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Abstract 
 

Title of Dissertation: The Francisella tularensis Phagosomal Transporter Subfamily of 
Major Facilitator Superfamily Transporters is a Critical Determinant of Pathogenesis and 
Virulence and Modulates the Host Immune Response 
 
Mark E. Marohn, Doctor of Philosophy, 2012 
 
Dissertation Directed By: Eileen M. Barry, Ph.D., Associate Professor, Department of 
Medicine 
 

Francisella tularensis (Ft) is the causative agent of tularemia.  Due to its 

aerosolizable nature, high virulence, and low infectious dose, Ft poses a significant 

bioterror threat.  It is classified as a category A select agent by the CDC and is a priority 

for therapeutics and vaccine development.  Towards this goal, a greater understanding of 

its pathogenic mechanisms was investigated.  The Ft genome is predicted to encode 31 

Major Facilitator Superfamily (MFS) transporters, and the nine-member Ft phagosomal 

transporter (Fpt) subfamily possesses homology to virulence factors in other intracellular 

pathogens such as Legionella pneumophila.  Intracellular survival and replication is 

critical to Ft pathogenesis.  The central hypothesis tested was that these Fpt transporters 

are involved in normal intracellular survival and replication of Ft and host response to 

infection and will serve as viable targets for attenuation and vaccine development.  

Mutational analysis identified three fpt mutants (LVS∆fptB, LVS∆fptE, and LVS∆fptG) 

that exhibited altered intracellular replication kinetics and attenuation of virulence in 

mice compared to wild-type Ft LVS.  Vaccination of mice with a single dose of each 

mutant strain was protective against lethal intraperitoneal challenge.  Like Ft LVS, these 

mutant strains colonized the lungs, liver and spleen of infected mice.  However, there was 

often a delay in colonization and these strains did not replicate in the organs to the same 

extent as Ft LVS.  The fpt mutants were completely cleared from the organs within 3-4 



 

 

 

 

weeks after infection.  While the cytokine responses to infection with these mutant strains 

were largely unaffected in murine macrophages when compared to Ft LVS, there were 

pronounced differences in cytokine profiles in the livers of infected mice.  The altered in 

vivo cytokine responses may contribute to the attenuation observed in these strains.  

Future work will investigate the function of each of the transporters and the cellular and 

molecular mechanisms that underlie the attenuation of these strains.  Overall, the data 

presented herein confirms the hypothesis that members of the Fpt family are critical 

factors in the pathogenesis of Ft and represent promising targets for development of 

efficacious live-attenuated vaccines.
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Chapter 1- Introduction 

Background and History 

Francisella tularensis is a non-motile, non spore-forming Gram-negative 

coccobacillus and the causative agent of tularemia (75, 123).  There are four recognized 

subspecies; F. tularensis tularensis, F. tularensis holarctica, F. tularensis mediasiatica, 

and F. tularensis novicida (110).  Two of these subspecies, the highly virulent subspecies 

F. tularensis tularensis (Type A) and less virulent subspecies F. tularensis holarctica 

(Type B), cause the vast majority of disease in humans (110).  The Type A and B strains 

are very closely related; among sequenced Type A and type B strains there is 97-99% 

sequence homology (55).  Subspecies F. tularensis holarctica is found in many locations 

worldwide, including North America, Europe, Asia, Scandinavia, and Japan, while 

subspecies F. tularensis tularensis is found almost exclusively in North America (4, 80, 

81, 110, 112).  Exposure to as few as ten organisms of subspecies F. tularensis tularensis 

by the aerosol route can cause disease in humans (48).  The clinical presentation of 

tularemia can vary greatly depending on the infecting strain and the route of infection 

(110).   

The most common form of infection is ulceroglandular tularemia transmitted 

through the skin, often from an insect bite or direct contact with an infected animal, 

although oropharyngeal infection (through contaminated food and water), and pulmonary 

tularemia can also occur (110).  Most of the infections are caused by the F. tularensis 

holarctica subspecies and are not life-threatening.  While they are less common than 

ulceroglandular infections, a number of waterborne outbreaks occurred in Sweden 

throughout the 20th century, and more recently there have been waterborne outbreaks in 
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Spain (4).  Also less common is pulmonary tularemia, which results from an inhalational 

exposure.  If the infecting strain is subspecies F. tularensis holarctica, the resulting 

infection is typically a non-fatal respiratory infection (31).  However, a pulmonary 

infection with subspecies F. tularensis tularensis can result in an acute and potentially 

life-threatening infection with a high mortality rate (30%-50% historically) if left 

untreated (31). 

 F. tularensis has been recognized as a human pathogen since the early 1900s.  

The first authenticated report of tularemia in rodents was in 1911 by McCoy, and the first 

human cases were reported by Wherry and Lamb in 1914 (123).  The name Francisella 

tularensis is derived from Edward Francis, who was one of the earliest scientists to work 

with the bacterium, and Tulare County in California, where the disease was endemic 

among rodents.  Throughout the 20th century, confirmed cases of tularemia arose in many 

locations worldwide, including Russia, Scandinavia, Europe, Japan, and North America. 

Tularemia was especially prevalent in Russia and former Soviet republics in the 

early to mid 20th century (81).  In the 1930’s and 1940’s tularemia in Russia was mainly 

associated with agriculture, as much of the incidence occurred in hunters and farmers.  It 

was during this time that a number of potential modes of infection were identified, 

including common animal hosts such as rabbits, arthropod vectors, and contaminated 

water.  There were also massive outbreaks of tularemia in Russia during World War II, 

with tens of thousands of Russian and German troops on the eastern European front 

affected (110).  It has been suggested that many of these cases may have been the result 

of intentional release by the Russians (1), but this notion is controversial (40).  Tularemia 

persisted in Russia and the former Soviet republics beyond the end of World War II, with 
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an estimated 100,000 cases occurring annually in the 1940’s in the Soviet Union, likely 

due to an expansion of the rodent population and poor sanitary conditions during World 

War II (similar conditions are also believed to have contributed to tularemia outbreaks in 

other war zones, such as in Bosnia and Kosovo in the late 1990’s and early 2000’s).  By 

the mid-1950’s the number of annual cases dropped to just a few hundred per year, due to 

the greatly improved sanitation conditions after the war and massive vaccination 

campaigns (110). 

Tularemia has also been present in Scandinavia and central Europe since early in 

the 20th century, with cases first described in Norway and Sweden as early as 1929 and 

periodic outbreaks occurring in subsequent decades (37).  Tularemia was first described 

in the Czech Republic in 1936, with periodic outbreaks occurring there and in other 

central European countries.  A few examples include outbreaks in sugar-factory workers 

in the Ukraine in the late 1940s and Czechoslovakia in the early 1960s.  The first 

tularemia cases in Spain were described in the late 1990s, with the suspected source of 

this emergence the import of rabbits from central Europe for hunting (89).  There was 

also a water-associated outbreak in Spain in 1997 where a number of cases occurred after 

contact with crayfish (4), which was the first report of tularemia associated with fishing.  

F. tularensis was identified in samples taken from the river that was the source of the 

crayfish.  Another country with a long history of tularemia infections is Japan, though the 

incidence of tularemia in Japan has been limited to fewer than 10 cases per year since the 

1960s (80). 

The first description of tularemia in the US was in 1914, and there had been more 

than 14,000 cases reported by 1945.  A majority of these cases was associated with either 
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tick bites (approximately 60%) or contact with infected rabbits (approximately 30%).  

Most cases reported in the first half of the 20th century occurred in Arkansas, Missouri, 

Oklahoma, Illinois, South Dakota, and Montana (110).  Tularemia spread from those 

areas to New England during those years, most likely due to the import of infected rabbits 

for hunting.  More recently, there have been number of outbreaks in Martha’s Vineyard 

associated with rabbits (74).  Unlike the European and Scandinavian infections described 

earlier that are almost universally Type B infections, many of the infections in the US are 

from Type A strains (112).  The CDC currently estimates that there are approximately 

120 cases of tularemia per year in the USA, with Missouri, Oklahoma, Massachusetts, 

and Arkansas accounting for approximately 50% of those cases between 2000 and 2010.   

 The type A strains have been further subdivided into two classes, A.I and A.II, 

based on genotyping by Pulsed Field Gel Electrophoresis (PFGE) (52, 112).  Type A.I 

strains are distributed mainly in the eastern US, although a few A.I outbreaks have 

occurred in California.  These strains are more virulent than the Type A.II strains and 

have higher associated mortality rates (55).  Type A.II strains are mainly found in the 

western USA (the Rocky Mountain region and further west) and are less virulent than 

Type B strains, as mortality rates associated with these strains are lower than Type B 

infections.  Type A.II strains are typically found at higher altitudes than Type A.I strains 

(55).  In general, these are skin infections resulting from an insect bite or contact with an 

infected animal, but pulmonary infection has been reported (112).   

One of the most notable outbreaks of pulmonary tularemia in the US occurred on 

Martha’s Vineyard in 2000, during which there were 15 confirmed cases of tularemia on 

the island, 11 of which were pulmonary (74).  The source of infection in these pneumonic 
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cases was believed to be aerosolization during lawn-mowing or landscaping of the 

bacteria from the droppings or carcasses of infected animals.  Cases of confirmed 

tularemia continue to be reported on the island.  A high number of these cases are 

pulmonary tularemia; approximately 60% of cases on Martha’s Vineyard in recent years 

have been of the pulmonary variety (74).  

 

Francisella as a Bioweapon 

F. tularensis can cause disease following aerosol exposure to as few as ten 

organisms of Type A strains, leading to a potential mortality rate of approximately 30-

50%, if left untreated (31).  Because of its highly infectious, aerosolizable nature and 

ability to cause significant morbidity and mortality, F. tularensis has long been 

considered a potential biological weapon.   

Concern over the use of F. tularensis in a biological attack prompted the World 

Health Organization (WHO) to carry out a study in 1970 to estimate the potential effects 

of an intentional release of the bacteria.  While a number of assumptions had to be made 

about diverse variables such as strain selection, decay rate of airborne bacteria, and even 

weather conditions, the findings were still alarming.  It was estimated that illness would 

occur in 50% of individuals who inhaled 25 or more bacteria, with half of those requiring 

hospitalization resulting in a 25% fatality rate (82).  Additionally, it was predicted that 

symptoms would persist and survivors would relapse for several months after exposure.  

Overall, the WHO estimated that an intentional release of 50 kg of dried F. tularensis 

over a city of 5 million would result in 250,000 cases.  They estimated that millions 

would flee the city, approximately another million would require antibiotic treatment, and 
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even if the exposed individuals received antibiotics within 48 hours of exposure, the 

attack would still result in 25,000 hospitalizations and 2,500 deaths (82).  While some of 

these predictions may seem somewhat dire, especially in light of the low fatality rate of 

Type A infections after antibiotic treatment, it is clear that an intentional release of F. 

tularensis would result in not only severe morbidity and mortality, but likely also 

disastrous social and economic consequences due to treatment costs, loss of workforce 

productivity, and public fear of additional attacks. 

In fact, F. tularensis has a history as a bioterror agent.  It was developed and 

stockpiled for potential use as a biological weapon by both the USA and the Soviet Union 

during the Cold War, developed and deployed as a biological weapon by the Japanese in 

China during World War II (82), and may have been deployed by the Soviets against the 

Germans during World War II (1).  More recently, in the aftermath of the 2001 anthrax 

attacks, there has been renewed interest in the study of F. tularensis, as evidenced by a 

substantial increase in publications on the subject in this time.  Due to its history of 

weaponization and highly virulent nature, F. tularensis is among the pathogens of 

greatest concern and is designated a category A select agent.  This makes the 

development of therapeutics and an effective vaccine a priority. 

 

Francisella Vaccines 

Currently, there is no licensed vaccine against tularemia.  Attempts to develop a 

protective vaccine against F. tularensis have employed three different strategies.  

Vaccines derived from killed whole-cell preparations, subunit based vaccines, and live-

attenuated vaccine strains have been investigated.  The earliest vaccines developed 
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against tularemia were killed whole cell vaccines, which became known as Foshay 

vaccines (119).  These vaccines were administered to laboratory personnel, but were not 

effective against exposure to fully virulent strains (119).  Subunit vaccine technology has 

also been employed in attempts to develop a protective vaccine, but has also met with 

little or no success.  For example, immunization of mice with LPS has been shown to 

confer protection against virulent type B strains, but not type A strains.  Immunization of 

mice with other purified proteins, including FopA and Tul4, resulted in antigen-specific 

immune response, but no protection against challenge (39, 111). 

While no vaccine strain produced to date has achieved full protection against a 

highly virulent strain of F. tularensis, vaccines based on live-attenuated strains have 

shown a high degree of promise in eliciting at least partial protection against challenge 

(48, 76, 103).  As vaccine development against tularemia has become a much higher 

priority since the 2001 anthrax attacks, the history of vaccine development lends 

important information in directing current strategies towards vaccine development.  A 

number of live-attenuated vaccine candidates were made from F. tularensis holarctica 

strains by the Soviets in the 1940s and 1950s (119).  One of these live attenuated 

derivatives was transferred to the US in 1956, and after serial passage to attenuate it 

further, became known as F. tularensis Live Vaccine Strain (to be referred to in this 

dissertation as LVS).  However, the LVS vaccine is not licensed in the USA due to the 

uncertainty of its history, instability of colony type, and basis of attenuation (110).  

Despite the availability of complete genome sequences of both the LVS and F. tularensis 

Schu S4 (a model type A strain, to be referred to in this dissertation as Schu S4) strains it 

is not clear which mutations have led to the attenuation of LVS.  However, a recent study 
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has shown that restoration of two Schu S4 genes that are missing in LVS, pilA and 

FTT_0918, restored full virulence to the LVS strain (98).  Upon reintroduction of each 

gene into LVS, the resulting strain was 100% lethal to mice at a similar dose (four to five 

CFU) as a type A strain.  This does not necessarily mean that these are the only 

attenuating mutations in the LVS strain, but it represents progress in characterizing the 

molecular basis of the attenuation of the LVS strain. 

Despite the fact that the LVS vaccine is not licensed in the USA, it has been used 

to immunize tens of thousands of volunteers and laboratory workers since being brought 

to the US.  It has been demonstrated to offer limited protection against tularemia in 

humans (16, 48, 76, 103).  Several volunteer studies demonstrated at least partial 

protective efficacy with LVS against aerosol challenge with fully virulent Schu S4.  A 

study by Saslaw and colleagues in 1961 demonstrated that intradermal LVS vaccination 

was 83% protective against a low dose (10-50 organisms) Schu S4 aerosol challenge 

(103).  A separate study by McCrumb and colleagues, also in 1961, demonstrated similar 

levels of protection with an intradermal vaccination against an aerosol challenge of 200 

or 2,000 organisms, but declining protection (25%) against challenge with 20,000 

organisms (76).  A study by Hornick in 1966 also compared efficacy of intradermal LVS 

vaccination with that of aerosol, with the hypothesis that vaccinating through the same 

route as challenge might produce increased protection.  The study concluded that aerosol 

vaccination was more effective against high dose challenge (25,000 organisms) than 

intradermal vaccination and that protection increased as a function of vaccination dose 

(ranging from 59% protection following a vaccination dose of 104 organisms to 100% 

following doses of 106 and 108 organisms with an average of 77%) (48).  At higher 
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immunization doses, the volunteers also had signs of tularemia.  This study also showed 

high protection rates for aerosol or intradermal vaccination against intradermal Schu S4 

challenge.  Collectively, these studies revealed that overall protection may be dependent 

on the route and dose of vaccination and the route and dose of challenge.   

