathogens, 

including F. tularensis. Studies involving neutralising antibodies against IFN-γ or 

TNF-α in mice infected with the attenuated type B strain LVS demonstrate lethality 

within one week (Elkins et al., 1996, Leiby et al., 1992, Elkins et al., 1993, Collazo 

et al., 2006, Chen et al., 2004b). Hence, IFN-γ is important for initial control of 

pathogen replication and activation of specific immune responses. However, the 

innate immune system is not sufficient to eradicate the bacteria and a α/β+ T cell 

response, including both CD4+ and CD8+ T cells, is crucial for clearance of 

F. tularensis (Conlan et al., 1994, Yee et al., 1996). T cells mediate long term 

protection against F. tularensis and only a few cases of human reinfection have 

been reported (Tärnvik, 1989). Interestingly, in humans there is a significant 

increase in γ/δ+ T cells in response to infections with F. tularensis (Sumida et al., 

1992, Poquet et al., 1998, Kroca et al., 2000). One potential importance of γ/δ+ T 

cells is their strategic location in the skin (Koning et al., 1987). Further, γ/δ+ T cells 

have been suggested to play a part in the immune response towards the intracellular 

pathogen Mycobacterium tuberculosis (Janis et al., 1989). Still, the role of γ/δ+ T 

cells in the immune system is not completely understood.  
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1.1.6 Animal models 

 

No animal model has been identified that respond to infections with type A or 

type B strains in an identical manner as humans. Nevertheless, the most commonly 

used animal model is mice. The advantage of this model is the low cost and 

availability of genetically modified strains. However, the mouse is very sensitive to 

infections with all F. tularensis subspecies. The attenuated LVS strain is still 

virulent in mice and this makes it difficult to identify virulence genes with 

relevance for the human infection in this model (Fortier et al., 1991, Conlan et al., 

2003, Wu et al., 2005). Further, F. novicida, which is avirulent in humans, is more 

virulent in a mouse model compared to LVS (type B) (Shen et al., 2004, Kieffer et 

al., 2003). Because of these differences and limitations there is a need to include 

other animal models. Rabbits and guinea pigs have been demonstrated to be 

sensitive to infections with the virulent type A strain SCHU S4 and rabbits are 

more resistant to infections with type B strains compared to mice (Nutter, 1969, 

Eigelsbach & Downs, 1961, Eigelsbach et al., 1961, Nutter & Myrvik, 1966, 

Baskerville & Hambleton, 1976, Rick Lyons & Wu, 2007). However, the 

information on these two animal models is still inadequate and there is a need for 

further studies.  

Other animal models include non-human primates and rats. The primate model is 

important and highly relevant for vaccine- and protection studies. The LVS vaccine 

provides protection in monkeys in a similar way as in humans (Eigelsbach et al., 

1962, White et al., 1964). However, monkeys are still more sensitive to infections 

with type B strains compared to humans (Schricker et al., 1972). Moreover, the 

primate model is a very expensive model. Finally, the rat model is not so well 

established. Even though studies indicate that LVS is able to induce protection 

against the type A strain SCHU S4, it is important to know that rats show increased 
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resistance to both LVS and SCHU S4 (Downs & Woodward, 1949). The resistance 

towards LVS is similar to humans, while the resistance towards SCHU S4 is not. 

 

1.2 VIRULENCE FACTORS 

 

Recently the genome of the virulent type A strain SCHU S4 was sequenced and 

published (Larsson et al., 2005). Interestingly, only few classical virulence factors 

could be readily identified from the genome sequence, suggesting that novel 

strategies of virulence may be used by F. tularensis. An overview of putative and 

established Francisella virulence factors is presented below. 

 

1.2.1 Lipopolysaccharides  

 

Lipopolysaccharides (also called LPS or endotoxins) are part of the outer 

membrane found in Gram-negative bacteria and are responsible for its organisation 

and stability (Magalhães et al., 2007). LPS exhibit a wide variety of physiological 

effects through activation of the immune system, especially monocytes and 

macrophages, by interacting with toll-like receptor 4 (TLR4) (Sabroe et al., 2003). 

LPS can cause systemic inflammatory reactions leading to endotoxin shock, tissue 

injury and death. LPS from most species are composed of three distinct regions: the 

O-antigen region, a core oligosaccharide and a lipid portion, lipid A, that anchors 

the LPS to the membrane. Lipid A is the most conserved part and is responsible for 

most of the biological activities of endotoxins. However, the LPS of F. tularensis 

does not display the properties of classical endotoxins and exhibit very low toxicity 

(Sandström et al., 1992b). In fact, the LPS of F. tularensis is 1000-fold less potent 

than the LPS of enteric bacteria and do not activate cells via TLR4 (Chen et al., 

2004a, McLendon et al., 2006). Still, the O-antigen of F. tularensis appears to be 
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essential for virulence (Thomas et al., 2007). The O-antigens of the type A strain 

SCHU S4 and the type B strain LVS have been shown to be identical and 

important for intracellular survival (Vinogradov et al., 1991, Prior et al., 2003). In 

contrast, the F. novicida O-antigen is structurally different and of importance for 

serum resistance (Vinogradov & Perry, 2004). Interestingly, LPS from 

F. tularensis have been shown to undergo phase variation. For both type A and 

type B strains, spontaneously appearing colony variants have been identified: 

blue/gray (appearance under oblique light) and smooth/rough (morphology) 

(Eigelsbach et al., 1951, Gunn & Ernst, 2007, Eigelsbach & Downs, 1961, Hartley 

et al., 2006). The gray colony variants are less virulent and lack the O-antigen, 

making them less immunogenic (Hartley et al., 2006).  

 

1.2.2 The capsule 

 

The F. tularensis bacterium has been reported to be encapsulated, but so far our 

knowledge on the relevance of the capsule is limited. It was initially identified by 

electron microscopy studies, revealing a dense layer surrounding the bacterium. 

The Francisella capsule consists mostly of lipids, approximately 50% (w/w), while 

the other components are still mainly unknown (Hood, 1977). However, genome 

sequencing of the virulent type A strain SCHU S4 identified homologues to the 

capB and capC genes involved in capsule biosynthesis in Bacillus anthracis 

indicating that the capsule could contain poly-D-glutamic acid (Ezzell & Welkos, 

1999, Larsson et al., 2005, Su et al., 2007). A capsule deficient mutant has been 

described in LVS, where the capsule layer was lost upon treatment with acridine 

orange resulting in an attenuated gray colony variant. This mutant was less 

resistant to complement-activated lysis. (Sandström et al., 1988, Cherwonogrodzky 

et al., 1994) In contrast, the encapsulated parental strain is more disposed to killing 

by respiratory burst inside the cells compared to the mutant. However, the capsule 
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seems to be absent in intracellularly growing F. tularensis suggesting the capsule 

to be of less importance after uptake (Golovliov et al., 2003a). Interestingly, both 

F. novicida and F. philomiragia appear to lack capsule.  

 

1.2.3 FPI – The Francisella Pathogenicity Island 

 

A description of the ~30 kb large Francisella pathogenicity island (FPI) was first 

published in 2004 (Nano et al., 2004). The region encoding 16-19 genes, including 

pdpABCD (pathogenicity determinant protein) and iglABCD (intracellular growth 

locus), was identified using both bioinformatic and genetic approaches. As for 

other pathogenicity islands, the FPI differs in GC-content (~26.6% in a 17-kb 

region downstream of iglD) compared with rest of the Francisella genome 

(~32.5%). The lower GC-content of the FPI indicates that Francisella has acquired 

DNA from another organism. All ORFs of the FPI are essentially identical in the 

different Francisella subspecies and the region is duplicated in all subspecies 

except F. novicida. (Nano et al., 2004, Nano & Schmerk, 2007)  

A microarray study of gene expression during iron starvation, a condition known to 

induce some virulence factors, displayed upregulation of several FPI genes in LVS 

(Deng et al., 2006). Interestingly, a 23-kDa protein encoded by the FPI, IglC, was 

demonstrated to be upregulated during intracellular growth of LVS (Golovliov et 

al., 1997, Golovliov et al., 2003a, Golovliov et al., 2003b). Virulence studies 

revealed an iglC mutant to be impaired for intracellular growth and attenuated in a 

mouse infection model. Further, iglA and iglC, were also established to be 

important for intramacrophage growth in F. novicida (Gray et al., 2002, de Bruin et 

al., 2007).  

Even though, the FPI is mainly conserved among the Francisella subspecies, there 

is one obvious difference involving the genes upstream of iglA (Nano et al., 2004). 