A study conducted by Burke in 1977 showed that the number of cases of 

laboratory acquired tularemia dropped from 5.7 to 0.27 cases per 1,000 at-risk employees 

per year after immunization of workers at USAMRIID when vaccination with LVS was 

initiated (16).  While this data is impressive, it should also be noted that the use of 

biosafety cabinets also began during this period and likely is at least contributed to the 

observed reduction in cases.  Recently, studies with new lots produced under Good 

Manufacturing Practice (GMP) conditions of LVS have demonstrated the safety and 

immunogenicity of this preparation in rabbits and humans (33, 85), generating high levels 

of specific IgG, IgM, and IgA antibodies in rabbits (when vaccinated intradermally, 

subcutaneously, or by scarification) and in humans (when vaccinated by scarification).  

Genetic engineering technology has allowed the creation of live-attenuated 

vaccine candidates containing targeted deletions in genes that are believed to play a role 

in virulence.  Mutant strains with deletions in metabolic genes, virulence genes, and 

regulatory genes or combinations of these mutations have been constructed in various 

strains of F. tularensis and have shown varying degrees of protection in animal models 

(10).  LVS serves as a good model for study of the type A strain Schu S4 because LVS is 

far less virulent for humans and can thus be manipulated in a BSL-2 containment facility, 

yet LVS also causes lethal disease similar to that of Schu S4 in mice, providing a 

convenient animal model for studying attenuation and protective capacity of mutant 
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strains.  Both BALB/c and C57BL/6 mice are commonly used for study, with C57BL/6 

mice representing the more stringent model due to their increased sensitivity to F. 

tularensis infection (36).  While LVS serves as a valuable model for proof-of-principle 

studies of attenuation, the Schu S4 background may ultimately be better for constructing 

attenuated strains, as several LVS mutants which demonstrated significant protection in 

mice against LVS challenge were far less protective (or not protective at all) against Schu 

S4 challenge (86, 96, 101, 105).    

In recent years, a number of attenuating mutations have been introduced into the 

LVS and Schu S4 backgrounds and evaluated for attenuation and protection in mice. 

Pechous and colleagues showed that a strain containing deletions in the purMCD genes in 

the LVS background, which are required for purine synthesis, was attenuated in BALB/c 

mice and protective against LVS challenge, but the strain demonstrated little protection 

against Schu S4 challenge (86).  Similar results were reported with guaB and guaA 

mutant strains (guanine auxotroph) in the LVS background in a study by Santiago and 

colleagues (101).  In another study, Bakshi and colleagues showed that a sodB mutant 

(superoxide dismutase) in the LVS background was partially attenuated in C57BL/6 mice 

and conferred limited protection against a Schu S4 challenge, but better protection 

against Schu S4 challenge than LVS vaccination (6, 7).  A purMCD mutant in the Schu 

S4 background was attenuated in BALB/c mice and induced limited protection against 

Schu S4 challenge (87).    Schu S4 mutants in dsbB or fipB were attenuated in C57BL/6 

mice, but only the fipB mutant conferred protection against Schu S4 challenge (92, 94).  

A more complete summary of live-attenuated vaccine candidates and their protective 

capacities is shown in Table 1.1.
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Table 1.1.  Summary of published live attenuated vaccine candidates and protective 
capacity (if assessed) 
 
  LVS Mutants   
     
Gene Function Level of Attenuation in Mice Route  

(I/C) 
Reference 

     
fopA Outer membrane 

protein 
Immunogenic but not 
protective 

sc/ip (39) 

tul4 Lipoprotein Immunogenic but not 
protective 

ip/iv (111) 

purMCD Purine biosynthesis Attenuated and protective 
against LVS challenge 

ip/ip (86) 

tolC TolC Attenuated in mice id/id (41) 
sodB Superoxide 

Dismutase B 
Attenuated in mice, limited 
protection against Schu S4 
challenge 

in/in (6, 7) 

wbtA O-antigen 
biosynthesis 

Attenuated and protective 
against type B challenge, not 
protective against Schu S4 
challenge 

id/id (96, 105) 

wbtI Transamine/ 
perosamine 
synthesis 

Attenuated and protective 
against low dose LVS 
challenge 

ip/ip (63) 

katG Catalase Attenuated in mice id (65) 
pilF, pilT Type IV pili 

assembly 
Attenuated in mice id (17) 

ggt Gamma-glutamyl 
transpeptidase 

Attenuated in mice ip (2) 

guaB, guaA GMP synthesis Attenuated and protective 
against LVS challenge 

ip/ip (101) 

capB Capsule 
biosynthesis 

Attenuated and protective 
against LVS, Schu S4 
challenge 

in/in (51) 

wzy O-polysaccharide 
biosynthesis 

Attenuated, protective against 
type B and type A challenge 

in/in (56) 

galU UDP-glucose 
phosphorylase 

Attenuated and protective 
against LVS challenge 

in/in (50) 

fupA/B Iron regulation Attenuated and protective 
against LVS challenge 

ip/ip (106) 

FTL_0883 Spermine 
responsiveness 

Attenuated in mice it/it (97) 
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  Schu S4 Mutants   
     
Gene Function Level of Attenuation in Mice   
     
guaB, guaA GMP synthesis Attenuated, moderate 

protection against Schu S4 
challenge 

ip/ip (10) 

FTT_0918 58 kDa protein Attenuated in mice, limited 
protection against type A 
challenge 

id/id (64, 117) 

FTT_0107c/
dsbB 

Disulfide bond 
formation 

Attenuated in C57Bl/6 mice, 
not protective against Schu 
S4 challenge 

in/in (92) 

fipB Lipoprotein Attenuated and protective 
against Schu S4 challenge in 
C57Bl/6 mice 

in/in (93, 94) 

purMCD Purine biosynthesis Attenuated, limited protection 
against Schu S4 challenge 

in/in (87) 

katG Catalase Not attenuated in C57Bl/6 
mice 

id (65) 

capB Capsule 
biosynthesis 

Attenuated and protective 
against Schu S4 challenge 

in/in (77) 

clpB Heat shock protein Improved attenuation and 
protection against Schu S4 
challenge over LVS 

id/id (25) 

ggt Gamma-glutamyl 
transpeptidase 

Attenuated, moderate 
protection against Schu S4 
challenge 

ip/ip (49) 

FTT_0615c Spermine 
responsiveness 

Attenuated in mice it/it (97) 

 
Abbreviations: I/C- immunization/challenge, ip- intraperitoneal, in- intranasal, id- 
intradermal, iv- intravenous, it- intratracheal 
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Because live-attenuated strains have demonstrated partial protection against tularemia, 

the hypothesis has been formulated that the introduction of one or more select mutations 

in Schu S4 could render the strain safe and highly protective against a subsequent wild-

type challenge.  More information on the pathogenic process of F. tularensis would help 

guide this effort. 

 

Pathogenesis     

 One of the notable characteristics of F. tularensis is its ability to survive and 

replicate in macrophages, an environment where conditions may not be conducive to the 

survival of bacteria (15).  Not only does F. tularensis survive and replicate in 

macrophages, the bacterium has a well defined life cycle inside of macrophages that 

includes invasion and entry into a phagosome, escape from the phagosome into the 

cytosol, replication in the cytosol, and lysis of the macrophage and subsequent release of 

numerous bacteria into the environment (Figure 1.1) (82).  The ability to survive and 

replicate in macrophages is critical to this organism’s pathogenesis.  This is evidenced by 

attenuation of virulence in strains that are unable to escape from the phagosome, such as 

iglC or mglA mutants, or strains that escape, but are unable to replicate, such as guaA or 

guaB mutants (22, 23, 101, 102).  F. tularensis is able to survive and replicate in a variety 

of cell types other than macrophages, such as alveolar epithelial cells and hepatic cells, 

and this ability has also been linked to virulence (91, 94).   
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Figure 1.1.  The intramacrophage life cycle of F. tularensis.  Image reprinted with 
permission from Macmillan Publishers Ltd: Nature Reviews Microbiology 2, 967-978 
(2004) and Society for General Microbiology: Journal of Medical Microbiology 53, 953-
958 (2004).  
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For example, a recent study by Qin and Mann demonstrated that transposon mutants in a 

number of genes in the Schu S4 strain were attenuated for replication in HepG2 cells, a 

hepatic cell line, with one mutant showing attenuation in vivo in mice.  Two of the MFS 

genes being studied in this project, FTT0056c and FTT0129, were also identified in this 

screen (91). 

In addition to the extensive characterization of the bacterium’s life cycle in 

macrophages, the pathogenesis of F. tularensis has also been well characterized in mouse 

models.  Infection with both the Type B LVS and the Type A Schu S4 strains has been 

characterized in mouse models.  In the case of LVS, it is important to remember that 

while the LVS strain is attenuated and has been used as a vaccine in humans, it causes a 

lethal infection in mice.  This is important, as it allows work to be done in a model that  

resembles human infection without requiring BSL-3 containment.  The lethal dose of 

LVS by the intraperitoneal route in several strains of mice is between approximately 10-

1000 organisms, with the C57BL/6 strain being the most sensitive.  Bacteria disseminate 

to the lungs, liver, and spleen by day 5 post-infection, and the mouse typically succumbs 

between 5 and 7 days post infection (36).  The Schu S4 strain is also lethal in mice, with 

a lethal dose of 10-20 organisms through the aerosol, intraperitoneal, or intradermal 

routes.  As is the case with LVS, bacteria disseminate to the lungs, liver, and spleen, and 

the mouse typically succumbs by day 5 post-infection (24).  In both infections, 

colonization and replication in the organs leads to a significant proinflammatory cytokine 

response that results in severe tissue damage that contributes to the virulence of the 

organism (13, 71, 72, 107). 
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 The molecular and genetic basis of F. tularensis pathogenesis, while not well 

understood, continues to be clarified through increased study in the field.  There are a 

number of known virulence factors that result in some degree of attenuation when 

mutated and confer varying degrees of protection against either LVS or Schu S4 

challenge in mouse models (Table 1.1).  Transposon mutagenesis has helped identify a 

number of genes that are involved in macrophage survival or other facets of virulence 

(78, 88). A number of known virulence factors are clustered together in the genome in the 

Francisella Pathogenicity Island (FPI) (78).  The FPI is a cluster of 16-19 genes 

(depending on the strain) that is duplicated in most Francisella genomes (including both 

the LVS and Schu S4 strains).  Stains with mutations in FPI genes have been 

demonstrated to be defective in phagosomal escape, and are therefore unable to survive 

and replicate in macrophages and are also attenuated in animal models (44, 45, 115).  

While the function of individual FPI genes is poorly understood, bioinformatic analysis 

provides some evidence that some FPI encoded proteins make up a type VI secretion 

system, and biochemical studies suggest that others may be involved in functions such as 

iron regulation and stress response (78). 

 In addition to the genes of the FPI, another gene shown to be critical for full 

virulence of F. tularensis is mglA, which has been described as a global regulator of F. 

tularensis virulence (8).  Like many of the FPI genes, mutants of mglA are unable to 

escape the phagosome, fail to survive and replicate in macrophages, and are attenuated 

for virulence in mice (9, 61, 102).  In fact, MglA is a regulator of the FPI, as expression 

of FPI genes is down-regulated by 3 to 6-fold in mglA mutant strains.  MglA also 

regulates a number of non-FPI virulence genes and has been shown to regulate 
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approximately 100 genes transcriptionally in the genome (14).  MglA is capable of both 

positive and negative regulation; however, only ten of these genes are up-regulated (14).  

 

Immune Response 

The innate immune response to F. tularensis infection has been well 

characterized.  The response in macrophages can be broken into three life-cycle specific 

phases (21, 22, 109).  In the first phase, F. tularensis infection induces a dramatic 

increase in the production of pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-

12p40 by the host in an effort to control bacterial replication and contain infection (22, 

34).  The second phase, which is dependent on escape from the phagosome and entry into 

the cytosol and subsequent IFN-β production, is marked by production of immune 

mediators such as IFN-β, IFN-γ, and iNOS (22, 34).  The production of certain cytokines 

by macrophages is also affected by modifications of the intramacrophage life cycle of F. 

tularensis.  For example, it was demonstrated that a mutant that does not escape the 

phagosome induced greatly increased mRNA levels for cytokines including TNF-α and 

IL-1β while mRNA levels of IFN-β and IFN-γ were greatly reduced (22).  It is also 

known that secretion of IL-1β and production of IFN-β are dependent on escape of 

Francisella from the phagosome (22).  The third phase is an interesting aspect of the 

intramacrophage life cycle of F. tularensis, the induction of the alternative activation 

pathway.  Classically activated macrophages produce pro-inflammatory cytokines and 

other bactericidal mediators such as reactive oxygen and nitrogen species (109).  

Alternatively activated macrophages fail to produce these bactericidal mediators and, as 

such, are a more hospitable environment for bacterial survival and replication.  As 
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evidenced by the up-regulation of markers such as Arginase-1 and FIZZ-1 during the 

later stages of infection, F. tularensis induces the alternative activation pathway as a 

survival mechanism (109). 

Another aspect of innate immunity that is important in F. tularensis but is not 

completely understood is activation of the inflammasome.  A number of other bacterial 

pathogens, such as Salmonella typhimurium, Shigella flexneri, Legionella pneumophila, 

Listeria monocytogenes, and Staphylococcus aureus, have been shown to activate the 

inflammasome (20, 46, 47, 73, 83, 100).  Phagosomal escape appears to be required for 

F. tularensis inflammasome activation, as mutants that do not escape the phagosome do 

not activate the inflammasome.  Interestingly, despite the fact that inflammasome 

activation is required for controlling the infection of multiple bacterial pathogens, these 

mutants fail to replicate in macrophages and are attenuated in mice (122).  F. tularensis 

appears to modulate inflammasome activation in a manner that promotes its survival.  

There are mutants of two genes, FTT_0748 and FTT_0584, that survive and replicate 

normally in macrophages yet fail to modulate activation of the inflammasome in the same 

manner as LVS, as evidenced by increased cell death and reduced IL-1β release after 

infection with these mutants.  Macrophages infected with these mutants actually die 

faster than macrophages infected with wild-type bacteria (121).  This data suggests that 

F. tularensis modulates inflammasome activation in a manner that delays macrophage 

death and enables the bacteria to continue replicating (122).  It should be noted, however, 

that much of this work was performed in F. novicida and that these phenotypes may not 

be conserved in an F. tularensis infection. 
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The adaptive immune response to F. tularensis is not as well characterized as the 

innate response.  It is believed that B cell and antibody responses play a role in 

controlling infection or protection against a subsequent infection, but it is unclear exactly 

what their role is.  In humans vaccinated with LVS, specific IgG, IgM, and IgA 

antibodies are present in serum and remain for at least 1.5 years (57, 118).  However, the 

importance of these antibodies in protection remains unclear, as transfer of serum 

antibodies has provided limited protection against type A infections in mice (3, 116).  

Protection in mice by this strategy has proven somewhat more effective against a type B 

challenge (5, 32, 113), but this is not the ultimate goal of an effective vaccine.  

Additionally, even if antibodies provide some level of protection in certain situations, 

they may not be necessary.  In some studies where strong protection was demonstrated 

against type B challenge, only small amounts of IgM, and no IgG, were detected.  In 

contrast, in a similar system depleted of T cells, protection was eliminated (120, 124, 

125). 

The role of T cells in immunity against F. tularensis is better understood (34).  

Protective immunity to LVS in both mice and humans has been shown to depend on α/β 

T cells (34).  In mice, CD4, CD8, and double negative (DN) T cells contribute to 

immunity.  All three cell subsets control bacterial replication in macrophages and induce 

cytokines such as IFN-γ and TNF-α, although DN T cells will not control infection 

without CD4 or CD8 T cells also present (26-28).  CD4 and CD8 populations are also 

detectable in human tularemia patients or LVS vaccinees.  Data from LVS vaccinees 

shows that CD8 T cells may require CD4 T cell help to amplify the protective response 

(34).  Additionally, data from these vaccinees indicates that memory T cells persist for up 
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to a decade after vaccination (35, 54).  Interestingly, tularemia patients also exhibit 

measurable production of γ/δ T cells after infection (58, 90, 114).  The role and 

importance of this type of T cell in control and protection against infection in humans 

remains unclear.  Unfortunately, mice lack the specific type of γ/δ T cells observed in 

humans, so the role of the T cells is difficult to study.  In general, understanding of the 

role of γ/δ T cells in control and/or protection against F. tularensis remains limited (34). 

 

Genetics and Genetic Manipulation 

 There are several reasons that knowledge of the pathogenic process and specific 

virulence determinants of F. tularensis has remained limited.  One is that research 

interest in the bacteria has been somewhat limited historically.  Another is a lack of 

effective genetic tools to manipulate the organism until relatively recently.  In addition to 

the increase in research interest, as a consequence of the anthrax scare shortly after 9/11, 

coupled with the successful development of a number of genetic tools to study the 

organism has allowed a great deal of progress over the last 10-15 years (59, 60, 67, 69, 

70, 79).   

Methods of introducing DNA into Francisella have been developed and 

optimized.  Techniques such as cryotransformation, electroporation, and conjugation 

allow efficient transformation of F. tularensis (38).  Electroporation is used for 

transformation of F. tularensis in our laboratory, and has been successfully used to 

transform both LVS and Schu S4 strains at high efficiency to create targeted deletions in 

a number of genes (101).  Transposon mutagenesis has been adapted successfully for use 

in F. tularensis, allowing genome wide screens of potential virulence genes, and the 
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discovery of virulence genes such as clpB and pyrB (38, 91).  Plasmids that replicate in E. 

coli but not in F. tularensis and feature selectable and counter-selectable markers, known 

as “suicide plasmids”, have introduced the ability to make targeted deletions of genes 

(38).  In the studies described herein, a suicide plasmid featuring a ColE1 origin of 

replication, a kanamycin resistance cassette for selection, and a sacB cassette for counter-

selection for targeted mutagenesis was used to create the mutant strains.  Stable 

expression plasmids that do replicate in F. tularensis have allowed for trans-

complementation of deleted genes (38).  A pFNTP1 derivative, featuring the Francisella 

guaB promoter, was used for trans-complementation of deleted genes in this study (101).   

 

Project Background 

Legionella pneumophila is another intracellular bacterial pathogen whose ability 

to survive and replicate in macrophages is critical to its pathogenesis.  Sauer and 

colleagues showed that a Legionella phtA mutant was unable to replicate in macrophages 

(104).  The phtA gene encodes a threonine transporter which is a member of the Major 

Facilitator Superfamily (MFS) of transporters (104).  MFS transporters have been shown 

to occur ubiquitously in all classes of organisms and are responsible for transport of a 

wide variety of molecules.  Roles for MFS transporters include transport of sugars, amino 

acids, Krebs cycle metabolites, and drug efflux.  Along with ABC transporters, they 

account for nearly half of all transporters encoded by microorganisms (84).  Common 

features of the majority of known MFS transporters include localization to the 

cytoplasmic membrane and a characteristic 12 transmembrane (TM) domain topography 

(Figure 1.2) (62).   
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Figure 1.2.  Predicted trans-membrane topology of FTT_0056c (FptB), illustrating the 12 
TM domain architecture typically associated with MFS transporters.  Diagram generated 
by protein secondary structure predictor SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/). 
 



 

 

 

23 

According to Chen and colleagues in a subsequent L. pneumophila study, a total of 12 

genes constitute the phagosomal transporter (Pht) subfamily of MFS transporters in L. 

pneumophila (19).  

A BLAST screen of the Schu S4 genome using the protein sequence of phtA as 

the query sequence identified nine genes, denoted FTT_0104c, FTT_0056c, FTT_0671, 

FTT_0053, FTT_0129, FTT_0127c, FTT_1291, FTT_0488c, and FTT_0708, with 

homology (20-30% identity, 40-50% similarity) to phtA that were predicted to function as 

MFS transporters.  Bioinformatic analysis revealed that the proteins encoded by all nine 

Schu S4 genes named were predicted to localize to the cytoplasmic membrane and all 

were predicted to have 12 TM domains, two characteristics shared by nearly all MFS 

transporters.  Each of the nine Schu S4 genes has a virtually identical (>98% amino acid 

identity) homolog in the LVS genome (Table 1.1).    The Schu S4 MFS proteins 

identified in the initial screen possess similar levels of amino acid identity and similarity 

to these L. pneumophila Pht proteins (see Table 3.2).  The F. tularensis MFS subfamily 

proteins also possess comparable levels of amino acid identity and similarity with each 

other.  The hypothesis was formed that these nine genes encoded a subfamily of MFS 

transporters analogous to the L. pneumophila Pht transporters that would be important to 

the pathogenesis of F. tularensis.   

 There are a total of 31 genes in the Schu S4 genome that are predicted to encode 

MFS transporters.  Of these 31 genes, only the nine identified above possess any 

significant identity to the Legionella phtA gene.  Based on their homology to the L. 

pneumophila Pht subfamily, it is hypothesized that these nine genes are members of a 

subfamily of MFS transporters in Francisella, which have been named the Francisella 
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phagosomal transporter (Fpt) subfamily, which may serve a critical role in pathogenesis 

or modulation of the host immune response to infection.   In addition, BLAST analysis 

using the amino acid sequences of the Schu S4 Fpt proteins against other bacterial 

genomes revealed that the most similar genes occur in other intracellular bacterial 

pathogens, including L. pneumophila and Coxiella burnetii (see Table 3.3).  This extends 

the hypothesis that MFS transporters are important pathogenic determinants across 

numerous intracellular bacterial pathogens and that this F. tularensis Fpt subfamily will 

play a critical role in pathogenesis.  Recent work by Crimmins and colleagues in Listeria 

monocytogenes, another intracellular bacterial pathogen, also suggested that expression 

of MFS proteins (in this case multidrug resistance transporters) controlled host 

expression of IFN-β, thereby modifying the host immune response (29).  This suggests 

that the Fpt transporters may directly affect the host immune system in response to 

infection.  

The hypothesis was formed that one or more members of the F. tularensis Fpt 

subfamily of MFS transporters would be critical for intracellular replication and overall 

virulence.  Using a suicide plasmid system, deletions were created in eight of the nine fpt 

genes in the LVS background and characterized their ability to survive and replicate 

intracellularly. 

The eight mutants were tested for phenotypic alterations in a number of assays.  

No growth defects in standard broth culture medium were observed.  Three fpt mutants 

demonstrated an altered intracellular replication phenotype in J774.1 murine 

macrophage-like cells and/or HepG2 human hepatic cells.  All three of these mutants 

were attenuated for virulence in a mouse model and protective against a lethal LVS 
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challenge.  It was demonstrated that these mutant strains colonized the lungs, liver, and 

spleen in mice during infection, but that colonization was reduced in comparison with 

LVS and, most importantly, all strains were cleared by 28 days after infection. 

 A number of studies were performed to gain understanding of the cellular and/or 

molecular mechanisms underlying the attenuation observed in these strains.  It was 

determined if the delay in replication observed in macrophages and hepatic cells infected 

with these mutants was due to an alteration in the intracellular life cycle or an alteration 

in the innate immune response to infection.  Expression levels of all fpt genes were 

examined during mutant infection of macrophages in comparison with LVS to determine 

if there were any changes in intracellular fpt gene expression that correlated with the 

delay in replication.  The innate immune response to infection with these strains was 

examined in mouse organs to determine if there were any changes in response that 

correlated to the attenuation and reduced organ bacterial burdens that were observed.  

Over the course of this study, it was demonstrated that members of the Fpt subfamily of 

MFS transporters were important for intracellular survival, pathogenesis, and virulence of 

F. tularensis.  Further work is required to characterize the function of individual fpt 

genes, the cellular and/or molecular mechanisms underlying the attenuation of these 

strains, and the immunological mechanism of protection conferred against wild-type 

challenge.  
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Hypothesis:  The central hypothesis to be tested is that the Fpt subfamily of MFS 

transporters are involved in the pathogenic process and critical to the virulence of 

Francisella tularensis, and will ultimately serve as potential targets for the development 

of a safe and effective vaccine.  The following specific aims were developed to test this 

hypothesis: 

 

Specific Aim I:  Construct targeted deletion mutants of each fpt gene in the LVS 

background and evaluate these mutants in in vitro assays to test for any phenotypic 

alterations in comparison with the parental LVS strain. 

Mutants will be evaluated in assays such as (i) standardized growth curves, to determine 

if any of these mutations cause any growth defects and (ii) intracellular survival assays, 

to determine if their ability to survive and replicate intracellularly is impaired in any way.  

Any defects in intracellular survival will be especially important, as impaired intracellular 

survival has been linked to attenuation in F. tularensis (2, 86, 91, 101). 

 

Specific Aim II:   Evaluate mutants that display any in vitro phenotypic alterations in 

an in vivo model of infection.   

LVS causes a lethal infection in mice that resembles the course of tularemia infection in 

humans.  BALB/c mice will be inoculated with an fpt mutant strain that exhibits altered 

growth or intracellular survival in vitro at a dose shown to be lethal for wild-type LVS 

infection and monitored for survival and clinical signs of illness.  In the event that mice 

survive infection with an fpt mutant strain, these mice will be challenged with a lethal 

dose of LVS to evaluate the protective capacity of the mutant strain.  Infected mice will 
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be monitored for survival and quantitative and qualitative signs of illness such as weight 

loss, ruffling of fur, and lethargy. 

 

Specific Aim III:   Characterize the in vivo course of infection of attenuated fpt 

mutant strains and compare with that of LVS to gain insight into the mechanism 

underlying the attenuation of the fpt mutants.  

Attenuated strains will be further evaluated in BALB/c mice to compare the effects of 

infection with attenuated fpt mutants with those of parental LVS.  In this aim, the 

colonization and replication of bacteria in the lungs, livers, and spleens will be quantified 

and the innate immune response to infection within these organs will be examined.  Data 

from these assays should provide insights into the mechanism underlying attenuation 

observed in fpt mutant strains. 

 

 At the completion of the aims, members of the Fpt subfamily which are required 

for normal intracellular survival, pathogenesis, and virulence of F. tularensis will be 

identified.  It is expected that mutants of one or more fpt genes will exhibit impaired 

intracellular survival and attenuation in virulence.  Challenge studies will ultimately 

determine whether members of the Fpt subfamily are indeed promising targets for 

vaccine development. 
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Chapter 2- Materials and Methods 

Bacteria and Growth Conditions 

 Bacterial strains used in this study are listed in Table 2.1.  F. tularensis LVS was 

obtained from the ATCC (Manassas, VA) and was kindly provided by Dr. Karen Elkins 

(CBER/FDA, Rockville, MD) and preserved at -80°-C in Mueller-Hinton Broth (BD 

Microbiology Systems, Sparks, MD) supplemented with 1% Isovitalex (BD, 

Cockeysville, MD), 0.1% glucose, and 0.25% ferric pyrophosphate (Sigma, St. Louis, 

MO).  Mueller-Hinton Broth (MHB) supplemented as outline above was used for liquid 

cultures and Mueller-Hinton Agar (MHA) supplemented as outlined above and also 

containing 10% defibrinated sheep blood was used for solid media when growing 

Francisella strains.  Liquid cultures were grown in a shaker at 37°-C.  Growth on solid 

media was performed at 37°-C, 5% CO2.  When needed for selection, kanamycin (km) 

was added to a final concentration of 10 µg/ml.  Suicide plasmids used in this study (see 

below) were maintained in E. coli DH5α and grown in LB broth supplemented with km 

to a final concentration of 50 µg/ml. 
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Table 2.1.  Strains and plasmids used in this study. 

Strain Characteristics Source 
F. tularensis LVS Attenuated F. tularensis vaccine 

strain 
CBER/FDA 

LVS∆0104c LVS deletion of FTT0104c This study 
LVS∆0056c LVS deletion of FTT0056c This study 
LVS∆0671 LVS deletion of FTT0671 This study 
LVS∆0129 LVS deletion of FTT0129 This study 
LVS∆0127c LVS deletion of FTT0127c This study 
LVS∆1291 LVS deletion of FTT1291 This study 
LVS∆0708 LVS deletion of FTT0708 This study 
LVS∆0488c LVS deletion of FTT0488c This study 
0056c-Comp Trans-complement of 

LVS∆0056c 
This study 

0129-Comp Trans-complement of 
LVS∆0129 

This study 

1291-Comp Trans-complement of 
LVS∆1291 

This study 

   
Plasmid Characteristics Source 
pFT893 Base F. tularensis suicide 

plasmid 
Lab collection 

pFT893∆0104c Suicide plasmid for FTT0104c This study 
pFT893∆0056c Suicide plasmid for FTT0056c This study 
pFT893∆0671 Suicide plasmid for FTT0671 This study 
pFT893∆0053 Suicide plasmid for FTT0053 This study 
pFT893∆0129 Suicide plasmid for FTT0129 This study 
pFT893∆0127c Suicide plasmid for FTT0127c This study 
pFT893∆1291 Suicide plasmid for FTT1291 This study 
pFT893∆0708 Suicide plasmid for FTT0708 This study 
pFT893∆0488c Suicide plasmid for FTT0488c This study 
pFT906 Base F. tularensis 

complementation plasmid 
Lab collection 

pFT906-0056c Trans-complement plasmid for 
LVS∆0056c 

This study 

pFT906-0129 Trans-complement plasmid for 
LVS∆0129 

This study 

pFT906-1291 Trans-complement plasmid for 
LVS∆0129 

This study 
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Construction of Suicide Plasmids 

 Construction of suicide plasmids was accomplished by cloning a PCR fusion 

product of the flanking regions surrounding a given target gene into pFT893 (Figure 2.1).  