In F. novicida, this region includes two genes, pdpD and pmcA. Compared to PdpD 
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of the highly virulent type A strain SCHU S4, the F. novicida homologue contains 

an additional 50 amino acids. Furthermore, in the SCHU S4 strain, the pmcA gene 

is broken into three parts where the last part lacks a start codon. Surprisingly, 

compared to type A strains, type B strains lack both the pmcA gene and a 

considerable part of the pdpD gene, a deletion that is apparent in both FPI copies. 

PmcA is a member of the COG2377 family (Conserved Orthologues Group), 

identified in several bacteria, and predicted to function as a molecular chaperone 

(Bukau & Horwich, 1998). Since the pmcA gene is only found in strains possessing 

a functional pdpD gene, Nano and Schmerk speculate that PmcA might be a 

chaperone for PdpD, possibly for secretion (Nano & Schmerk, 2007).  

The PdpB protein of F. tularensis contains an IcmF-like region and belongs, 

together with IglA and IglB, to a protein family known as IAHPs (IcmF-associated 

homologues proteins) (Brotcke et al., 2006). IAHPs homologues have been 

identified in ~30 bacterial species including Vibrio cholerae and Salmonella 

enterica (Das & Chaudhuri, 2003, Folkesson et al., 2002). The icmF gene was first 

discovered and described in L. pneumophila where it is part of a Type IV secretion 

system (Sexton et al., 2004, VanRheenen et al., 2004, Purcell & Shuman, 1998). 

However, the IAHPs cluster in V. cholerae was recently shown to encode 

components of a novel Type VI secretion system rather than a Type IV secretion 

system (Pukatzki et al., 2006) suggesting the interesting possibility that FPI 

encodes a type VI secretion system (see below chapter 1.2.6.2.3).  

 

1.2.3.1 Regulators of FPI gene expression 

 

The FPI is part of a global regulon under the control of mglAB (macrophage growth 

locus) where MglA is positively regulating all the FPI genes (Baron & Nano, 1998, 

Brotcke et al., 2006). MglA is orthologue to the protein, SspA (stringent starvation 

protein), found in Escherichia coli (Williams et al., 1994b, Theisen & Potter, 
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1992). SspA in E. coli is an RNAP (RNA polymerase associated protein), 

regulating genes under stress conditions and is essential for lytic growth of 

bacteriophage P1(Williams et al., 1994a). SspA homologues have been identified 

in a number of pathogens including Neisseria gonorrhoeae, Yersinia enterocolitica 

and V. cholerae, where it is involved in virulence gene regulation (De Reuse & 

Taha, 1997, Badger & Miller, 1998, Merrell et al., 2002). Recently, microarray 

studies identified 102 genes to be either positively or negatively regulated by MglA 

in F. novicida, including the FPI genes and genes encoding putative stress 

resistance proteins (Brotcke et al., 2006, Guina et al., 2007, Lauriano et al., 2004). 

Most bacterial pathogens encode only one SspA homologue. However, the 

F. tularensis genome contains an additional MglA-like protein denoted SspA 

(Larsson et al., 2005). Interestingly, there is evidence suggesting a direct 

interaction between MglA and SspA, and the presence of SspA is critical for the 

association of MglA with the RNAP complex (Charity et al., 2007). Moreover, the 

two proteins seem to regulate the same set of genes. In addition, F. tularensis is the 

first bacterium to be identified with two distinct RNAP α-subunits, differing in a 

region important for dimer formation, promoter recognition and activator 

interaction (Charity et al., 2007). However, the importance of this finding is still 

unclear. 

A second regulator, PmrA,  was recently identified in F. novicida (Mohapatra et 

al., 2007). PmrA is a homologue to a response regulator, PmrA, found in 

Salmonella typhimurium which is involved in resistance to antimicrobial peptides 

(Gunn et al., 2000). A pmrA mutant of F. novicida was demonstrated to be 

defective for intramacrophage growth and virulence in a mouse model. In addition, 

the mutant displayed increased susceptibility to antimicrobial peptide killing. 

Microarray analysis confirmed 65 genes to be regulated by PmrA including the FPI 

genes. (Mohapatra et al., 2007) However, the majority of the regulated genes were 

located in the region surrounding PmrA. As mentioned previously, the FPI genes 
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are also regulated by MglA, but MglA does not regulate pmrA, nor does PmrA 

regulate mglA. Mohapatra with co workers hypothesise the FPI gene transcription 

to require all three regulators: MglA, SspA and PmrA.  

 

1.2.4 Intracellular growth 

 

Non-pathogenic microorganisms are ingested and killed by phagocytic cells like 

macrophages and neutrophils (Duclos & Desjardins, 2000, Hackstadt, 2000). First, 

the phagocyte engulfs the bacterium and forms a phagosome which gradually drops 

in pH. Next, the phagosome fuses with a lysosome and forms a phagolysosome 

where toxic substances are released, leading to complete degradation of the 

bacterium within a few minutes. These toxic substances include hydrolytic 

enzymes, defensins and enzymes generating active forms of oxygen and nitrogen. 

There are specific markers that can be used to characterise the development of the 

phagosome. The early phagosome is identified by transferrin receptors (TfRs), 

early endosomal antigen 1 (EEA1) and Rab5, the late phagosome is characterised 

by Rab7, mannose-6-phosphate receptor and lysosomal associated protein (LAMP) 

and, finally, the highly acidified phagolysosome contains active hydrolase e.g. 

cathepsin D and high concentrations of ions and active forms of oxygen (Amer & 

Swanson, 2002).  

Some pathogens have acquired the ability to parasitise phagocytic cells and to 

escape the immune system, e.g. bacteria in the genera Legionella, Salmonella, 

Yersinia, Brucella and Mycobacterium. There are mainly three different strategies 

used by bacteria in order to avoid degradation within macrophages: (1) prevent the 

phagosome-lysosome fusion from occurring e.g. Legionella, (2) adapt to the harsh 

environment in the phagolysosome or to acquire traits that reduce the effectiveness 

of the toxic compounds e.g. Coxiella and (3) to escape the phagosome before it 

fuses with the lysosome e.g. Listeria and Shigella (Horwitz, 1983, Burton et al., 
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Figure 2. Immediately after 
infection, the majority of 
F. tularensis bacteria reside 
in compartments with easily 
discernible phagosomal 
membranes. Bacteria are 
indicated by asterisks. The 
coated membranes appeare to 
form buds (arrows), to pinch 
off and form vesicles. 
Reprinted with permission 
from (Clemens et al., 2004). 
Copyright 2004 ASM Press. 

 

1971, Gaillard et al., 1987, Clerc & Sansonetti, 1987, Sansonetti et al., 1986). 

Moreover, several intracellular bacteria have evolved special secretion systems that 

modulate the biogenesis and arrest the endocytic maturation of the phagosome. The 

SPI-2 (Salmonella pathogenicity island-2) Type III secretion system of 

S. typhimurium delivers effector molecules into the cytosol of the macrophage in 

order to disrupt recruitment of components to the NADPH oxidase (Ochman et al., 

1996, Vazquez-Torres et al., 2000, Gallois et al., 2001). Further, both 

L. pneumophila and Brucella spp. possess Type IV secretion systems that mediate 

evasion of phagosome-lysosome fusion (Segal et al., 1998, Segal & Shuman, 1998, 

Joshi et al., 2001, Naroeni et al., 2001, Delrue et al., 2001). However, no Type III 

or Type IV secretion systems have been identified in 

F. tularensis (Larsson et al., 2005). 

Intracellular growth is essential for virulence of 

F. tularensis (Golovliov et al., 2003a, Lauriano et 

al., 2004). The bacterium is taken up by 

macrophages in a unique microfilament-dependent 

manner denoted asymmetric pseudopod loop 

formation (Clemens et al., 2005). After entry into the 

macrophage, F. tularensis initially resides in a 

phagosome where it inhibits acidification and arrests 

the maturation of the phagosome for ~4h (Anthony 

et al., 1991, Clemens et al., 2004). The F. tularensis 

containing phagosomes display markers of both 

early and late endosomes but do not express 

cathepsin D. After 4-12h of infection, the 

phagosomal membrane is disrupted and the 

bacterium replicates freely in the cytoplasm of the 
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macrophage (Fig. 2) (Golovliov et al., 2003b, Clemens et al., 2004, Santic et al., 

2006). So far, no major differences in the behaviour during intracellular infection 

have been documented for the different Francisella subspecies (Golovliov et al., 

2003b, Clemens et al., 2004, Santic et al., 2005b, Santic et al., 2005a). 