To generate pFT893, pSacB (101) was modified by removing the ampicillin resistance 

marker, and a PgroEL-aphT fragment (aphT gene under control of Ft PgroEL promoter) was 

cloned into the plasmid to serve as a kanamycin resistance marker. The F. tularensis 

PguaB promoter was then cloned upstream of the sacB gene to optimize expression of 

SacB protein in F. tularensis.  Flanking regions of approximately 500 bp both upstream 

and downstream of a target gene were amplified from genomic DNA by PCR.  These 

individual amplicons were then fused in a second PCR reaction using complementary 

sequence built into the internal primers (all PCR reactions in suicide plasmid construction 

were performed using the Expand Long Template PCR System (Roche Diagnostics, 

Indianapolis, IN)).  The resulting 1 kb fusion product was then ligated into the BamHI 

site of pFT893.  This plasmid features a Col E1 origin of replication that is not functional 

in Francisella, a kanamycin resistance cassette for selection of co-integrant strains, and a 

sacB cassette under the control of the Francisella PguaB for counter-selection of deletion 

mutants cured of the plasmid.  Individual suicide plasmids were confirmed by both PCR 

and restriction digests.  All primers used in this study are summarized in Table 2.2. 
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Figure 2.1.  Suicide plasmids used in this study.  On the left is the base plasmid pFT893; 
on the right is an example of a gene specific suicide plasmid shown with the fused 
flanking regions (represented by the fused red and green regions) cloned in at the BamHI 
site. 
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Table 2.2.  Primers used in this study.  

Primer Sequence Function 
Ft0104cUpDel5 CGCGGATCCGCGGGCTTAGTTACTCT

AATAGGC 
fptA deletion 

Ft0104cUpDel3 ATTGGTAGGCTCTAGATTACTATCTT
AAAATATTAGGATATC 

fptA deletion 

Ft0104cDownDel5 GTAATCTAGAGCCTACCAATTGCTAT
GCTTATACCT 

fptA deletion 

Ft0104cDownDel3 CGCGGATCCGCGCATTTTCATCTGTA
CTTGGCTTTTCACT 

fptA deletion 

Ft0104cUpExternal TGAGATGCTTACTCAGGAACAACTTG
G 

Confirm fptA 
deletion 

Ft0104cDnExternal GGCTATGTTAGCTAAGAGATCTATTA Confirm fptA 
deletion 

Ft0104cForward GTCCTAGTTACATTGTCTTGG Confirm fptA 
expression 

Ft0104cReverse GTAAGGATATAACCGACAAGTGG Confirm fptA 
expression 

Ft0056cUpDel5 CGCGGATCCAGATCTGTCGACCCCTT
TTGAACAAGATAGGCAC 

fptB deletion 

Ft0056cUpDel3 GCGATTTGAGATGCCAGGAGTTAGG
GTAGTATG 

fptB deletion 

Ft0056cDownDel5 CTCCTGGCATCTCAAATCGCGAATCT
AATGCTGC 

fptB deletion 

Ft0056cDownDel3 CGCGGATCCAGATCTGTCGACGGCCA
ACGCGTTGTTAAAGTTG 

fptB deletion 

Ft0056cUpExternal TAGGATCAGCAGTAGGAACAACTCT Confirm fptB 
deletion 

Ft0056cDnExternal CGGACTATAAGTCGGTTAAATGATAT
GC 

Confirm fptB 
deletion 

Ft0056cForward TATACGTGGCTACGCATGGAT Confirm fptB 
expression 

Ft0056cReverse GATGAAAGCAGCTACAGTTGCAG Confirm fptB 
expression 

Ft0671UpDel5 CGCGGATCCAGATCTTTTATAACAAC
TAGG 

fptC deletion 

Ft0671UpDel3 ATTTTAGAACATTGTATTAACATATA
AAATAGTATC 

fptC deletion 

Ft0671DownDel5 TTAATACAATGTTCTAAAATCTATTA
TATCTTGTCT 

fptC deletion 

Ft0671DownDel3 CGCGGATCCAGATCTCTCTAGCTTGG
CTTGGATATGG 

fptC deletion 

Ft0671UpExternal ATCACCATGCTCAATAGTTTCATACA
TCCT 

Confirm fptC 
deletion 
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Table 2.2 Continued   
Ft0671DnExternal CGGTGTGCTAGGACCGATGCTAGCTG

CAGG 
Confirm fptC 
deletion 

Ft0671Forward GTCTAGTCATAGGTTGGAGTA Confirm fptC 
expression 

Ft0671Reverse GCAGTAGCCTTAATCTGCGGT Confirm fptC 
expression 

Ft0053UpDel5 CGCGGATCCAGATCTGTCGACGAATG
GACTGATAAACTTGGTTCACAG 

fptD deletion 

Ft0053UpDel3 AATGGCCTATGCAACTTGTTGTTGTT
CTTCATTTTGTTG 

fptD deletion 

Ft0053DownDel5 AACAAGTTGCATAGGCCATTTGTTAG
ATTTGACATGGACAGGCC 

fptD deletion 

Ft0053DownDel3 CGCGGATCCAGATCTGTCGACGAATA
AAGTTGATCGACTATTTCTTGCAAGC
G 

fptD deletion 

Ft0053UpExternal GGCTACTCGAGGCCAAACACAGAAA
CT 

Confirm fptD 
deletion 

Ft0053DnExternal GCGTCTAGCCATATCCTCATTATGAG
G 

Confirm fptD 
deletion 

Ft0053Forward GGGCTATGCTTGGATTGTAGTTGG Confirm fptD 
expression 

Ft0053Reverse GCATGATGATATGCATTTAATATGG Confirm fptD 
expression 

Ft0129UpDel5 CGCGGATCCGTCGACGATGCTTATAC
AAGCTCAACTAGTC 

fptE deletion 

Ft0129UpDel3 TAAAGCATACGCTCAAAAAGCCAGA
ATATGTAAATAC 

fptE deletion 

Ft0129DownDel5 CTTTTTGAGCGTATGCTTTAGCTATCC
TTCCAGTA 

fptE deletion 

Ft0129DownDel3 CGCGGATCCGTCGACTACGCATCTAC
AACCAGACCAGTA 

fptE deletion 

Ft0129UpExternal CTTGATACGCACCTGTAAGTATTCTC Confirm fptE 
deletion 

Ft0129DnExternal CTGCCCATGCGATAGTGGTCAATAAA
CC 

Confirm fptE 
deletion 

Ft0129Forward CTCGATCGCACCATATAACCT Confirm fptE 
expression 

Ft0129Reverse GCAACATTAATACTGGAAGGATAGC Confirm fptE 
expression 

Ft0127cUpDel5 CGCGGATCCAGATCTGTCGACCTAAA
ACTGTTCCGCCGTAAATCTCAAGCT 

fptF deletion 

Ft0127cUpDel3 TAATGAATGCGCATCTTAAGTGTAGG
TAAAT 

fptF deletion 
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Table 2.2 continued   
Ft0127cDownDel5 CTTAAGATGCGCATTCATTATCATGA

GAAGTATGATC 
fptF deletion 

Ft0127cDownDel3 CGCGGATCCAGATCTGTCGACGCCAA
TGTCAAAGAATAGGTATCGC 

fptF deletion 

Ft0127cUpExternal CCCGATGCTCTAATTATAAATTCTAG
AGC 

Confirm fptF 
deletion 

Ft0127cDnExternal GGTATAGTAGGTGAATCCGGCTGTGG Confirm fptF 
deletion 

Ft0127cForward CAGGTGCGTATCAAGAACAAATAG Confirm fptF 
deletion 

Ft0127cReverse GTGATCGCCACTATCAGCGAG Confirm fptF 
deletion 

Ft1291UpDel5 CGCGGATCCAGATCTGTCGACTATAC
AGTTCATAAGCTGGGCTGATGCTCC 

fptG deletion 

Ft1291UpDel3 AATTGTCTCAGTGGCTCAAGTATATA
TATACCTTTACCAT 

fptG deletion 

Ft1291DownDel5 CTTGAGCCACTGAGACAATTTAGTGC
ACTGTAAT 

fptG deletion 

Ft1291DownDel3 CGCGGATCCAGATCTGTCGACCTATC
CTAATGCTAACCATTATTGTTGGGC 

fptG deletion 

Ft1291UpExternal CCCACGCTGTGAGACTGATA Confirm fptG 
deletion 

Ft1291DnExternal TGAGCATTACGTGCCAAGAG Confirm fptG 
deletion 

Ft1291Forward GGGTGCCCAACCAGGTATGCGTGTC Confirm fptG 
expression 

Ft1291Reverse GCGGGGCTAACCCAGCGCCAAC Confirm fptG 
expression 

Ft0488cUpDel5 CGCGGATCCAGATCTGTCGACCTTGC
CGATGATATGGGAGTT 

fptH deletion 

Ft0488cUpDel3 GGTCAATATCGGATACGAAGATAAG
TAGACA 

fptH deletion 

Ft0488cDownDel5 CTTCGTATCCGATATTGACCACAAGG
TACTC 

fptH deletion 

Ft0488cDownDel3 CGCGGATCCAGATCTGTCGACAGAGT
TTGGCTTGATTGAGGTGGC 

fptH deletion 

Ft0488cUpExternal GCAACCAGGAGGTCAACTTACGACT Confirm fptH 
deletion 

Ft0488cDnExternal GAAGTAGACTATTTAGTAATAGTGC Confirm fptH 
deletion 

Ft0488cForward CCTTATGGATATCTTATAGATTC Confirm fptH 
expression 

Ft0488cReverse GATACACGGATACACCACGAA Confirm fptH 
expression 
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Table 2.2 continued   
Ft0708UpDel5 CGCGGATCCGTCGACTACTAGCGAG

AATAATGATATCATTAC 
fptI deletion 

Ft0708UpDel3 TATGCTTTGCAGAAAGATATATAATG
AATATTGCAAA 

fptI deletion 

Ft0708DownDel5 ATATCTTTCTGCAAAGCATACATAGC
TAGCTTATAATTG 

fptI deletion 

Ft0708DownDel3 CGCGGATCCGTCGACCTAAGATGTGA
TGCAGCAGCTCTAGCA 

fptI deletion 

Ft0708UpExternal TTCATTTGCCGATATTTATGCAGAAT
G 

Confirm fptI 
deletion 

Ft0708DnExternal CTGCAAGTCCATCTTCTATAGATAC Confirm fptI 
deletion 

Ft0708Forward GAGCTATGACCGTTAGACAGAC Confirm fptI 
expression 

Ft0708Reverse TGTAGCTCTATCTGTAGCAGA Confirm fptI 
expression 

FT893Kan CGGTATCGCCGCTCCCGATTCGCAGC
GCATCGCC 

Confirm co-
integration 

FT893Sac GTGAACGGCAGGTATATGTGATGGG Confirm co-
integration 

Ft0056cCompForward GCTCTAGAGCATGGAACAAAGGATA
TAC 

fptB 
complementation 

Ft0056cCompReverse GGAATTCCATATGGAATTCCCGCGAT
TTGAGAAATTTATCCAGAG 

fptB 
complementation 

Ft0129CompForward TCCCCCGGGGGATTGAGCATAATCTT
GAGATATCTA 

fptE 
complementation 

Ft0129CompReverse GGAATTCCATATGGAATTCCGTATAT
TGTTAAAGGATATTTTAG 

fptE 
complementation 

Ft1291CompForward CGCGGATCCAGATCTGTCGACTATAC
AGTTCATAAGCTGGGCTGATGCTCC 

fptG 
complementation 

Ft1291CompReverse GGGGTACCCCACAGTGCACTAAATTG
TCTCA 

fptG 
complementation 

HPRT-Sense GCTGACCTGCTGGATTACATTAA qRT-PCR (21) 
HPRT-Anti-Sense TGATCATTACAGTAGCTCTTCAGTCT

GA 
qRT-PCR (21) 

IL-1β-Sense ACAGAATATCAACCAACAAGTGATA
TTCTC 

qRT-PCR (21) 

IL-1β-AntiSense GATTCTTTCCTTTGAGGCCCA qRT-PCR (21) 
TNF-α-Sense GACCCTCACACTCAGATCATCTTCT qRT-PCR (21) 
TNF-α-AntiSense CCACTTGGTGGTTTGCTACGA qRT-PCR (21) 
IL-12p40-Sense TCTTTGTTCGAATCCAGCGC qRT-PCR (21) 
IL-12p40-AntiSense GGAACGCACCTTTCTGGTTACA qRT-PCR (21) 
iNOS-Sense GTCTTTGACGCTCGGAACTGT qRT-PCR (21) 
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Table 2.2 continued   
iNOS-AntiSense GATGGCCGACCTGATGTTG qRT-PCR (21) 
RANTES-Sense GAGTGACAAACACGACTGCAAGAT qRT-PCR (21) 
RANTES-AntiSense CTGCTTTGCCTACCTCTCCCT qRT-PCR (21) 
IFN-β-Sense CACTTGAAGAGCTATTACTGGAGGG qRT-PCR (21) 
IFN-β-AntiSense CTCGGACCACCATCCAGG qRT-PCR (21) 
IFN-γ-Sense CTGCCACGGCACAGTCATTG qRT-PCR (21) 
IFN-γ-AntiSense TGCATCCTTTTTCGCCTTGC qRT-PCR (21) 
IL-10-Sense ATTTGAATTCCCTGGGTGAGAAG qRT-PCR (21) 
IL-10-AntiSense CACAGGGGAGAAATCGATGACA qRT-PCR (21) 
Arginase-Sense CAGAAGAATGGAAGAGTCAG qRT-PCR (109) 
Arginase-AntiSense CAGATATGCAGGCAGGGAGTCACC qRT-PCR (109) 
Fizz-Sense GGTCCCAGTGCATATGGATGAGACC

ATAGA 
qRT-PCR (109) 

Fizz-AntiSense CACCTCTTCACTCGAGGGACAGTTGG
CAGC 

qRT-PCR (109) 
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Deletion of Target Genes in F. tularensis 

 Transformation of F. tularensis LVS was completed by electroporation.  

Competent cells were created by growing a 100 ml MHB culture of F. tularensis LVS at 

37°C to mid-log phase followed by sequential pelleting and 1/10 volume washing in 0.5 

M sucrose.  Briefly, a 100 ml culture was centrifuged at 4,500 RPM for 15 minutes.  The 

supernatant was decanted and the pellet resuspended in 10 ml of 0.5 M sucrose.  The cells 

were centrifuged again at 4,500 RPM for 15 minutes.  The supernatant was decanted and 

the pellet then resuspended in 1 ml 0.5 M sucrose.  The resuspended cells were 

transferred to a 1.5 ml centrifuge tube and centrifuged at 14,000 RPM for five minutes.  

After removal of supernatant, the pellet was then resuspended in 300 µl of 0.5 M sucrose 

for immediate electroporation or storage at -80°-C.  To electroporate, 150 µl of suicide 

plasmid DNA prepared from 300 ml of LB broth culture (Qiagen Midi-Prep kit, 

Germantown, MD) was mixed with 300 µl of competent cells and pulsed three times at 

1.75 kV, 25 µF, and 600 ohms.  After electroporation, the suspension was recovered in 

MHB for no less than three hours at 37°-C, 5% CO2.  After recovery, the suspension was 

plated on MHA containing kanamycin to select for co-integrant strains.  Co-integrants 

were then confirmed by PCR.  Once a co-integrant strain has been confirmed the plasmid 

backbone was then cured from the strain.  To cure the plasmid backbone, a co-integrant 

strain was grown in MHB containing 10% sucrose, which allows for selection of strains 

that are not expressing the sacB cassette on the plasmid and have, therefore, lost the 

plasmid backbone.  This sucrose cured culture was plated on MHA and individual 

colonies screened by PCR to confirm that the target gene had been deleted.  A schematic 
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flow chart of suicide plasmid construction and target gene deletion is shown in Figures 

4.1 - 4.3. 

 

Growth Curves 

 The ability of fpt mutant strains to grow in broth culture in comparison with 

parental LVS was evaluated.  Growth curves were performed in MHB.  Either LVS or fpt 

mutant strains were grown in an overnight starter culture and then subcultured into fresh 

MHB to an OD600 of 0.2.  Cultures were incubated with shaking at 37°-C.  OD600 readings 

were then taken approximately every two hours over an eight hour span and the growth 

profiles of fpt mutant strains was compared with that of LVS. 

 

Verification of fpt Gene Expression 

The expression of the targeted fpt genes was verified both in broth culture in 

intracellularly in the J774.1 murine macrophage-like cell line (ATCC, Manassas, VA).  

To verify expression in broth culture, LVS was cultured in MHB and RNA extraction 

was performed using the RNeasy Protect Mini Kit (Qiagen).  To verify expression in 

J774.1 murine macrophage-like cells, a confluent T150 flask was infected with LVS at an 

MOI of 100.  After a two hour infection, the cells were treated with gentamicin to kill any 

remaining extracellular bacteria.  Bacteria were then allowed to proliferate intracellularly 

for 20 hours.  The cells were then treated with Trizol (Invitrogen, Carlsbad, CA) for 10 

minutes and RNA was extracted using the PureLink RNA Mini Kit (Invitrogen).   

Reverse-Transcriptase PCR (RT-PCR) was performed using the RevertAid First 

Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD).  Gene-specific primers were 
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then used to PCR amplify a cDNA transcript to confirm expression of each fpt gene.  

PCR reactions with these primers using a non-RT negative control and a genomic DNA 

positive control were also included in this analysis. 

 

Intracellular Survival Assays 

 The ability of fpt mutant strains to survive and replicate intracellularly was 

evaluated in both the J774.1 murine macrophage-like cell line and HepG2 human hepatic 

cell line (ATCC, Manassas, VA). 

 J774.1 macrophage-like cells were cultivated in Dulbecco’s Modified Essential 

Medium (DMEM) (Cellgro, Manassas, VA) supplemented with 10% FBS (Cellgro) and 

maintained at 37°-C, 5% CO2.  To assess intracellular survival ability of fpt mutant strains 

compared to parental LVS, J774.1 cells were seeded at a density of 2 x 105 cells per well 

in 12-well plates (Costar, Corning, NY) and infected at an MOI of 100 with either LVS 

or fpt mutant strains for a period of two hours.  Following this two hour infection, cells 

were washed twice with PBS and then incubated in DMEM containing 50 µg/ml 

gentamicin for one hour.  The cells were then washed twice with PBS and then incubated 

in DMEM containing 2 µg/ml gentamicin for the duration of the experiment.  Bacterial 

replication was then assayed at 0, 24, 48, and 72 hours post-infection by lysing the cells 

with a 0.02% SDS solution followed by plating on MHA.  Intracellular doublings were 

calculated using the formula (log10Tn-log10T(n-1)) x 3.32, where Tn is the number of CFU 

at a given time point of interest and T(n-1) is the number of CFU at the previous time 

point. 
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HepG2 cells were cultivated in Minimal Essential Medium (MEM) supplemented 

with 10% FBS and maintained at 37°-C, 5% CO2.  To assess intracellular survival ability 

of fpt mutant strains compared to LVS, HepG2 cells were also seeded at a density of  

2 x 105 cells per well in 12-well plates and infected with either LVS of fpt mutant strains, 

but for a duration of four hours.  After the four hour infection, cells were washed twice 

with PBS and then incubated in MEM containing 50 µg/ml gentamicin for one hour.  The 

cells were again washed twice with PBS and then incubated in MEM without gentamicin 

for the duration of the experiment.  Bacterial replication was again assayed at 0, 24, 48, 

and 72 hours post-infection by lysing the cells with 0.02% SDS and plating on MHA.  

Intracellular doublings were calculated as described above. 

 

Complementation of Mutants 

 pFT906-0056c, pFT906-0129, and pFT906-1291 were created to trans-

complement their respective deletions in LVS.  Each coding sequence (CDS) was 

amplified from LVS genomic DNA using the Expand Long Template PCR System 

(Roche) and ligated into pFT906 (101) to be expressed under control of the F. tularensis 

guaB promoter (Ft PguaB).  pFT906 features a multiple cloning site directly downstream 

of Ft PguaB and a kanamycin cassette for selection.  The plasmid pFT906-0056c was 

created by ligating the PCR amplified FTT_0056c CDS into the SpeI site on pFT906.  

The plasmid pFT906-0129 was created by ligating the PCR amplified FTT_0129 CDS 

into a SmaI-NdeI site on pFT906.  The plasmid pFT906-1291 was created by ligating the 

PCR amplified FTT_1291 CDS into a SpeI-KpnI site on pFT906.  Once each of these 
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plasmids was confirmed by restriction digest they were electroporated into their 

corresponding LVS mutant strain in a manner similar to that described above.  

 

Attenuation and Protective Capacity of fpt Mutant Strains in Mice 

 The in vivo virulence of the fpt mutant strains that exhibited an altered replication 

phenotype in vitro were tested in BALB/c mice.  Groups of 4 mice were inoculated 

intraperitoneally (i.p.) with 102 or 103 CFU of LVS, LVS∆fptB, LVS∆fptE, LVS∆fptG or 

0.1% gelatin/PBS solution and monitored for clinical signs of illness, weight loss, and 

overall survival for a period of 28 days post-inoculation.  Mice were euthanized if they 

displayed two or more clinical signs of infection, such as ruffled fur and lethargy, for two 

days or if they lost more than 20% of their starting weight.  Any mice surviving this 28 

day period were subsequently challenged by the i.p. route with parental LVS to determine 

the protective capacity of the inoculating strain. 

 In a second experiment, groups of 4 mice were again inoculated by the i.p. route 

with the strains listed above but at an escalating range of doses (103 to 105 CFU) in order 

to define the upper limit of attenuation for these mutant strains.  The same criteria for 

euthanasia were used in this study. As before, these mice were monitored for 28 days and 

all survivors were then challenged with parental LVS to determine if the inoculating 

strain was protective against subsequent challenge at an escalated dose. 

In a third experiment, groups of 4 mice were inoculated by the i.p. route with 

these mutant strains to determine if the protection continues for an extended duration.  In 

this case, the mice were monitored for 90 days prior to challenge with parental LVS.  The 

same criteria for euthanasia were used in this study.  As before, any mice surviving this 
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90 day period were challenged with parental LVS to determine if the inoculating strain 

conferred long term protection against wild type challenge.   

 

Quantification of Bacterial Burden 

To determine whether any fpt mutant strains were attenuated in vivo, a mouse 

infection model was used.  Groups of 3 6-8 week old female BALB/c mice were injected 

by the i.p. route with either LVS or an fpt mutant strain.  Mice were euthanized, and 

organs were harvested to enumerate bacterial load on days 1, 2, and 3 post-infection.  

Bacterial load was enumerated by serial plating.  In a similar experiment to determine the 

time to complete bacterial clearance in the organs, mice were infected i.p. with either 

LVS or an fpt mutant as described.  Mice were euthanized, and organs harvested to 

enumerate bacterial load on days 7, 14, 21, and 28 post-infection. 

 

Cytokine Gene Expression   

To compare cytokine expression levels from murine macrophages in response to 

fpt mutant infection compared with LVS infection, thioglycollate-elicited peritoneal 

macrophages were harvested from BALB/c mice and infected with either LVS or selected 

fpt mutant strains as previously described (22, 109).  BALB/c mice were injected i.p. with 

three ml of thioglycollate (Remel, Lenexa, KS) and macrophages were harvested four 

days later.  The macrophages were then seeded in RPMI (Cellgro, Manassas, VA) into 

12-well plates at a concentration of 2 x 106 cells per well and infected with either LVS or 

an fpt mutant strain at an MOI of 100.  The infection was allowed to continue for two 

hours, at which time the bacteria were removed, cells washed twice with PBS and fresh 



 

 

 

43 

RPMI containing 50 µg/ml gentamicin is added.  After one hour, the gentamicin 

containing medium is removed, the cells washed twice with PBS and fresh RPMI is 

added and remains for the duration of the experiment.  At selected timepoints the cells 

were harvested in Trizol and preserved at -80°-C.  Total RNA was harvested by 

chloroform extraction.  Briefly, 200 µl of chloroform was added per 1 ml of Trizol and 

incubated at room temperature (RT) for 5 minutes.  This suspension was centrifuged at 

14,000 RPM for 20 minutes at 4°-C.  The aqueous layer was removed to a fresh tube, one 

volume isopropanol added and incubated at -20°-C overnight.  This suspension was 

centrifuged at 14,000 RPM for 20 minutes at 4°-C.  The supernatant was removed, the 

pellet washed with 70% ethanol and centrifuged for 20 minutes at 14,000 RPM at 4°-C.  

The supernatant was removed and the pellet resuspended in 30 µl of DEPC water 

(Quality Biologicals, Gaithersburg, MD).  cDNA was generated with random hexamers 

using the qScript cDNA Synthesis Kit (Quanta BioSciences, Gaithersburg, MD).  

Cytokine gene expression levels were measured using cytokine gene-specific primers 

(see Table M.2) by qRT-PCR using the 7900HT Real Time PCR System as previously 

described (22, 109).  Reaction conditions were as follows: initiation at 50°-C for two 

minutes, denaturation at 95°-C for 10 minutes, amplification cycling at 95°-C for 15 

seconds followed by 60°-C for 1 minute for 40 cycles, followed by a dissociation stage to 

confirm that non-specific products were not produced.  Relative gene expression was 

calculated using the ∆∆Ct method (66). 

To compare cytokine expression levels from murine livers in response to fpt 

mutant infection compared with wild-type LVS infection, livers that had been harvested 

from infected mice were homogenized in Trizol.  Total RNA was harvested as described 



 

 

 

44 

above and then cDNA was generated using the qScript cDNA Synthesis Kit.  Cytokine 

gene expression levels were measured as described above by qRT-PCR using the 

7900HT Real Time PCR System. 

   

Cytokine Protein Secretion 

IL-1β protein levels in the culture supernatants were measured by the University 

of Maryland School of Medicine Cytokine Core Laboratory.  IFN-β protein levels in the 

culture supernatants were measured by ELISA using mouse anti-IFN-β antibody (PML 

Microbiologicals, Portland, OR).  A 96-well plate was coated with mouse anti-IFN-β 

antibody (1:250 dilution) and incubated at 4°C overnight.  Antibody was discarded and 

plates blocked (5% BSA in 1X PBS) for two hours at 37°C, plates were washed 3X with 

PBS, and culture supernatants then added in triplicate and incubated overnight at 4°C.  

Samples were removed, plates were washed 3X with PBS, primary antibody added 

(rabbit anti-mouse IFN-β, R&D Systems, Minneapolis, MN) and incubated overnight at 

4°C.  Primary antibody was removed by washing 3X with PBS, secondary antibody was 

added (goat anti-rabbit HRP, Cell Signaling, Danvers, MA) and incubated for two hours 

at RT.  Plates were washed 3X, TMB substrate was added and incubated for 30 minutes 

at RT.  Plates were then read at 450nm.   

 

Intracellular fpt Gene Expression 

To determine overall intracellular expression levels of Fpt family genes in J774.1 

cells an infection strategy similar to what was used to determine intracellular replication 

kinetics was employed.  J774.1 cells were seeded in DMEM into 12-well plates at a 
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concentration of 2 x 106 cells per well.  The cells were then infected at an MOI of 100 

with either LVS or a selected fpt mutant strain.  After a two hour infection the bacteria 

were removed, the cells washed twice with PBS, and fresh DMEM containing 50 µg/ml 

gentamicin was added.  The incubation with gentamicin continued for one hour, after 

which the media was removed, the cells washed twice with PBS, and fresh DMEM 

containing 2 µg/ml gentamicin was added and remained for the duration of the 

experiment.  The cells were then harvested for RNA using Trizol at timepoints of 22, 30 

and 48 hours post-infection.  Total RNA was harvested using the PureLink RNA Mini 

Kit (Invitrogen) and then enriched for bacterial RNA using the Ambion MicrobeEnrich 

Kit (Ambion, Inc., Austin, TX).  Generation of cDNA using random hexamers was 

performed using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Glen 

Burnie, MD).  Intracellular gene expression levels were then measured by quantitative 

real-time PCR (qRT-PCR) on the 7900HT Real Time PCR System (Applied Biosystems, 

Carlsbad, CA). 

 

Histopathology 

Organs to be examined for tissue pathology were fixed in 4% paraformaldehyde.  

After fixation, the tissues were trimmed, dehydrated in graded ethanols and embedded in 

paraffin.  Tissue blocks were sectioned at 5-6 microns and stained with hematoxylin and 

eosin by the University of Maryland School of Medicine Histology Core Lab.  Tissues 

were analyzed by Dr. Michael Lipsky. 
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Statistical Analysis 

Regression analysis was used to determine statistical significance in intracellular 

survival assays.  0, 24, 48, and 72 hour timepoints were analyzed separately with LVS 

serving as the reference strain.  Results were considered statistically significant at p < 

0.05. A two-sample t-test was used to determine statistical significance in organ bacterial 

burden assays.  Results were considered statistically significant at p < 0.05.  Dunnett’s 

Two-Sided Multiple-Comparison Test was used to determine statistical significance in 

cytokine gene expression assays.  Results were considered statistically significant at p < 

0.05.  Statistical analyses were performed by Dr. William Blackwelder and Dr. Yukun 

Wu. 
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Chapter 3- Bioinformatic Analysis and Expression of fpt Genes 

Bioinformatic Analysis of fpt Genes 

 Nine genes in the Schu S4 genome were annotated as MFS transporters that 

appeared to constitute a subfamily analogous to the L. pneumophila Pht subfamily.  Basic 

bioinformatic analyses were performed to gather more information about the F. tularensis 

Fpt subfamily.  First, it was determined that LVS possessed a homolog of each fpt gene 

identified in the Schu S4 genome and that each homolog shared at least 98% amino acid 

identity to its Schu S4 counterpart (Table 3.1).  The only exception was FTL_1573, the 

LVS homolog of FTT_0488c, which was annotated as being much shorter than 

FTT_0488c.   