Like many other pathogens, F. tularensis fail to replicate within IFNγ-activated 

macrophages (Fortier et al., 1992, Elkins et al., 2003, Santic et al., 2005a). Two 

enzymes generating highly active radicals, iNOS (the Inducible nitric oxide 

synthase) and phox (the NADPH phagocyte oxidase), are important for microbial 

killing in macrophages (Chanock et al., 1994, Marletta, 1993). In IFN-γ activated 

killing of F. tularensis, iNOS plays a significant role where the product 

peroxynitrate (ONOO-) is the major killing agent (Lindgren et al., 2004, Lindgren 

et al., 2005). However, to counteract killing by reactive oxygen species, many 

pathogens have evolved enzymes in order to dismutate O2
-. These enzymes, 

denoted SODs (superoxide dismutates), belong to a family of metalloenzymes. 

F. tularensis encodes two SODs, FeSOD and CuZnSOD. In a recent study,  

FeSOD of F. tularensis was shown to be an important virulence factor, as FeSOD 

defective LVS was severely attenuated in a mouse infection model. (Bakshi et al., 

2006)  

 

1.2.4.1 Autophagy 

 

A second pathway to degradation via the lysosomal machinery is autophagy (Rich 

et al., 2003). Autophagy is used in all cell types and is a response to nutrient 

starvation. Degradation of components of the cell itself provides the cell with 

substrates for essential biosynthetic pathways. The role of autophagy in disease is 

not well understood, but may play a protective role against infection by 

intracellular pathogens. However, recent findings indicate autophagy to actually 
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contribute to the development of disease for some pathogens e.g. Legionella, 

Mycobacterium, Salmonella and Brucella (Amer & Swanson, 2005, Gutierrez et 

al., 2004, Birmingham et al., 2006, Pizarro-Cerdá et al., 1998). In a recent study, 

immunostaining of macrophages infected with LVS demonstrated cytoplasmic 

replicating bacteria enclosed within large endocytic vacuoles denoted FCVs 

(Francisella-containing vacuoles) (Checroun et al., 2006). Interestingly, the FCVs 

displayed double-membrane structures and expressed the autophagosomal 

membrane-associated protein LC3 indicating an autophagic origin (Kabeya et al., 

2000, Checroun et al., 2006). Further studies identified the FCVs to be mature, 

acidic autolysosomes. Likewise, the virulent type B strain FSC200 and the highly 

virulent type A strain SCHU S4 formed FCVs (Checroun et al., 2006). Still, the 

function and importance of these vacuoles for the pathogenesis of F. tularensis is 

so far unknown.  

 

1.2.5 Type IV pili  

 

For many Gram-negative bacteria surface proteins mediating attachment and entry 

into host cells, such as pili and fimbriae, are essential for virulence (Hultgren et al., 

1993). Genome sequencing of the F. tularensis type A strain SCHU S4 identified 

gene clusters encoding proteins required for secretion and assembly of type IV pili 

(Tfp) (Gil et al., 2004, Larsson et al., 2005).  

 

1.2.5.1 Type IVA and Type IVB pilins 

 

Tfp are strong, flexible, filamentous organelles identified in several different 

pathogens. They are divided into two subclasses, type IVA and type IVB pili, 

based on the presence of conserved motifs (Strom & Lory, 1993).  Type IVA pili 

occur in several Gram-negative pathogens such as Neisseria spp., Pseudomonas 
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aeruginosa and Burkholderia pseudomallei (Swanson, 1973, Potts & Saunders, 

1988, Meyer et al., 1984, Bradley, 1980, Woods et al., 1980, Johnson et al., 1986, 

Essex-Lopresti et al., 2005). Type IVB pili are commonly found in pathogens 

colonising the human intestine like V. cholerae, Salmonella typhi and 

enteropathogenic E. coli (Faast et al., 1989, Shaw & Taylor, 1990, Zhang et al., 

2000, Donnenberg et al., 1992, Girón et al., 1991). Tfp fibers are built up by small 

subunits, so called pilins. Type IVA pilins are characterised by a conserved 

hydrophobic N-terminal and a short leader sequence (Hobbs & Mattick, 1993, 

Strom & Lory, 1993). The prepilin is cleaved and methylated by a peptidase, PilD, 

at a glycin/phenylalanine junction where residue five is recognised as a glutamic 

acid. In contrast, type IVB pilins are recognised by a longer leader sequence and a 

cleavage site located at a glycine/methionine or leucine junction. (Strom & Lory, 

1992, Lory & Strom, 1997) 

So far, six putative pilin genes have been identified in F. tularensis. Five of these 

pilins display typical type IVA features. However, the nomenclature of Tfp 

components is somewhat complex and there are three different variants based on 

different genomes: P. aeruginosa (pil-genes), Neisseria spp. (pil-genes) (Table 2) 

and E. coli (bfp-genes). In this thesis, the F. tularensis Tfp components will be 

referred to according to the nomenclature of P. aeruginosa.  
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  Tfp system 

P. aeruginosa 

Tfp system 

N. gonorrhoeae 

T2SS 

K. oxytoca 

Major pilin/pseudopilin PilA PilE PulG 

Minor pilins/pseudopilins  PilE, V, W, X,  

FimT, U 

PilH, I J, K, L, V 

ComP 

Pul H, I, J, K 

Adhesin/chaperone - PilC - 

Peptidase/N-methylase PilD PilD PulO 

ATPase (extension) PilB PilF PulE 

ATPase (retraction) PilT PilT - 

Secretin PilQ PilQ PulD 

Pilotin PilP PilP PulS 

TM protein PilC PilG PulF 

Glycosyltransferase PilO PglO - 

Others unique to Tfp PilF, M, N, Z, Y1, Y2 PilM, N, O, W  

Others unique to T2SS   PulC, L, M 

 
Table 2. Protein constituents of the P. aeruginosa and N. gonorrhoeae Type IV pili 
systems. Also listed are the corresponding components of the K. oxytoca Type II 
secretion system. 
 

1.2.5.2 The Type IV pilus assembly machinery 

 

The type IV pilus fiber is mainly composed of a major pilin, PilA, and several 

additional, so called minor, pilins. These are required for function and/or assembly 

of the pilus, although their exact roles are still not completely understood (Alm et 

al., 1996, Alm & Mattick, 1995, Alm & Mattick, 1996, Winther-Larsen et al., 

2005). The major pilin is translocated across the outer membrane via a pore 

forming secretin, PilQ (Fig. 4 in chapter 1.2.6.2.2.2) (Marceau et al., 1998). The 

most conserved protein in the Tfp system is PilC, a multispanning transmembrane 

(TM) protein found in the plasma membrane. There are two ATPases, PilB and 
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PilT, that mediate extension and retraction respectively of the pilus. The ability of 

Tfp to retract has been linked to motility on solid and semisolid surfaces, so called 

twitching motility, an activity that is PilT dependent (Mattick, 2002). Expression of 

Tfp in different pathogens is associated with colonisation and maturation of biofilm 

and cell–cell communication (O'Toole & Kolter, 1998, Dörr et al., 1998, Källström 

et al., 1998, Wall & Kaiser, 1999). Further, Tfp are also associated with natural 

competence for DNA transformation in N. gonorrhoeae and L. pneumophila 

(Sparling, 1966, Fussenegger et al., 1997, Stone & Kwaik, 1999).  

Several F. tularensis Tfp related genes also show homology to genes involved in 

type II secretion (Table 2, Fig. 4 in chapter 1.2.6.2.2.2) (Peabody et al., 2003). 

These include the inner membrane associated proteins PilB and PilC, the secretin 

PilQ and the pilin peptidase PilD (Nunn & Lory, 1991). These findings are of 

particular interest since no genes or gene clusters encoding potential type III, 

type IV or type V export systems have been identified in F. tularensis.  

 

1.2.6 Secretion systems in F. tularensis 

 

The bacterial inner and outer membrane has been equipped with specific systems in 

order to facilitate transport of different molecules in and out of the cell. Some of 

these secretion pathways promote translocation across only one membrane while 

others are translocating across both membranes in one step. An overview of known 

secretion systems used by Gram-negative bacteria is shown in Fig. 3.  
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Figure 3. Secretion systems of Gram-negative bacteria. Schematic overview of the type 
I, II, III, IV, V and VI secretion systems. T2S, T5S and in some cases T4S depend on Sec 
or Tat for export over the inner membrane. AT = autotransporter, TPS = two-partner 
secretion, Oca = oligomeric coiled-coil adhesin and CU = chaperone/usher. IM = inner 
membrane, PP = periplasm, OM = outer membrane and CM = host cell membrane.  
 