Next, the similarity of the members of the Fpt subfamily to the members of the 

Legionella Pht subfamily was compared (Table 3.2).  It was found that amino acid 

identity between any given Fpt member and any given Pht member ranged between 20% 

and 30% (the overall similarity shared between members of the two families was between 

40% and 50%).  Interestingly, the amino acid identity shared between members of the Fpt 

family is also between 20% and 30% (and 40%-50% similarity).  This led to the 

hypothesis that functional redundancy exists between members of the Fpt family, 

although to date no data directly supports that hypothesis. 
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Table 3.1. Gene designations and similarity of F. tularensis Schu S4 Fpt proteins to L. 
pneumophila PhtA.  BLAST-P analysis was used to directly compare the amino acid 
sequence of each Schu S4 fpt gene with its LVS homolog. 
 

Gene Schu S4 ID¶ LVS ID† Schu S4 vs. 
LVS AA 
Identity 

BLAST 
Comparison-
Fpt to PhtA* 

% AA 
Identity to 

PhtA 
      

fptA FTT_0104c FTL_1673 99% 9e-39 25 
fptB FTT_0056c FTL_1803 99% 1e-36 28 
fptC FTT_0671 FTL_0946 99% 4e-32 29 
fptD FTT_0053 FTL_1806 100% 1e-30 26 
fptE FTT_0129 FTL_1645 100% 6e-27 21 
fptF FTT_0127c FTL_1647 99% 3e-22 25 
fptG FTT_1291 FTL_0443 99% 4e-13 25 
fptH FTT_0488c FTL_1573 98% 1e-10 21 
fptI FTT_0708 FTL_1528 99% 1e-4 27 

 
¶Schu S4 Genbank accession # NC_006570.2 
†LVS Genbank accession # NC_007880.1 
*Comparison of each Fpt protein sequence from Schu S4 to PhtA using BLAST-P
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Table 3.2.  Amino acid identity comparison of L. pneumophila Pht proteins and F. 
tularensis Schu S4 Fpt proteins.  BLAST-P analysis was used to directly compare the 
amino acid sequence of each Fpt protein to each Pht protein.  Length of each protein and 
region of homology between proteins is listed in parentheses.     

 

  
PhtA 
(427) 

PhtB 
(435) 

PhtC 
(423) 

PhtD 
(427) 

PhtE 
(430) 

PhtF 
(425) 

PhtG 
(432) 

PhtH 
(430) 

PhtI 
(429) 

PhtJ 
(426) 

PhtK 
(421) 

PhtL 
(429) 

FptA 
(425) 

26 
(430) 

25 
(382) 

26 
(388) 

26 
(385) 

31 
(415) 

30 
(401) 

25 
(420) 

30 
(410) 

28 
(371) 

30 
(300) 

23 
(352) 

26 
(327) 

FptB 
(434) 

29 
(371) 

26 
(427) 

28 
(441) 

26 
(351) 

23 
(435) 

26 
(356) 

30 
(423) 

29 
(423) 

24 
(391) 

33 
(404) 

25 
(382) 

24 
(313) 

FptC 
(426) 

30 
(373) 

26 
(358) 

23 
(382) 

24 
(360) 

26 
(419) 

27 
(383) 

27 
(420) 

27 
(372) 

24 
(319) 

30 
(358) 

26 
(428) 

26 
(368) 

FptD 
(435) 

26 
(375) 

25 
(411) 

30 
(371) 

28 
(346) 

25 
(437) 

27 
(373) 

29 
(427) 

27 
(415) 

25 
(406) 

32 
(384) 

25 
(367) 

25 
(275) 

FptE 
(422) 

22 
(414) 

24 
(271) 

24 
(421) 

23 
(393) 

26 
(430) 

27 
(438) 

25 
(420) 

26 
(415) 

25 
(361) 

24 
(368) 

22 
(414) 

24 
(385) 

FptF 
(400) 

26 
(404) 

25 
(362) 

23 
(312) 

22 
(343) 

29 
(348) 

27 
(367) 

26 
(383) 

28 
(321) 

28 
(325) 

24 
(263) 

27 
(336) 

26 
(357) 

FptG 
(426) 

25 
(361) 

25 
(105) 

23 
(375) 

25 
(318) 

22 
(370) 

20 
(327) 

22 
(392) 

24 
(412) 

23 
(359) 

20 
(382) 

33 
(57) 

26 
(214) 

FptH 
(377) 

21 
(351) 

33 
(90) 

19 
(356) 

18 
(119) 

23 
(328) 

20 
(374) 

23 
(318) 

20 
(383) 

30 
(79) 

21 
(284) 

21 
(177) 

23 
(97) 

FptI 
(417) 

27 
(119) 

26 
(247) 

26 
(145) 

27 
(90) 

24 
(107) 

24 
(91) 

28 
(135) 

20 
(294) 

29 
(117) 

30 
(40) 

28 
(76) 

39 
(49) 
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Homology to the Fpt proteins in a broad search of other bacterial pathogens was also 

analyzed.  Using BLAST analysis, it was observed that each Fpt member had homologs 

in a number of other bacterial pathogens with varying degrees of amino acid identity 

(Table 3.3).  What was particularly interesting was that, in the case of each Fpt member, 

the highest degrees of homology were found in transporters in other intracellular bacterial 

pathogens such as Coxiella, Legionella, and Rickettsia species (though none of these 

homologs had an annotated function), indicating that these types of transporters may 

represent a critical class of virulence factors in a number of intracellular bacteria.   

 

fpt Genes Are Expressed Intracellularly and in Broth Culture  

Prior to assessing the effects of mutating the fpt genes, it was important to 

determine if there was gene expression during growth in both broth and intracellular 

environments.  RNA was isolated from LVS grown in an overnight broth culture or 

J774.1 cells that had been infected for 18 hours.  After cDNA was generated from the 

RNA, PCR was performed with gene-specific primers to confirm the presence of 

transcript.  Expression of all nine fpt genes was confirmed both intracellularly (Figure 

3.1) and in broth culture.  Due to the similarity of the gel readout confirming expression 

of the genes in broth culture, only the intracellular expression data is shown. 

 

 
 
 
 
 



 

 

 

51 

Table 3.3.  Closest homologs to Fpt members in other bacterial pathogens by BLAST-P 
analysis.  BLAST-P analysis was used to directly compare the indicated Fpt protein with 
the indicated homolog. 
 

Ft Fpt 
Protein 

Closest Homolog % Identity % Similarity 

FptA C. burnetii putative substrate translocation 
pore (MFS) 

38 57 

FptB C. burnetii COXBURSA_A0627 (MFS) 35 59 
FptC C. burnetii COXBURSA_A0680 (MFS) 28 53 
FptD C. burnetii COXBURSA_A0627 (MFS) 35 56 
FptE C. burnetii putative substrate translocation 

pore (MFS) 
27 47 

FptF L. pneumophila hypothetical protein lpp0706 28 50 
FptG C. glutamicum cgR_0208 35 57 
FptH R. grylli MFS transporter 22 44 
FptI C. burnetii MFS transporter 36 58 

 
% Identity is defined as the conservation of identical amino acid residues positionally 
over the length of a protein. 
 
% Similarity is defined as a combination of identical amino acid residues and amino acids 
with similar characteristics (polar, charged, etc.) positionally over the length of a protein.
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Figure 3.1.  All fpt genes are expressed during intracellular growth.  J774.1 cells were 
infected with LVS. Following overnight incubation, RNA was isolated, cDNA was 
generated, and the presence of fpt gene transcripts was confirmed by PCR with fpt gene-
specific primers.  For each labeled gene, lane 1 represents gene specific PCR product 
amplified from cDNA, lane 2 is a non-RT negative control for genomic DNA 
contamination, and lane 3 is a positive control where the labeled gene was PCR amplified 
from LVS genomic DNA. 
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Summary 

In this section, it was determined that each of the nine Schu S4 fpt genes has a 

virtually identical homolog in LVS.  All F. tularensis Fpt proteins share 20% - 30% 

amino acid identity with the L. pneumophila Pht proteins and amongst themselves.  

Moreover, it was established that each Fpt transporter protein has a homolog in other 

intracellular bacterial pathogens that are annotated as transporters.  Additionally, it was 

determined that all fpt genes are expressed during growth intracellularly in J774.1 cells.  
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Chapter 4- Mutagenesis of fpt Genes 

Engineering Deletions of fpt Genes in the LVS Chromosome 

 In order to assess the role of each fpt gene in the pathogenesis of F. tularensis, 

mutations were made to each individual gene in the LVS strain.  To delete target genes in 

the LVS chromosome, a homologous recombination strategy was used.  The first step 

was to construct a suicide plasmid for each target gene.  This was accomplished by 

creating PCR fusions of flanking regions of approximately 500 bp both upstream and 

downstream of the target gene.  The 5’ and 3’ ends of these fusions were engineered with 

BamHI restriction sites for cloning into pFT893 (see Figure 4.1), the suicide plasmid used 

for creating all the suicide plasmids in this study.  Once a PCR fusion had been 

engineered and successfully cloned into pFT893, the plasmid was electroporated into 

LVS.  Co-integrant strains were selected by kanamycin resistance, followed by curing of 

the plasmid backbone through sucrose counter-selection, resulting in an unmarked 

deletion of the target gene in LVS.  Each step in this process was verified in a series of 

PCR reactions.  This process, adapted from previous studies (101), is summarized in 

Figures 4.1 - 4.3.  Figure 4.2 shows the results of PCR confirming the co-integration step 

during deletion of FTT_0056c.  Figure 4.3 shows the results of PCR indentifying the 

clone with the targeted deletion of FTT_0056c.  A similar strategy and confirmation 

process was used to create the other seven successful gene deletions. 
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Figure 4.1.  PCR/cloning strategy used for construction of suicide plasmids.  Flanking 
regions of approximately 500 bp upstream and downstream of the target gene were 
amplified by PCR from LVS genomic DNA.  These two amplicons were then fused using 
overlapping sequence created by the initial PCR reactions.  The resulting fusion product, 
engineered with BamHI sites at each end, was ligated into the BamHI site on pFT893 to 
create pFT893∆x.  The orientation of the flanking region insert in pFT893∆x is 
inconsequential, as homologous recombination will occur regardless of the orientation of 
the flanking regions. 
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Figure 4.2.  Confirmation of co-integration of pFT893∆0056c.  Top panel: Co-integration 
after crossover of downstream flanking region in suicide plasmid with LVS genomic 
DNA (gDNA) after electroporation.  Bottom panel: Representative gel image of PCR 
reactions used to confirm co-integration of pFT893∆0056c suicide plasmid into the LVS 
chromosome.  Lanes 1, 2, 5, 7, and 9 used 0056c co-integrant gDNA as template.  Lanes 
3, 4, and 6 used LVS gDNA as template.  Lane 10 used suicide plasmid as template.  
Lanes 1 and 2 show amplicons from PCR reactions using one primer binding within the 
plasmid backbone (either the sacB or Kn primer) and one primer which binds the LVS 
chromosome outside of the flanking regions used for cloning.  Lanes 3 and 4 are negative 
controls showing that no amplicons were seen when unmodified LVS gDNA is used as 
template with these primers.  Lane 5 shows that the chromosome of the 0056c co-
integrant was interrupted, preventing amplification with external upstream and 
downstream primers within the limits of this PCR reaction.  Lane 6 shows the expected 
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3.3 kb product from LVS gDNA with the external upstream and downstream primers.  
Lane 7 shows that plasmid was linearized into the chromosome of the 0056 co-integrant, 
preventing amplification shown in lane 8 with primers that will only amplify a product 
from the circularized plasmid.  Lane 9 shows that the kanamycin resistance cassette was 
integrated into the LVS chromosome, with lane 10 serving as the positive control for that 
primer set. 
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Figure 4.3.  Screening colonies for deletion of FTT_0056c.  Top panel: Diagram of 
deletion of target gene from LVS chromosome after sucrose counter-selection for 
mutants that have been cured of the suicide plasmid backbone.  Bottom panel: 
Representative gel image showing products of PCR reactions used to confirm complete 
deletion of the target gene after sucrose counter-selection.  In this case, the deletion of the 
FTT_0056c locus from the LVS chromosome is shown.  Lanes 1, 3, 5, 7, 9, and 11 are 
PCR reactions performed on genomic DNA extracted from 6 clones isolated after sucrose 
counter-selection.  Lanes 2, 4, 6, 8, 10, and 12 are controls showing that sufficient gDNA 
for PCR was extracted from each clone.  Lane 13 is a control reaction performed with 
LVS gDNA showing the expected 3.3 kb wild-type band.  The boxed band in lane 11 was 
derived from a colony in which the FTT_0056c locus was successfully deleted, as 
identified by the expected 1.3 kb size reduction in the deleted strain.   
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When complementation plasmids were constructed, a strategy similar to that 

shown in Figure 4.1 was used.  To supply a wild-type copy of the deleted gene in trans, 

the deleted gene was amplified by PCR from LVS genomic DNA with added restriction 

sites for cloning into pFT906, the complementation plasmid used in this study.  This 

amplicon was ligated into pFT906 directly downstream of the Francisella guaB promoter 

in order to drive expression of the gene in the LVS mutant strain.  Once the amplified 

gene had been successfully cloned into pFT906 the plasmid was electroporated into the 

LVS mutant strain.  Complemented mutants were selected by kanamycin resistance. 

 

Summary 

 Complete deletions of eight of the nine fpt genes in the LVS chromosome were 

created.  One gene, fptD, could not be deleted.  A co-integrant strain was created in the 

attempt to delete fptD, but numerous attempts at sucrose counter-selection to cure the 

plasmid backbone proved unsuccessful.  This led to the hypothesis that this may be a 

lethal mutation and that fptD is an essential gene. 
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Chapter 5- Growth of fpt Mutants in Broth,  
Intracellular Survival and Replication of fpt Mutant Strains 

Growth of fpt Mutant Strains in Mueller-Hinton Broth  

 The first assay performed to identify phenotypic alterations of the fpt mutant 

strains in comparison with the parental LVS strain was a simple growth curve in Mueller-

Hinton Broth (MHB), the standard broth medium used for F. tularensis.  Wild-type LVS 

or fpt mutants were first inoculated into starter cultures and shaken at 37°C overnight.  

The following day, starter cultures were subcultured into fresh MHB and standardized to 

an OD600 of 0.2.  Growth was measured as a function of OD600 over the next eight hours.  

Each fpt mutant strain exhibited growth kinetics that were similar to LVS in MHB 

(Figure 5.1).   

 

Intracellular Replication of fpt Mutants 

Survival and replication in macrophages is critical to F. tularensis pathogenesis, 

and a number of mutant strains that are unable to replicate in macrophages are attenuated 

in animal models.  In animal models, F. tularensis has been shown to disseminate to and 

replicate in a number of organs including the liver.  The ability to survive and replicate in 

hepatic cells has also been linked to virulence (91, 94).  The ability of each fpt mutant 

strain to survive and replicate in both J774.1 macrophage-like cells and HepG2 human 

hepatic cells in comparison with the parental LVS strain was characterized.  For each 

mutant, J774.1 or HepG2 cells were infected with either an fpt mutant or LVS and the 

number of intracellular bacteria recovered was compared at 24 hour intervals for a 

duration of 72 hours.  The results for each mutant strain are presented below. 
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Figure 5.1.  Growth of fpt mutant strains compared to LVS in MHB.  MHB cultures were 
initially standardized to an OD600 of 0.2 (with the exception of LVS∆fptC, which was 
initiated at 0.1 due to poorer than expected growth of the overnight starter culture, which 
caused the slightly reduced growth at early timepoints seen above) with either LVS or an 
fpt mutant and growth monitored for 8 hours.  Data presented are from a single 
representative experiment of at least two independent experiments.  
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Mutants With Replication Profiles Similar to LVS  

 Of the eight mutant strains that were engineered, five exhibited intracellular 

replication kinetics that were virtually identical to LVS in both J774.1 and HepG2 cells, 

including LVS∆fptA, LVS∆fptC, LVS∆fptF, LVS∆fptH, and LVS∆fptI.  In each cell 

type, these five mutants invaded with similar efficiency to LVS as determined using early 

timepoints of infection, and the number of intracellular bacteria recovered from either 

mutant or LVS-infected cells remained comparable throughout the course of the 

experiment.  The number of doublings calculated between each time point was also 

similar throughout the experiment for these mutants and LVS in both cell types.  The 

replication kinetics for these mutants compared to LVS in J774.1 and HepG2 cells are 

shown in Figures 5.2 and 5.3, respectively. 
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Figure 5.2.  LVS∆fptA, LVS∆fptC, LVS∆fptE, LVS∆fptF, LVS∆fptH, and LVS∆fptI 
survive and replicate in J774.1 cells with kinetics similar to LVS.  J774.1 cells were 
infected at an MOI of 100 with either LVS or an fpt mutant for 2 hours and then treated 
with gentamicin to kill remaining extracellular bacteria.  Intracellular CFUs were 
quantified at 0, 24, 48, and 72 hours post-infection.  Data presented is an average of two 
replicates from a single representative experiment of at least two independent 
experiments. 
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Figure 5.3.  LVS∆fptA, LVS∆fptC, LVS∆fptF, LVS∆fptH, and LVS∆fptI survive and 
replicate in HepG2 cells with kinetics similar to LVS.  HepG2 cells were infected at an 
MOI of 100 with either LVS or and fpt mutant for 4 hours (HepG2 cells are not 
phagocytic and require a longer invasion to recover measurable intracellular bacteria 
immediately after the gentamicin treatment) and then treated with gentamicin to kill 
remaining extracellular bacteria.  Intracellular CFUs were quantified at 0, 24, 48, and 72 
hours post-infection.  Data presented is an average of two replicates from a single 
representative experiment of at least two independent experiments. 
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Mutants With Altered Replication Profiles Compared to LVS 

LVS∆∆∆∆fptB 

The LVS∆fptB mutant strain exhibited an altered replication phenotype in both 

J774.1 and HepG2 cells.  LVS∆fptB invaded similarly to LVS in both cell lines, as 

evidenced by the similar number of intracellular bacteria recovered immediately after the 

gentamicin treatment, but a statistically significant defect in replication (p < 0.01) was 

observed at 24 hours post-infection in both cell types (Figures 5.4 and 5.5).  Intracellular 

bacteria recovered from LVS∆fptB-infected cells were reduced by slightly more than 1 

log compared to LVS-infected cells at this time point.  A second alteration in replication 

kinetics was observed for this mutant between 24 and 48 hours post-infection.  While 

LVS∆fptB is recovered at lower levels than LVS in both cell lines at 48 hours post-

infection, the difference is not nearly as large as at 24 hours, and by 72 hours post-

infection both LVS and LVS∆fptB are recovered at similar levels.  The number of 

doublings for both LVS and LVS∆fptB was calculated at each time point, and it was 

determined that LVS undergoes five more doublings than LVS∆fptB between 0 and 24 

hours post-infection, but that LVS∆fptB then undergoes two more doublings than LVS 

between 24 and 48 hours and 3 more doublings between 48 and 72 hours post-infection.  

Trans-complementation of LVS∆fptB with pFT906-0056c restored intracellular 

replication kinetics to that of LVS (Figures 5.4 and 5.5). 

 

LVS∆∆∆∆fptE 

 No significant alterations in intracellular survival or replication kinetics were 

observed for LVS∆fptE in comparison with LVS in J774.1 cells.   
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Figure 5.4.  LVS∆fptB exhibits altered intracellular replication kinetics in J774.1 cells 
compared to LVS.  J774.1 cells were infected at an MOI of 100 with either LVS, 
LVS∆fptB, or fptB-Comp for 2 hours and then treated with gentamicin to kill remaining 
extracellular bacteria.  Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-
infection.  Differences at 24 hours were determined to be statistically significant.  * p < 
0.01 by regression analysis.  Data presented is an average of two replicates from a single 
representative experiment of at least two independent experiments. 
 
 
 
 
 
 
 
 
 
 
 

   * 
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Figure 5.5.  LVS∆fptB exhibits altered intracellular replication kinetics in HepG2 cells 
compared to LVS.  HepG2 cells were infected at an MOI of 100 with either LVS, 
LVS∆fptB, or fptB-Comp for 4 hours and then treated with gentamicin (HepG2 cells are 
not phagocytic and require a longer invasion to recover measurable intracellular bacteria 
immediately after the gentamicin treatment) to kill remaining extracellular bacteria.  
Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-infection.  Differences 
at 24 hours were determined to be statistically significant.  * p < 0.01 by regression 
analysis.  Data presented is an average of two replicates from a single representative 
experiment of at least two independent experiments. 
 
 
 
 
 
 
 
 
 
 
 

   * 
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In this cell line, LVS∆fptE invaded with similar efficiency to LVS, and intracellular 

bacteria recovered from both LVS∆fptE-infected cells and LVS-infected cells remained 

similar throughout the course of the experiment (Figure 5.6).  The number of doublings 

calculated between each time point was also similar throughout the duration of the 

experiment for both LVS∆fptE and LVS-infected cells. 

The LVS∆fptE mutant strain exhibited an altered replication phenotype in HepG2 

cells similar to that described for the LVS∆fptB mutant.  LVS∆fptE invaded similarly to 

LVS in HepG2 cells, but a statistically significant defect in replication (p < 0.05) was 

observed at 24 hours post-infection. (Figure 5.7).  Intracellular bacteria were recovered 

from LVS∆fptE-infected cells at approximately 1 log lower than in the LVS infected cells 

at this time point.  Similar to LVS∆fptB, a second alteration in replication kinetics was 

observed for LVS∆fptE between 24 and 48 hours post-infection.  While LVS∆fptE is still 

recovered at lower levels than LVS at 48 hours post-infection, the difference is less than 

at 24 hours, and by 72 hours post-infection both LVS and LVS∆fptE were recovered at 

similar levels.  The doublings for both LVS and LVS∆fptE were calculated at each time 

point, and again it was observed that LVS undergoes three more doublings than 

LVS∆fptE between 0 and 24 hours post-infection, but that LVS∆fptE then undergoes two 

more doublings than LVS between 24 and 48 hours and two more doublings between 48 

and 72 hours post-infection.  Trans-complementation of LVS∆fptE with pFT906-0129 

restored intracellular replication kinetics to that of LVS (Figure 5.7). 
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Figure 5.6.  LVS∆fptE survives and replicates in J774.1 cells with kinetics similar to 
LVS.  J774.1 cells were infected at an MOI of 100 with either LVS or LVS∆fptE for 2 
hours and then treated with gentamicin to kill remaining extracellular bacteria.  
Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-infection.  Data 
presented is an average of two replicates from a single representative experiment of at 
least two independent experiments. 
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Figure 5.7.  LVS∆fptE exhibits altered intracellular replication kinetics in HepG2 cells 
compared to LVS.  HepG2 cells were infected at an MOI of 100 with either LVS, 
LVS∆fptE, or fptE-Comp for 4 hours and then treated with gentamicin (HepG2 cells are 
not phagocytic and require a longer invasion to recover measurable intracellular bacteria 
immediately after the gentamicin treatment) to kill remaining extracellular bacteria.  
Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-infection.  Differences 
at 24 hours were determined to be statistically significant.  * p < 0.05 by regression 
analysis.  Data presented is an average of two replicates from a single representative 
experiment of at least two independent experiments. 
 
 
 
 
 
 
 
 
 
 
 

   * 



 

 

 

71 

LVS∆∆∆∆fptG 

 The LVS∆fptG mutant strain exhibited an alteration in replication kinetics similar 

to those observed in the LVS∆fptB and LVS∆fptE mutants in both J774.1 and HepG2 

cells.  LVS∆fptG  invaded similarly to LVS in both cell lines, but a statistically 

significant defect in replication (p < 0.01) was observed at 24 hours post-infection in both 

cell lines (Figures 5.8 and 5.9).  Intracellular bacteria recovered from LVS∆fptG-infected 

cells were reduced by slightly more than 1 log compared to LVS-infected cells at this 

time point.  As was seen in LVS∆fptB in both cell lines and LVS∆fptE in the HepG2 

cells, a second alteration in replication kinetics was also observed for this mutant between 

24 and 48 hours post-infection.  While LVS∆fptG is still recovered at lower levels than 

LVS in both cell lines at 48 hours post-infection, the gap is smaller than seen at 24 hours, 

and by 72 hours post-infection both LVS and LVS∆fptG are recovered at similar levels.  

The doublings for both LVS and LVS∆fptG calculated at each time point again show that 

LVS undergoes four more doublings than LVS∆fptG between 0 and 24 hours post-

infection, but that LVS∆fptG then undergoes three more doublings than LVS between 24 

and 48 hours and three more doublings between 48 and 72 hours post-infection.  Trans-

complementation of LVS∆fptG from pFT906-1291 restored intracellular replication 

kinetics to that of LVS (Figures 5.8 and 5.9). 
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Figure 5.8.  LVS∆fptG exhibits altered intracellular replication kinetics in J774.1 cells 
compared to LVS.  J774.1 cells were infected at an MOI of 100 with either LVS, 
LVS∆fptG, or fptG-Comp for 2 hours and then treated with gentamicin to kill remaining 
extracellular bacteria.  Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-
infection.  Differences at 24 hours were determined to be statistically significant.  * p < 
0.01 by regression analysis.  Data presented is an average of two replicates from a single 
representative experiment of at least two independent experiments. 
 

   * 
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Figure 5.9.  LVS∆fptG exhibits altered intracellular replication kinetics in HepG2 cells 
compared to LVS.  HepG2 cells were infected at an MOI of 100 with either LVS, 
LVS∆fptG, or fptG-Comp for 4 hours and then treated with gentamicin (HepG2 cells are 
not phagocytic and require a longer invasion to recover measurable intracellular bacteria 
immediately after the gentamicin treatment) to kill remaining extracellular bacteria.  
Intracellular CFUs were quantified at 0, 24, 48, and 72 hours post-infection.  Differences 
at 24 hours were determined to be statistically significant.  * p < 0.01 by regression 
analysis.  Data presented is an average of two replicates from a single representative 
experiment of at least two independent experiments. 
 
 
 
 
 
 
 
 
 
 
 

   * 
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Summary 

 All of the fpt mutant strains grew normally in MHB compared to LVS.  Most of 

the fpt mutants survive and replicate normally in both J774.1 and HepG2 cells (six of 

eight in J774.1s, five of eight in HepG2s).  However, three of eight fpt mutants displayed 

altered replication kinetics in one or both cell types.  LVS∆fptB and LVS∆fptG were 

altered in both J774.1 and HepG2 cells, and LVS∆fptE was altered in HepG2 cells.  In 

each case, the mutant strain had a statistically significant reduction in intracellular 

bacteria at 24 hours post-infection but recovered to approximately wild-type levels by 72 

hours post-infection. 
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Chapter 6- Cytokine Gene Expression and Production in Infected Macrophages, 
Intramacrophage Expression of fpt Genes 

 

Cytokine Response of Murine Macrophages Infected with fpt Mutants   

Infection of peritoneal macrophages with LVS induces a well-characterized 

response that can be broken down into three phases (21, 22, 109).  The first phase is 

strong early pro-inflammatory cytokine response marked by a sharp induction of 

cytokines including IL-1β, TNF-α, and IL-12 p40 (21, 22, 101), within a few hours after 

infection.  The second phase begins after escape from the phagosome and is marked by 

induction of mediators such as IFN-β, IFN-γ, RANTES, and iNOS.  The third phase is an 

alternative activation phase (that overlaps with the second phase) induced by the bacteria 

to enhance survival, which is marked by induction of mediators such as Arginase-1 and 

FIZZ-1.  To assess whether the altered intracellular replication kinetics of these three 

mutants was due to an alteration in the immune response to these strains, peritoneal 

macrophages from BALB/c mice were infected with LVS and each fpt mutant and 

assayed relative gene expression using qRT-PCR.   

It was observed that the expression of genes encoding pro-inflammatory cytokines 

IL-1β, TNF-α, and IL-12 p40 was very similar for each fpt mutant when compared to that 

of parental LVS (Figure 6.1).  Each of these cytokine-encoding genes was sharply 

induced by the fpt mutants in samples taken one hour after infection (immediately 

following gentamicin treatment), followed by a rapid decline and return to baseline levels 

within 12-16.  The magnitude and temporal pattern of the induction of each of these 

cytokines by the fpt mutants was consistent with that of parental LVS. 
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Figure 6.1.  Pro-inflammatory cytokine response of murine macrophages to infection 
with fpt mutant strains is similar to that of LVS.  Murine peritoneal macrophages mice 
were infected with either an fpt mutant strain or LVS.  IL-1β gene expression is depicted 
in panel A, TNF-α gene expression is depicted in panel B, and IL-12 p40 gene expression 
is depicted in panel C.  Relative gene expression (to uninfected cells) was calculated by 
the ∆∆Ct method at the specified timepoints using qRT-PCR.  Data presented is an 
average of two replicates from a single representative experiment of at least two 
independent experiments. 