1.2.6.1 Secretion across the cytoplasmic membrane - Sec 

 

Secretion across the cytoplasmic membrane is performed by two major pathways: 

the general secretion pathway, Sec, and the twin arginine translocase, Tat. Only the 

former, which catalyses secretion of most proteins across the plasma membrane, 

has been found in Francisella subspecies (de Keyzer et al., 2003, Müller et al., 

2001). The Sec machinery is the only secretion system found to be essential for cell 

viability and it has been identified in all three domains of life: archaea, bacteria and 

eukaryotes (Pohlschröder et al., 1997, Dalbey & Chen, 2004). The Sec system is 

composed of a heterotrimeric complex, SecYEG, forming a protein-conducting 

channel (Veenendaal et al., 2004). The ATPase, SecA, is the molecular motor 

driving the translocation reaction (Economou, 1999, Economou, 2000). Together, 

SecA and SecYEG form a complex denoted “the preprotein translocase”. The 

molecular chaperone, SecB, prevents premature folding and aggregation of 

preprotein substrates by recognising and guiding these to the translocase for export 

(Fekkes & Driessen, 1999, Driessen, 2001).  
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Interestingly, F. tularensis, like the α-proteobacterium Gluconobacter oxydans, 

encodes two secB genes (Larsson et al., 2005, van der Sluis & Driessen, 2006). 

The significance of this finding is still unknown, but van der Sluis and Driessen 

hypothesise a potential function for secretion of pathogenicity-related proteins. 

 

1.2.6.2 Secretion across the outer membrane 

 

Export of proteins is a major means for bacteria to interact with their surroundings, 

and for bacteria-host communication. As a result, extracellular secretion of proteins 

is a major virulence mechanism in bacterial infection and can occur via several 

different pathways (Fig. 3). Many pathogens utilise either type III or type IV 

secretion as an essential strategy for intracellular survival. Since none of these 

systems are encoded by Francisella subspecies, alternative export systems must 

exist. These may include type I, type II and type VI secretion, all discussed below.  

 

1.2.6.2.1 Type I secretion 

 

The Type I secretion system (T1SS) is a sec-independent system secreting proteins 

directly from the cytoplasm to the extracellular milieu without a periplasmic 

intermediate (Remaut & Waksman, 2004). The system consists of: one pore 

forming OMP (outer membrane protein) and two cytoplasmic membrane proteins; 

the ABC protein (ATP-binding cassette) responsible for substrate recognition and 

ATPase activity, and the MFP (membrane fusion protein) connecting the ABC and 

the OMP protein during translocation (Delepelaire, 2004). T1S-substrates mainly 

consist of toxins, proteases and lipases (Thanassi & Hultgren, 2000). In addition, 

the T1SS has been shown to be involved in multidrug efflux pumps, thereby 

contributing to bacterial multiresistance (Paulsen, 2003).  
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Two genes in the F. tularensis genome, tolC and ftlC, display high homology with 

the OMP encoding gene, tolC, in E. coli (Larsson et al., 2005, Gil et al., 2006). 

Deletion of either gene in F. tularensis results in increased sensitivity to various 

antibiotics and a significant attenuation of virulence in a mouse infection model 

(Gil et al., 2006). Hence F. tularensis seems to posses a functional type I secretion 

system.  

   

1.2.6.2.2 Type II secretion 

 

The type II secretion system (T2SS), also known as the main terminal branch 

(MTB) of the general secretion system, is a major pathway for exoprotein transport 

from the periplasm across the outer membrane (Pugsley, 1993, China & Goffaux, 

1999, Liles et al., 1999, Johnson et al., 2006). The system was first discovered in 

Klebsiella oxytoca where the pul-genes were demonstrated to be required for 

secretion of the starch hydrolysing lipoprotein, pullulanase (PulA) (d'Enfert et al., 

1987a, d'Enfert et al., 1987b). To date, the T2SS has been identified in a number of 

pathogens including: P. aeruginosa (xcp-genes), V. cholerae (eps-genes), 

B. pseudomallei (gsp-genes), Aeromonas hydrophila (exe-genes), Erwina spp. (out-

genes) and the intracellular pathogen L. pneumophila (lsp-genes) (Filloux et al., 

1990, Hirst & Holmgren, 1987, DeShazer et al., 1999, Hales & Shuman, 1999, 

Liles et al., 1998, Liles et al., 1999, Lindeberg & Collmer, 1992, Lindeberg et al., 

1996, Jiang & Howard, 1992). There is great diversity in T2SS-nomenclature and 

therefore I will refer to the different components by using the nomenclature based 

on the K. oxytoca pul system (Table 2 in chapter 1.2.5.2).  
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1.2.6.2.2.1 The Type II secreton  

 

T2S occurs in two distinct steps where the substrate first is translocated across the 

plasma membrane via the Sec or the Tat pathway (Voulhoux et al., 2001). In the 

periplasm, the N-terminal signal sequence is cleaved off by a peptidase, PulO, and 

the protein is fully folded before it is recognised by the T2SS (Hirst & Holmgren, 

1987, Pugsley et al., 1991, Pugsley, 1992, Bortoli-German et al., 1994, Hardie et 

al., 1995, McIver et al., 1995, Braun et al., 1996). The T2SS is composed of 12-15 

components where PulG is the major pseudopilin forming a pilus-like structure 

which is suggested to act as a piston, pushing out the proteins from the periplasm 

via a pore forming secretin, PulD (Francetic et al., 2007). Two assembly factors, a 

polytopic plasma membrane protein, PulF, and an ATPase, PulE, probably catalyse 

the filament polymerisation (Letellier et al., 1997, Bleves et al., 1999, Possot et al., 

1992, Possot et al., 1997, Possot et al., 2000). In at least some bacteria, an 

additional outer component, the lipoprotein PulS, is required for proper insertion of 

the secretin in the outer membrane (Russel, 1998, Nouwen et al., 1999). Further, 

three proteins, PulC, PulL and PulM, are believed to be part of a periplasmic 

complex that controls the opening of the secretin channel and/or recognises and 

directs the substrate exoproteins to the secretin (Possot et al., 2000).  
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Figure 4. The T2SS versus the Tfp system. Schematic overview of the Type II secretion 
system and the Type IV pili system. The T2SS is exemplified by pullulanase secretion in 
K. oxytoca and the Tfp system is exemplified by pili assembly in P. aeruginosa. 
 

1.2.6.2.2.2 Type II secretion and Type IV pili – two related systems 

 

The T2S pathway is closely related to the Tfp system (Nunn, 1999). Indeed, some 

T2S pseudopilins are capable of forming pilus-like structures when overexpressed 

(Sauvonnet et al., 2000b, Durand et al., 2003, Köhler et al., 2004). The major 

pseudopilin, PulG, and a number of other pseudopilins, PulH,I,J,K, share structural 

features with type IVA pilins, including an N-terminal leader sequence and a 

conserved hydrophobic domain. In contrast, only type IV pilins maintain two 

conserved cysteins close to the C-terminal (Alm & Mattick, 1996). Four of the 

proteins found in the T2SS and Tfp system are homologues. These are the prepilin 

peptidase/N-methyltransferase PulO (PilD), the ATPase PulE (PilB), the secretin 

PulD (PilQ) and the multispanning transmembrane protein PulF (PilC) (Fig. 4, 

Table 2 in chapter 1.2.5.2). Three of these, the ATPase, the transmembrane protein 
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and the prepilin peptidase, have also been identified in the flagellar system of 

archaea (Patenge et al., 2001, Thomas & Jarrell, 2001, Peabody et al., 2003).  

In Francisella subspecies, protein secretion in vitro is only evident in F. novicida 

(Hager et al., 2006). Interestingly, the secretion of F. novicida proteins is 

dependent on genes postulated to be involved in Tfp expression (see below 

chapter 3.2.9).  

 

1.2.6.2.3 Type VI secretion 

 

The type VI secretion system (T6SS) is also known as virulence-associated 

secretion (VAS) and is the most recently identified secretion system (Bingle et al., 

2008). The system was first described in V. cholerae and demonstrated to be 

important for virulence in the amoeba model Dictyostelium discoideum (Pukatzki 

et al., 2006). The T6SS is encoded by the vas-genes and believed to mediate 

translocation of effector proteins into eukaryotic cells. Gene clusters encoding vas-

genes, denoted IAHP clusters (IcmF associated homologues protein), have been 

identified in several Gram-negative bacteria (chapter 1.2.3) (Das & Chaudhuri, 

2003). Two proteins, VgrG (valine-glycine-repeats G) and Hcp (hemolysin-

coregulated protein), are secreted by the T6SS in V. cholerae, both lacking the 

classical N-terminal sec-dependent signal sequence (Williams et al., 1996, 

Pukatzki et al., 2006). Interestingly, these proteins also seem to be part of the 

actual translocation apparatus where the Hcp1 protein in  P. aeruginosa is believed 

to form a translocation conducting channel (Mougous et al., 2006). Other 

components in the T6SS include the regulatory FHA domain protein and the 

ATPase, ClpV, driving the translocation process (Suarez et al., 2007, Bingle et al., 

2008). Apart from V. cholerae and P. aeruginosa functional T6S has also been 

shown in A. hydrophila, A. tumefaciens, Edwardsiella tarda, B. mallei and 
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enteroaggregative E. coli (Suarez et al., 2007, Wu et al., 2008, Rao et al., 2004, 

Schell et al., 2007, Aubert et al., 2008, Dudley et al., 2006, de Bruin et al., 2007).  

 

 

Figure 5. F. tularensis encodes a T6SS. The FPI harbours genes that share similarities 
with T6S gene clusters. Reprinted with permission from (de Bruin et al., 2007). Copyright 
2007 BMC Microbiol. 

Although functional T6S is yet to be shown, the F. tularensis FPI harbours genes 

which share homology with the IAHPs. These include iglA and iglB, two genes 

required for intramacrophage growth in F. novicida and suggested to act as 

chaperones, promoting secretion of virulence factors (Fig. 5) (de Bruin et al., 2007, 

Nano & Schmerk, 2007). Furthermore, the FPI also encodes pdpB, which contains 

an IcmF like motif in the C-terminus, and a dotU homologue. This strongly 

suggests that the FPI of F. tularensis encodes a T6SS. 
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2. AIMS 

 

The focus of this thesis is the pathogenicity of F. tularensis, more specifically to 

characterise the newly identified genes believed to encode a type IV pili system in 

the different F. tularensis subspecies, and to elucidate their role in virulence. 

 

In addition, I wanted to determine the contribution of subspecies specific 

differences seen in the Tfp encoding genes to the virulence properties of the 

different subspecies and the live vaccine strain, LVS. 
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3. RESULTS AND DISCUSSION 

3.1 CONCLUSIONS IN BRIEF FROM PAPER I-IV 

 

I. Direct repeat-mediated deletion events have had large impact on the 

virulence of F. tularensis type B strains. One deleted region encoding a 

pilin protein, PilA, was essential for infections via peripheral route in 

mice. 

 

II.  The importance of pilA for virulence was also verified in the type A 

strain SCHU S4. pilC and pilQ mutants showed similar properties as the 

pilA mutant in line with the postulated role of these proteins in assembly 

of Tfp. In contrast, a pilT mutant was found to be of similar virulence as 

the isogenic wild-type strain SCHU S4. This suggests that pilus 

retraction is not important for virulence of type A strains in a mouse 

infection model 

 

III. PilA from SCHU S4 and PilA from F. novicida were able to complement 

Tfp related functions in the heterologous system of N. gonorrhoeae. Both 

pilins promoted pili assembly and were able to restore competence for 

DNA uptake in N. gonorrhoeae. 

 

IV.  Reintroduction of two repeat-mediated deleted regions, RD18 and RD19, 

restored the virulence of the attenuated vaccine strain LVS to a level 

indistinguishable from virulent clinical isolates of F. tularensis ssp. 

holarctica. However, a third deletion, in a gene encoding a peroxidase, 

was not involved in the attenuation of LVS. 
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3.2 THE ROLE OF TYPE IV PILI IN VIRULENCE OF F. TULARENSIS 

 

When the first F. tularensis genome (SCHU S4) was sequenced and published, 

surprisingly few virulence traits were identified from the genome sequence 

(Larsson et al., 2005). However, one gene cluster encoded proteins postulated to be 

required for secretion and assembly of type IV pili (Tfp, chapter 1.2.5). These 

genes, which display a similar genomic arrangement as in P. aeruginosa, became 

the interest of my research.  

 

3.2.1 Genomic differences within type IV pili clusters 

 

Besides genes necessary for Tfp assembly, six genes displaying typical type IV 

pilin features were identified in F. tularensis, i.e. pilA, pilE, pilV, FTT0861, 

FTT0230 and FTT1314 (Gil et al., 2004, Larsson et al., 2005). The three latter are 

referred to by their SCHU S4 locus tags, as will all genes that have not yet received 

any gene names. Interestingly, there are some significant differences between the 

F. tularensis subspecies (Fig. 6). One region, consisting of the genes pilA, pilE and 

pilV, is very intriguing. Whereas these genes are intact in the sequenced type A 

strains, pilE and pilV, together with the ATPase encoding gene, pilT, are 

pseudogenes in type B strains. PilT is essential for Tfp retraction and twitching 

motility, functions that probably are lacking for pili expressed by type B strains 

(Bradley, 1980, Brossay et al., 1994). In addition, in some type B strains the pilA 

gene is deleted (Fig. 6) (Paper I). Furthermore, internal deletions and a mutation 

within the stop codon have changed and extended the reading frame of the pilin 

gene FTT0861 in type B strains. The remaining two pilin genes, FTT0230 and 

FTT1314, are identical between type A and type B strains. (Larsson et al., 2005) 



  RESULTS AND DISCUSSION 
 

 33

 
Figure 6. Comparison of gene clusters encoding putative type IV pilins in F. tularensis 
ssp. tularensis (type A), holarctica (type B) and F. novicida. All subspecies have direct 
repeats within the N-terminal part of the pilA and pilE genes. In the type B derived vaccine 
strain LVS and FSC354, direct repeats have mediated deletion of pilA. Furthermore, pilE 
and pilV are not functional in type B strains due to non-sense mutations. In addition, 
internal deletions and mutation within the stop codon changes and extends the reading 
frame of gene FTT0861 in type B strains. In contrast, the only significant difference 
between F. novicida and type A strains is at the C-terminal part of the pilA gene. 
 

In contrast to type B strains, the non-pathogenic F. novicida strains and the highly 

pathogenic type A strains differ in only one pilin gene, pilA (Fig 6) (Paper I & III). 

pilA in F. novicida is significantly different in the C-terminal half while the N-

terminal part remains homologous to SCHU S4 pilA (Fig. 1B in Paper III).  

Altogether, these differences are likely to be of biological importance, giving rise 

to pilins displaying different properties and possibly also contributing to the 

differences in virulence seen among the F. tularensis subspecies.  

 

3.2.2 Direct repeat-mediated deletion of pilA 

 

Studies involving whole-genome microarray analysis of F. tularensis subspecies 

and strains revealed several regions, RDs (regions of difference), flanked with 
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direct repeat sequences that could mediate deletions of certain genes or regions 

(Broekhuijsen et al., 2003, Svensson et al., 2005). One of these RDs, RD19, 

encodes the pilin gene, pilA (Paper I). Interestingly, several attenuated type B 

strains, including the LVS strain, have lost the pilA gene due to homologous 

recombination involving the direct repeats (Fig. 6). In contrast, virulent type B 

isolates have retained an intact pilA gene.  

One type B isolate, FSC074 (Francisella strain collection), was found to contain a 

mixture of pilA positive and negative colonies. Each variant was isolated, purified 

and denoted FSC352 (pilA+) and FSC354 (pilA-) (Paper I). The discovery of this 

isogenic pair provided us with a powerful tool to study the role of PilA in the Tfp 

system and its possible contribution to the virulence of F. tularensis.  

 

3.2.3 F. tularensis PilA is post-translationally modified 

 

Several pathogens including Neisseria spp. and some P. aeruginosa strains are 

known to modify their pilins (Virji, 1997, Kus et al., 2004). Pilin glycosylation 

involves attachment of saccharide molecules to pilin subunits, a process catalysed 

by a glycosyltransferase denoted PilO (Castric, 1995). The F. tularensis genome 

contains two pilO homologues, where at least one encodes a functional 

glycosyltransferase (Larsson et al., 2005, Forslund, Salomonsson, Kuoppa, Noppa 

and Forsberg, unpublished results). Indeed, when F. tularensis PilA expression was 

analysed with Immuno-blot, the molecular weight of the pilin was 4-5 kDa larger 

than expected from the sequence and the protein appeared heterogeneous in size, 

indicating post-translational modification (Fig. 3 in Paper I). By expressing 

F. tularensis PilA in the heterologous Tfp systems of P. aeruginosa and 

N. gonorrhoeae, we could show the Francisella pilin to be glycosylated (Fig. 3 in 

Paper I, Fig. 7 in Paper III). The exact role of this modification is not known, but 
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glycosylation has been shown to be important for bacterial pathogenesis in other 

systems (Smedley et al., 2005).  

 

3.2.4 PilA is essential for virulence 

 

For many pathogens, Tfp are important virulence factors (chapter 1.2.5). While Tfp 

are mainly found in extracellular pathogens, they have also been identified in 

intracellular pathogens like B. pseudomallei and L. pneumophila. A pilA mutant in 

B. pseudomallei displayed reduced adherence to respiratory cells and decreased 

virulence in both the nematode and the mouse model (Holden et al., 2004, Essex-

Lopresti et al., 2005). Further, the pilin in L. pneumophila was established to be 

involved in natural competence and adherence to protozoan and mammalian cells, 

but was dispensable for intracellular survival (Stone & Abu Kwaik, 1998, Stone & 

Abu Kwaik, 1999).  

The F. tularensis pilA mutant strain, FSC354, was demonstrated to be severely 

attenuated via the subcutaneous route of infection in mice (Paper I). In addition, the 

mutant was impaired in its ability to disseminate from the site of infection to the 

spleen. Interestingly, the mutant strain was still able to survive and replicate 

normally within macrophages in an in vitro cell infection assay. (Fig. 6 in Paper I) 

Thus, PilA does not appear to be of importance for intracellular growth. Rather, it 

mediates early critical interactions required for bacterial spread and hence systemic 

infections.  

The importance of pilA for virulence was also verified in the type A strain 

SCHU S4 and a clinical type B isolate, FSC200 (Paper II, Forslund, Salomonsson, 

Kuoppa, Noppa and Forsberg, unpublished results). However, the level of 

attenuation of a pilA mutant in these strains was significantly lower than observed 

for the natural pilA mutant strain FSC354 (Table 1 in Paper I, Paper II). A practical 

issue when dealing with type A strains and fresh clinical isolates of type B strains 
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is their high virulence in mice, with a lethal infection dose of less than five 

bacteria. As a result, differences in virulence can be difficult to measure. Therefore, 

we observe how well a particular mutant can compete with the wild-type in vivo 

(competitive indexes, for details see methods in Paper II).  

 

3.2.5 Further analysis of putative F. tularensis pilins 

 

Except for a major pilin building up the pilus, several so called minor pilins are 

often involved in function and/or assembly of the pilus. Having established a role 

for PilA in virulence, I wanted to determine a possible contribution of the other 

pilins. 

Besides the putative pilins mentioned in chapter 3.2.1, pilA, pilE, pilV, FTT0861, 

FTT0230 and FTT1314, additional genes displaying limited pilin homology are 

also present in the F. tularensis genome. These pilin-like genes are located in two 

gene clusters, FTT1496-97 and FTT1621-28 (Larsson et al., 2005). In order to 

investigate a possible involvement of these putative pilins in the Francisella Tfp 

system, several of the encoding genes were mutated in the virulent type B strain 

FSC200 (Salomonsson, Forslund, Kuoppa, Noppa and Forsberg, unpublished 

results). Surprisingly, none of the pilin proteins FTT0861, FTT0230, FTT1621-22 

and FTT1496-97, were found to be important for virulence in a subcutaneous 

mouse infection, neither in a single strain- nor in a competitive infection assay. The 

two pilin genes pilE and pilV, that are pseudogenes in type B strains, were not 

included in the study (Fig. 6). Therefore, we can not exclude that PilE and PilV 

may have a role in virulence of type A strains or F. novicida strains, which have 

intact pilE and pilV genes. Yet, Sjöstedt with co workers have made a pilAEV 

deletion mutant in the type A strain SCHU S4 (Golovliov, Conlan and Sjöstedt, 

unpublished results) and this mutant was found to be fully virulent in single strain 

infection in mice, suggesting that PilE and PilV do not to contribute to virulence of 
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F. tularensis in the mouse infection model. In addition, Hager with colleagues have 

demonstrated pilE and pilV mutants in F. novicida to maintain wild-type 

phenotypes (Hager et al., 2006). Therefore, it appears that PilA is unique among 

the Francisella pilins in its role in virulence. However, utilisation of different 

animal models or routes of infection, as well as new insights into the environmental 

life cycle of F. tularensis, may reveal a role for the other putative pilins. 

 

3.2.6 PilC and PilQ are required for Francisella virulence 

 

Several proteins are required for the export of pilins to the bacterial surface. This 

has been extensively studied in P. aeruginosa and N. gonorrhoeae. Here, the 

products of four genes, pilB, pilC, pilD and pilQ (Table 2 in chapter 1.2.5.2), have 

been shown to be essential for a functional Tfp system (Nunn et al., 1990, Drake & 

Koomey, 1995). PilB, the ATPase responsible for extension of the pilus; PilC, the 

transmembrane (TM) spanning protein; PilD, the prepilin peptidase and PilQ, the 

pore-forming secretin, are all required for assembly and/or secretion of the pilus 

(Fig. 4 in chapter 1.2.6.2.2.2).  

Tfp assembly mutants in pilC or pilQ prevents PilA export to the bacterial surface, 

rendering the virulent type A strain SCHU S4 as attenuated as a pilA mutant upon 

subcutaneous infection of mice (Fig. 2 in Paper II). These results are in accordance 

with the importance of surface localisation of PilA. 

Interestingly, Thanassi and colleagues have shown that a pilB mutant in LVS is 

attenuated for virulence in mice by the intradermal route of infection (Forsberg & 

Guina, 2007). Nevertheless, it is important to remember that LVS lacks a 

functional pilA gene and is therefore already attenuated. Hence, the pilB mutant in 

LVS should rather be considered as a pilA/pilB double mutant.  

Somewhat unexpectedly, a pilT mutant in SCHU S4 was as, or even more, virulent 

in a subcutaneous mouse infection model compared to the wild-type strain (Fig. 2 
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in Paper II). In other bacterial pathogens, PilT is required for pilus retraction and 

pilT mutants are often hyperpiliated (Fig. 7) and attenuated for virulence (Pujol et 

al., 1999, Comolli et al., 1999). Furthermore, due to a nonsense mutation located 

one third into the gene, pilT is a pseudogene in all type B strains, while F. novicida 

strains still posses a functional pilT gene (see below, chapter 3.2.7). Hence, the role 

of the Tfp system and PilT in Francisella virulence is far from clear at this point.  

Taken together, pilA and genes required for assembly/secretion of Tfp and thereby 

export/assembly of PilA, are clearly required for full virulence by peripheral routes 

in the mouse model. On the other hand, PilT, which is a hallmark of Tfp and its 

unique ability to retract and thus promote motility, does not appear to be required 

for virulence in the mouse model, at least via the subcutaneous route. However, it 

is important to bear in mind that the mouse infection model only provides a limited 

insight into the life cycle of F. tularensis. The differences among the Tfp genes 

identified for type A and type B strains, the fact that these subspecies show distinct 

differences in virulence towards humans, and occupy different environmental 

niches, is hardly a coincidence. Future work using alternative animal infection 

models together with studies of how these pathogens survive and persist in the 

environment is likely to give new insight into the role of the Tfp system in the 

different subspecies. 

 

3.2.7 Expression of pili-like fibers on the surface of F. tularensis 

 

In a study published by Thanassi and co workers, LVS was demonstrated to 

express Tfp-like structures on the surface (Gil et al., 2004). In agreement with 

other Tfp expressing pathogens, the surface fibers were lost in a pilB mutant 

(Forsberg & Guina, 2007). 

 As LVS is a natural pilA mutant, these surface fibers can not consist of PilA 

subunits, suggesting that another pilin must function as the structural protein. In a 
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Figure 7. Hyperpiliation in 
a N. gonorrhoeae pilT 
mutant. 

different study, F. novicida was also confirmed to assemble filamentous structures 

on the bacterial surface (Forsberg & Guina, 2007). In this case, a deletion of the 

secretin-encoding gene pilQ resulted in decreased but not complete lack of pili. 

This is somewhat surprising, since in a pilQ mutant secretion/assembly of Tfp 

should be completely abolished. In addition, a pilT 

mutant was totally deficient for Tfp-like structures, 

indicating that PilT is required for pili assembly in 

F. novicida. In contrast, pilT mutants have usually 

been characterised as hyperpiliated in other bacteria 

(Fig. 7).  

Even if Tfp-like structures have been identified on the 

surface of LVS and F. novicida, these structures have 

still not been verified to be expressed by the Tfp 

encoding gene clusters. Indeed, it is not clear which of the predicted pilins that 

builds up the pilus, since several of the pilin genes are non-functional in LVS 

(Fig. 6 in chapter 3.2.1). In order to visualise potential pili structures on the surface 

of virulent type B strains the PilA protein was FLAG-tagged in the C-terminus to 

facilitate detection and analysed with electron microscopy (Paper I). Even if we 

could not detect any filamentous structures, immunogold staining confirmed that 

PilA was exported to the bacterial surface (Fig. 5B in Paper I). However, at this 

point we can not exclude the possibility that the FLAG tag somehow interferes 

with pilus formation, thereby causing an unpiliated phenotype. 

 

3.2.8 Heterologous expression of F. tularensis type IV pilins in N. gonorrhoeae 

 

In order to verify if any of the pilin genes identified in F. tularensis could form pili 

structures, we used a strategy based on a heterologous expression system (for 
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details see methods in Paper III). Trans-species complementation of various Tfp 

biogenesis mutants has been achieved in a number of cases, and strains expressing 

heterologous pilin subunits provide unique opportunities to examine the role of the 

pilus (Elleman et al., 1986, Hoyne et al., 1992, Sauvonnet et al., 2000a). Six 

different pilin genes (Fig. 6) from F. tularensis were expressed in a N. gonorrhoeae 

pilin mutant (Paper III). Interestingly, out of all pilins tested only PilA was able to 

complement Tfp related functions in the heterologous system. In fact, both 

SCHU S4 and F. novicida PilA promoted assembly of type IV pili-like structures 

in the N. gonorrhoeae background, although at reduced amounts compared to the 

native pilin (Fig. 4 and 5 in Paper III). Further support for the ability of the two 

PilA proteins to form pilus-like multimers was their capacity to restore competence 

for DNA uptake in a N. gonorrhoeae pilin mutant strain (Table 1 in Paper III). 

According to these findings, PilA seems to be the only F. tularensis pilin able to 

form filaments. Still, this does not rule out the possibility that some of the other 

pilins may function as minor pilins or even structural components in the 

F. tularensis Tfp.  

 

3.2.9 Type IV pili and/or Type II secretion? 

 

In a previous study, Hager and colleagues presented evidence for in vitro secretion 

of proteins in F. novicida (Hager et al., 2006). Several pili mutants, pilB, pilC, pilQ 

and pilA, were demonstrated to be affected in protein secretion. This raises the 

question if F. novicida encodes a T2SS rather than a Tfp system. Tfp systems are 

characterised by the presence of the ATPase PilT, while the inner membrane and 

periplasmic proteins PulC, PulL and PulM are unique to the T2SS (Fig. 4 in 

chapter 1.2.6.2.2.2). However, while F. novicida maintains an intact pilT gene, it is 

missing pulC, pulL and pulM (Hager et al., 2006). These findings could indicate 

that F. novicida displays Tfp-mediated secretion, similar to the type IV toxin co-
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regulated pilus-dependent secretion of TcpF in V. cholerae, and not T2SS-mediated 

secretion (Kirn et al., 2003).  

PepO, one of the proteins secreted by F. novicida, is postulated to be involved in 

processing endothelin and promoting vasoconstriction, thereby limiting the 

bacterial spread upon infection via the skin. Type A and type B strains contain a 

mutation in pepO, predicted to abolish its secretion. Interestingly, all secretion 

mutants in F. novicida, including the pili mutants and pepO, were more virulent in 

a mouse infection model compared to the wild-type strain. (Hager et al., 2006) 

Thus, the loss of PepO secretion during evolution seems to play an important role 

in development of higher invasiveness of human pathogenic strains.  

Intriguingly, due to the similarity between type II pseudopilins and type IV pilins, 

pseudopilins have been predicted to form pilus-like structures when overexpressed 

in the T2S pathway. The first demonstration of pilus-like structure assembly by 

pseudopilins was revealed by Sauvonnet and colleagues who overexpressed the 

T2SS of K. oxytoca in E. coli, and observed that the major pseudopilin PulG was 

assembled into pili-like bundles (Sauvonnet et al., 2000b). Later, pseudopilins in 

several other pathogens, like P. aeruginosa and Xanthomonas campestris, have 

been shown to assemble into pili-like structures when overexpressed (Durand et al., 

2003, Kuo et al., 2005). Hence, these results support the possibility that F. novicida 

encodes a T2SS, even though the F. novicida PilA is able to complement and 

assemble structures in the heterologous Tfp system of N. gonorrhoeae (Paper III). 

Indeed, in a recent study, we could demonstrate the ability of the P. aeruginosa 

pseudopilin, XcpT, to complement a pilin-deficient N. gonorrhoeae strain in the 

aspect of natural competence for Tfp mediated DNA uptake (Table 1 in Paper III).  
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3.3 THE ATTENUATION OF THE LIVE VACCINE STRAIN 

 

Two regions of difference, RDs, have been shown to be of particular interest 

regarding a role in virulence of F. tularensis ssp. Besides RD19 (encoding pilA, 

chapter 3.2.2), another region, RD18, has previously been demonstrated to be 

essential for virulence in a type A strain (Svensson et al., 2005, Twine et al., 2005). 

RD18 harbours two genes, FTT0918 and FTT0919, where both gene products 

belong to a novel protein family, unique to Francisella, of unknown function 

(Twine et al., 2005). Interestingly, LVS lacks both RD18 and RD19 (Svensson et 

al., 2005, Rohmer et al., 2006). Since the genetic determinants causing the 

attenuation of LVS are still unknown, I wanted to examine the contribution of these 

two deletions to the attenuation of LVS (Paper IV). The strategy was to 

complement these regions, and determine if this could restore virulence. 

 

3.3.1 LVS accumulates mutations during in vitro passage 

 

One LVS isolate from our Francisella strain collection, FSC155, was 

complemented in trans with pilA. Unexpectedly, this strain expressed only low, 

barely detectable levels of PilA (Fig.1 in Paper IV). Additional attempts to achieve 

the complementation in cis were unsuccessful. This was somewhat surprising since 

complementation of FSC354, both in cis and in trans, fully restored expression of 

PilA (Paper I). Further, all essential pili genes in LVS were revealed to be 

transcribed at equal amounts as in the FSC200 strain, indicating the defect to be on 

the level of protein expression and/or stability (Fig. 2 in Paper IV).  

The FSC155 isolate has routinely been used in the lab over the years and the 

handling of the strain is somewhat uncertain. In order to establish if the defects 

seen in PilA expression for FSC155 also applied for other LVS isolates I decided to 
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include a fresh LVS isolate, FSC458, in my studies. FSC458 was obtained from a 

recently opened vaccine vial and in contrast to FSC155, FSC458 has not been 

passaged in vitro. Interestingly, PilA expression was restored in the cis 

complemented FSC458 and resulted in increased virulence by the subcutaneous 

route of infection in a mouse model to a level intermediate to the virulence of 

FSC458 and the virulent FSC200 strain (Table 3 in Paper IV). Hence, Francisella 

strains seem to accumulate mutations during in vitro-passage, emphasising the 

importance of knowing the history of different strains and isolates. Moreover, 

reintroduction of pilA alone is not sufficient to restore full virulence of LVS, 

suggesting that other genetic differences contribute to the attenuation. 

 

3.3.2 Both RD18 and RD19 contribute to the attenuation of LVS 

 

The second major deletion in LVS, RD18, including the genes FTT0918 and 

FTT0919, was first discovered in an avirulent type A strain FSC043 (Svensson et 

al., 2005, Twine et al., 2005). DNA sequencing identified a deletion overlapping 

the two genes resulting in an in-frame fusion consisting of the N-terminus of 

FTT0918 and the C-terminus of FTT0919 (Fig. 8) (Svensson et al., 2005). Even 

though the functions of the proteins are still unknown, they are predicted to encode 

signal peptides, indicating them to be exported (Twine et al., 2005). Previous 

studies have identified FTT0918 to be of particular interest, since a deletion mutant 

is significantly reduced for virulence in SCHU S4. Mutation of FTT0919 on the 

other hand has no obvious effect on virulence. 
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Figure 8. Comparison of the RD18 encoding genes FTT0918 and FTT0919 in 
F. tularensis subsp. tularensis (type A) and holarctica (type B). In the avirulent type A 
strain FSC043 and the type B derived vaccine strain LVS direct repeats have mediated a 
deletion overlapping the two genes resulting in an in-frame fusion consisting of the N-
terminus of FTT0918 and the C-terminus of FTT0919.  
 
In order to establish a possible contribution of this deletion event to the attenuation 

of LVS, FSC458 was complemented in cis with an intact RD18 (Paper IV). 

Interestingly, the virulence in mice increased, by both the subcutaneous and the 

intraperitoneal route, and the infective dose was similar to the RD18 positive 

type B strain FSC200, but with a delayed onset of disease (Table 3 in Paper IV).  

Finally, when FSC458 was complemented in cis with both RD18 and RD19 the 

virulence was restored to a level similar to that of strain FSC200 by both infection 

routes (Table 3 in Paper IV). In addition, the infection kinetics was also 

comparable to FSC200. Our results therefore indicate that the attenuation of LVS 

seen in the mouse infection model is mainly the result of direct repeat mediated 

loss of RD18 and RD19.  

 

3.3.3 A third deletion in LVS involves a dyp-type peroxidase  

 

As a part of the host immune defence, macrophages induce oxidative stress to 

incapacitate and kill phagocytised bacteria. Some pathogenic microorganisms have 
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developed effective enzymatic pathways, like the use of peroxidases, in order to 

inactivate oxidation and thus survive within macrophages (Miller & Britigan, 

1997). 

A third deletion identified in LVS is within a gene, FTL_1773 (FTT0086 in 

SCHU S4), proposed to encode a dyp-type peroxidase (Rohmer et al., 2006). In 

LVS, this locus has undergone a deletion of 93 nucleotides, why the resulting gene 

product is predicted to lack several of the residues that are conserved across 

bacterial species (Rohmer et al., 2006). Since Francisella is an intracellular 

pathogen, this defect could potentially make the LVS strain less able to survive and 

replicate within macrophages. However, a complementation of the FTL_1773 gene 

in LVS FSC458 did not increase the virulence in a mouse infection model, 

suggesting that the peroxidase deletion does not contribute to the attenuation of 

LVS (Table 3 in Paper IV). Nevertheless, we can not exclude the peroxidase to be 

of importance for the bacterium in another host or perhaps in the environment.  

 

3.4 CONCLUDING REMARKS 

 

Historically, several countries have studied the possibility to use F. tularensis as an 

agent of biological warfare. In 1970, the World Health Organization reported that a 

50 kg aerosol dispersal of virulent F. tularensis in a population of 5 million people 

could result in 19.000 deaths and 250.000 hospitalisations (O'Brien et al., 2003). 

This mortality rate would increase dramatically in the absence of antibiotics and 

vaccines. Further, while F. tularensis infections mainly occur in endemic areas, 

there are recent reports of emerging areas as well. Extensive tularemia outbreaks 

have been reported in war-torn countries like Bosnia and Kosovo, indicating that 

the bacterium is even more widely distributed than previously considered (Sjöstedt, 

2007). These findings also demonstrate that outbreaks of F. tularensis can occur 
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when people live under circumstances of poor housing and sanitation, making the 

need of efficient vaccines and treatments more urgent.  

So far, protection against tularemia has been provided by vaccination with the live 

attenuated strain, LVS, and vaccinees show a memory T-cell response to 

F. tularensis, lasting for at least 10 years. However, while the protection against 

type B strains is satisfactory, LVS only provides limited protection against 

pneumonic type A infections. Another issue concerning LVS is the restricted 

knowledge of the genomic mechanism behind the attenuation. As a consequence, it 

can not be excluded that the strain may revert to full virulence, why LVS is no 

longer a licensed vaccine. Since no substitute is currently available, additional 

studies are required to enable a possible licensing of LVS or to develop new 

defined live vaccine strains.  

The findings presented in this thesis provide an increased understanding of the 

ability of F. tularensis to cause disease. Two direct repeat-mediated deletions, 

RD18 and RD19, are revealed to be crucial to the attenuation of LVS in the mouse 

model. The exact function of FTT0918, encoded by RD18, remains unknown. This 

gene is however essential for virulence, by both subcutaneous and intraperitoneal 

route, in mice. Future investigations of the exact function of FTT0918 are likely to 

provide valuable insights into the pathogenicity of F. tularensis. In addition, the 

RD19-region, encoding the pilin PilA, plays a role in infection via peripheral route. 

Since the genome of F. tularensis is surprisingly void of classic virulence 

determinants, the possibility of a Francisella type IV pili (Tfp) system is highly 

interesting. My results show that Francisella PilA is able to complement Tfp 

features in the heterologous system of N. gonorrhoeae and is therefore suggested to 

be part of a Tfp system in F. tularensis. While PilA, as well as other predicted Tfp 

components in Francisella, is established to be required for successful infection of 

mice, the mechanism by which the Tfp system conveys virulence is still unknown. 

This Francisella Tfp system may promote assembly of surface structures or, 
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interestingly, facilitate secretion of effector proteins, which are both strategies 

utilised by pathogenic bacteria to overcome the host immune defence. Further, due 

to genomic diversity among the pilin genes, it is by all means likely that the 

properties and functions of Tfp vary between the subspecies of F. tularensis. These 

variations can also contribute, not only to the distinct differences in virulence seen 

for F. tularensis subspecies, but also to their ability to occupy different 

environmental niches. Further work using alternative animal infection models and 

studies of how these pathogens survive and persist in the environment is likely to 

give new insights into the role of the Tfp system in the F. tularensis subspecies.  

As described above, both RD18 and RD19 are required for Francisella virulence. 

An important conclusion drawn from the results presented in this thesis is that the 

attenuation of LVS depends on loss of RD18 and RD19, and hence the risk for 

reversion to full virulence is extremely low. This is a key finding that can facilitate 

the licensing of LVS as an approved vaccine.  
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SAMMANFATTNING PÅ SVENSKA 
  Summary in Swedish 
 

Francisella tularensis är en Gram-negativ intracellulär bakterie som finns spridd 

över norra halvklotet där den orsakar sjukdomen harpest. I Sverige finns endast så 

kallade typ B-stammar av F. tularensis, vilka ger allvarliga infektioner, som dock 

normalt kan botas med antibiotika. I Nordamerika förekommer en variant av 

F. tularensis (typ A) med betydligt allvarligare sjukdomsbild, där dödligheten, om 

behandling inte sätts in i tid, kan vara upp till 60 %. Människor smittas via hud, 

slemhinnor, mag- och tarmkanalen eller lungor, oftast efter myggbett eller 

hantering av infekterade djur. Vidare är F. tularensis extremt infektiös, färre än 10 

bakterier krävs för att etablera en infektion. Detta, tillsammans med att bakterien 

kan orsaka svår sjukdom och död utan att smitta från människa till människa, gör 

att F. tularensis klassas som ett potentiellt biologiskt vapen.  

Ett stort problem är att det i dagsläget inte finns något godkänt vaccin mot 

F. tularensis ute på marknaden. Det existerande vaccinet utgörs av en levande 

attenuerad typ B-stam, LVS (live vaccine strain), som är försvagad och därför 

normalt inte orsakar sjukdom hos människor. Det finns dock bekymmer rörande 

detta vaccin. Dels ger det otillräckligt skydd mot lunginfektioner orsakade av 

typ A-stammar och vidare har man inte kunnat fastställa på vilket sätt stammen är 

försvagad, varför LVS inte kan godkännas som ett vaccin för civil användning.  

Genom att på DNA-nivå jämföra vaccinstammen LVS med fullt virulenta typ B-

stammar har genetiska skillnader identifierats, som kan hjälpa oss att förstå varför 

LVS saknar förmågan att orsaka sjukdom. Två regioner som saknas i LVS, RD18 

och RD19 (regions of difference), har stått i fokus för det arbete som presenteras i 

denna avhandling.  

Generna i region RD18 representerar proteiner som är unika för Francisella och 

vars funktioner fortfarande är okända. Generna i region RD19 kodar för Typ IV pili 
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(Tfp)-proteiner, vilka återfinns i virulenta typ A- och typ B-stammar, men saknas i 

vaccinstammen LVS. Typ IV pili är ytassocierade filament som uttrycks av många 

sjukdomsframkallande bakterier och som fungerar i diverse processer som virulens, 

motilitet, biofilms bildning samt DNA-upptag.  

Mina studier visar att LVS saknar en funktionell pilA-gen (RD19) vilket gör 

stammen defekt i en subkutan musinfektionsmodell för Francisella. LVS och andra 

pilA-negativa stammar saknar förmågan att sprida sig i kroppen och kan därmed 

inte etablera en systemisk infektion. Vidare har jag visat att den andra regionen, 

RD18, är essentiell för Francisellas förmåga att orsaka sjukdom både i en subkutan 

och i en intraperitoniell musinfektionsmodell. Genom att introducera de båda 

saknade regionerna, RD18 och RD19, i vaccinstammen LVS återställs virulensen 

till en nivå som är jämförbar med en virulent typ B-stam. Utifrån detta kan vi dra 

den viktiga slutsatsen att det är avsaknaden av RD18 och RD19 som gör att LVS är 

försvagad, kunskap som för oss närmare ett godkännande av LVS som vaccin även 

för civil användning. Vidare forskning krävs dock för en närmare förståelse av 

funktionerna av dessa regioner och deras genprodukter.  
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