A 

B 
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Attempts to measure and compare cytokine induction for the next two phases 

resulted in either inconsistent data or an inability to measure any induction, even from 

LVS-infected macrophages.  The magnitude and temporal pattern of induction of both 

iNOS and RANTES in LVS-infected cells seen in this study was consistent with previous 

results from our laboratory (101), but the induction of these mediators by the fpt mutants 

was inconsistent from assay to assay.  Similar inconsistency was observed in induction of 

both IFN-β and IFN-γ.  Meaningful induction of any alternative activation markers, even 

in LVS-infected cells, was never measured.  To rule out any effect of genomic DNA 

contamination, a DNase treatment was performed on the RNA used to synthesize the 

cDNA that was assayed in Figure 6.1.  Even after DNase treatment, no meaningful 

induction of IFN-β or any alternative activation markers could be measured, indicating 

that genomic DNA contamination in the cDNA samples was not responsible for the 

inability to measure these mediators.  It was confirmed that LVS replicated normally 

during the assay via quantification of 16s rRNA transcript, so lack of LVS replication 

was also not responsible for the lack of induction of any of these markers.  It is possible 

that the high MOI used in these experiments (an MOI of 100 is used to mirror the 

conditions in the intracellular survival assays) caused early apoptosis or damaged the 

macrophages in some other way that prevented the production of the later mediators such 

as IFN-β and the alternative activation markers.  
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Intramacrophage Gene Expression Pattern is Consistent Among All fpt Genes 

During LVS Infection  

 It was hypothesized that the fpt genes that have been demonstrated to differ in 

their capacity for intracellular survival would exhibit alterations in expression level or 

pattern in an LVS infection compared to the fpt genes that did not alter intracellular 

survival when mutated.  To address this question, the expression level of all fpt genes in 

J774.1 cells infected with LVS was examined using qRT-PCR at selected timepoints.  No 

significant changes were observed in expression of any of the genes during the course of 

an infection (Figure 6.2).  However, it was observed that the fptB, fptE, and fptG genes 

(whose mutants had altered replication kinetics) were among the more highly expressed 

genes, along with fptA and fptD (Figure 6.2).   

 

Intramacrophage Expression Levels of fpt Genes is Similar in Mutant and Parental 

Strains   

 Due to the overall similarity of the fpt genes to each other and the phtA gene of L. 

pneumophila, it was hypothesized that there could be functional redundancy between the 

fpt genes that could compensate for the loss of a deleted gene during intracellular growth.  

It was further hypothesized that another fpt gene might be overexpressed in the mutant 

strain to compensate for the mutation.  To test this hypothesis, J774.1 cells were infected 

with either LVS or a mutant strain and total RNA was harvested at timepoints of 22, 30, 

and 48 hours post-infection.  After enrichment for bacterial RNA, cDNA was generated 

and expression levels of all fpt genes at each time-point were examined using qRT-PCR 

and normalized to the same gene in parental LVS.   
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Figure 6.2.  The pattern of intramacrophage fpt gene expression is consistent within an 
LVS infection.  J774.1 cells were infected with LVS at an MOI of 100.  RNA was 
isolated at the indicated time-points, cDNA synthesized, and the expression level of each 
fpt gene relative to rpoB was determined using qRT-PCR.  Expression units were 
calculated using the difference in Ct values between the indicated fpt gene and rpoB at 
the indicated time point.  The Ct value for rpoB was then subtracted and the resulting 
value (which is defined as “n” for the final calculation) was entered into the equation FI = 
-2n to calculate expression units. Data presented is an average of two replicates from a 
single representative experiment of two independent experiments. 
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Using LVS expression as a baseline of “1”, fold induction of each fpt gene in the 

indicated mutant strain background is shown in Figure 6.3.  Using a two-fold increase in 

expression as a cutoff for significance, no significant changes in intracellular expression 

levels were observed, suggesting that altered intracellular expression of fpt genes is also 

not responsible for the altered replication kinetics of certain strains. 
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Figure 6.3.  Relative intracellular expression of all fpt genes in LVS∆fptB (top panel) and 
LVS∆fptG (bottom panel) normalized to their expression levels in LVS.  J774.1 cells 
were infected with the indicated mutant at an MOI of 100, RNA was isolated, cDNA 
synthesized, and relative gene expression (to rpoB expression in LVS infected cells) is 
measured at specified time-points using qRT-PCR.  Fold Induction was calculated by 
subtracting the Ct value of the indicated fpt gene from that of rpoB during the indicated 
mutant infection (value “a”), then subtracting the difference in Ct values of the indicated 
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fpt gene from that of rpoB during LVS infection (value “b”) from value “a”.  The 
resulting value “c” was used to calculate fold induction using the equation FI = -2n.     
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Summary 

 After observing the altered replication kinetics of LVS∆fptB, LVS∆fptE, and 

LVS∆fptG, two hypotheses for the possible mechanism behind the delay in replication 

were proposed.  The first hypothesis was that these mutants were delayed in escape from 

the phagosome, leading to the delay seen in intracellular replication.  While the 

consistency of proinflammatory cytokine gene expression between LVS and the fpt 

mutants in murine macrophages provides a measure of indirect evidence which 

contradicts this hypothesis, inconsistent results in other indirect measures prevent us from 

ruling it out completely.  A second hypothesis was that altered intracellular fpt gene 

expression was compensating for the mutated transporter, but my data shows that 

identified fpt gene expression remains relatively consistent in mutant-infected 

macrophages compared with LVS.  The current working hypothesis is that the mutation 

of these particular fpt genes causes a metabolic defect that allows these mutants to 

survive and replicate intracellularly, but not as efficiently as wild-type.  Future studies of 

the function of these transporters should address this hypothesis. 
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Chapter 7- In vivo Attenuation Studies 

fpt Mutants With Altered Intracellular Replication Kin etics are Attenuated in 

BALB/c Mice   

The fpt mutants with altered in vitro intracellular replication kinetics were 

assessed for virulence in vivo.  LVS has been demonstrated to cause a lethal infection by 

the i.p. route in mice with a dose of fewer than 100 CFU (24, 36).  Lethality at such a low 

dose provides a stringent model for determining attenuation and as such the i.p. route was 

chosen for attenuation studies.  Groups of BALB/c mice were infected via the i.p. route 

with LVS or the fpt mutant strains and monitored for survival and clinical signs of 

infection over a period of 28 days.  The attenuation of the fpt mutant strains was tested in 

a series of studies.   

In the first set of experiments, groups of 4 mice were infected i.p. with low doses 

of (102 or 103 CFU) either LVS or fpt mutants and monitored for survival and clinical 

signs of infection for 28 days (outlined in Table 7.1). While 100% lethality was observed 

in mice infected with as few as 500 CFU of LVS, mice infected with LVS∆fptB had a 

75% survival rate at doses of both 102 and103 CFU (Figure 7.1).  The surviving mice 

exhibited markedly fewer clinical signs of infection compared with the mice that were 

euthanized or LVS-infected mice.  Mice infected with both LVS∆fptE and LVS∆fptG had 

100% survival rates at similar doses and showed minor or no clinical signs of infection.  

Weight loss was the most quantitative measure used to measure illness in the mice (mice 

that lost more than 20% of their body weight were euthanized).  The weight loss 

experienced by mice infected with 103 CFU of the fpt mutant strains (Figure 7.2) 
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demonstrated that mice that survived infection with these doses rarely experienced 

significant (more than 10%) weight loss. 
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Table 7.1.  Design of initial mouse attenuation study to assess potential attenuation of fpt 
mutant strains.  BALB/c mice were infected i.p. with either LVS or an fpt mutant at the 
indicated dose and were monitored for survival and signs of illness (weight loss, ruffled 
fur, lethargy) over a period of 28 days. 

 

 

 
 
Figure 7.1.  Survival rates for the experiment described in Table 7.1 evaluating 
attenuation of fpt mutants at low infectious doses.  All LVS-infected mice were 
euthanized or had succumbed to infection by day 6.  LVS∆fptB-infected mice survived at 
a rate of 75% at both doses and 100% of LVS∆fptE and LVS∆fptG-infected mice 
survived at both doses.   
 
 
 
 

Group  Strain Dose Number of Mice 
1 LVS 5 x 102 4 
2 LVS∆fptB 5 x 102 4 
3 LVS∆fptB 5 x 103 4 
4 LVS∆fptE 2 x 102 4 
5 LVS∆fptE 2 x 103 4 
6 LVS∆fptG 5 x 102 4 
7 LVS∆fptG 5 x 103 4 
8 0.1% Gelatin-PBS - 4 
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Figure 7.2.  Weight loss of individual mice infected with 103 CFU of fpt mutant strains.  
Mice were weighed daily during the 28 day duration of the experiment.  Mice infected 
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with LVS∆fptB and LVS∆fptE began to exhibit weight loss but generally recovered, 
while LVS∆fptG-infected mice did not lose notable weight at this dose. 

 

In the next set of experiments the dose range was expanded to assess the level of 

attenuation of each fpt mutant strain.  Mice were infected i.p. with either 103 CFU of LVS 

or an fpt mutant at doses ranging from 103 to 105 CFU (outlined in Table 7.2).  Mice 

infected with LVS∆fptB had a 100% survival rate at 3 x 103 CFU, and a 50% survival 

rate at both 3 x 104 and 3 x 105 CFU (Figure 7.3).  At higher doses, both survivors lost 

notable weight and exhibited obvious signs of infection, but recovered.  Mice infected 

with LVS∆fptE had a 100% survival rate at a dose 3.5 x 103 CFU, but only 50% and 25% 

survived doses of 3.5 x 104 and 3.5 x 105, respectively (Figure 7.3).  LVS∆fptG was the 

most attenuated mutant strain and 100% of mice survived all doses up to 2.7 x 106 

(outlined in Table 7.3).  At this high dose, the mice did not exhibit weight loss and 

exhibited only minor, transient signs of illness (Figure 7.5).  The weight loss experienced 

by mice infected with 3-4 x 105 CFU of the fpt mutant strains is shown in Figure 7.4.  

Survivors of LVS∆fptB and LVS∆fptE infection lost more weight (and were observed to 

have more clinical signs of illness) at this dose than when infected with lower doses.  

However, LVS∆fptG-infected mice continued to exhibit no weight loss (or show other 

signs of illness) even at this high dose (Figure 7.4), and only exhibited minor and 

transient weight loss when infected with 2.7 x 106 CFU (Figure 7.5).  All surviving mice 

were challenged with 1.2 x 105 LVS (approximately 1,000 times the lethal dose).   
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Table 7.2.  Design of experiment expanding dose range to assess the level of attenuation 
of fpt mutant strains.  BALB/c mice were infected i.p. with either LVS or an fpt mutant at 
the indicated dose and were monitored for survival and signs of illness (weight loss, 
ruffled fur, lethargy) over a period of 28 days. 
 

 

Figure 7.3.  Survival rates for the experiment outlined in Table 7.2 assessing attenuation 
of fpt mutant strains at escalating doses.  Mice were weighed daily during the 28 day 
duration of the experiment.  Survival rates for mice infected with 103 CFU of fpt mutants 
mirrored those of the previous experiment.  Survival rates declined at increasing doses in 
mice infected with LVS∆fptB and LVS∆fptE, to 50% and 25%, respectively, at 105 CFU, 
while all LVS∆fptG-infected mice survived at this dose. 
 

Group  Strain Inoculating Dose Number of Mice 
1 LVS 3.4 x 103 4 
2 LVS∆ fptB 3 x 103 4 
3 LVS∆ fptB 3 x 104 4 
4 LVS∆ fptB 3 x 105 4 
5 LVS∆fptE 3.5 x 103 4 
6 LVS∆fptE 3.5 x 104 4 
7 LVS∆fptE 3.5 x 105 4 
8 LVS∆ fptG 3.4 x 103 4 
9 LVS∆ fptG 3.4 x 104 4 
10 LVS∆ fptG 3.4 x 105 4 
11 0.1% Gelatin-PBS - 4 
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Figure 7.4.  Weight loss of individual mice infected with 105 CFU of fpt mutant strains.  
Mice were weighed daily during the 28 day duration of the experiment.   Mice infected 
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with LVS∆fptB and LVS∆fptE lost notable weight and often succumbed to infection or 
had to be euthanized while LVS∆fptG-infected mice continued to exhibit no weight loss 
and survived the infection. 
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Table 7.3.  Design of experiment testing survival of LVS∆fptG-infected mice at 106 CFU.  
BALB/c mice were infected i.p. with 2.7 x 106 CFU of LVS∆fptG and monitored for 
survival and signs of illness (weight loss, ruffled fur, lethargy) for 28 days. 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.5.  Weight loss of individual mice infected with 2.7 x 106 CFU of LVS∆fptG.  
Mice were weighed daily during the 28 day duration of the experiment.  Mice infected at 
this dose exhibited minor, transient weight loss but survived the infection. 
 

Group  Strain Dose Number of Mice 
1 LVS∆1291 2.7x106 5 
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Mice Vaccinated with fpt Mutants are Protected Against Wild-Type Challenge  

All mice (n=22) that survived infection with lower doses of the fpt mutants 

(outlined in Table 7.1) were challenged with 5-6 x 103 CFU of LVS.  Animals were 

monitored for survival and signs of illness over 28 days.  All challenged mice survived 

and displayed no signs of illness, regardless of vaccinating strain or dose.  All mice 

(n=26) that survived infection with increased doses of the fpt mutants (outlined in Table 

7.2) were challenged with 1.2 x 105 CFU of LVS (at least 1,000 times the 100% lethal 

dose) and were monitored for survival and signs of illness over 28 days.  All challenged 

mice (n=26) were fully protected and displayed no signs of disease, regardless of 

vaccinating strain or dose.  Mice vaccinated with 2.7 x 106 CFU of LVS∆fptG (n=5), the 

most attenuated mutant, were fully protected against an LVS challenge of 2 x 106 CFU 

(Table 7.4). 

It was also determined whether mice vaccinated with fpt mutant strains were 

protected for an extended period of time.  Mice were inoculated with each fpt mutant at a 

dose previously determined to be well tolerated (i.e. 1.5 x 103 CFU for LVS∆fptB, 2.5 x 

103 CFU for LVS∆fptE, and 4 x 105 CFU for LVS∆fptG, see Table 7.4).  After 90 days, 

all (n=12) mice were challenged with 2.5 x 105 CFU of LVS and monitored for survival 

and clinical signs of infection for 28 days.  All mice were protected against challenge and 

displayed no signs of illness for the duration of the experiment (Table 7.4).   
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Table 7.4.  Summary of survival and protective capacity of fpt mutant strains 
 

Strain  Vaccination 
Dose 

Survival 
Rate 

Time to 
Challenge 

Challenge 
Dose 

Survival 
Rate 

      
0.1% 

Gelatin/PBS 
- 4/4 28 days 5.1 x 103 0/4 

0.1% 
Gelatin/PBS 

- 4/4 28 days 1.2 x 105 0/4 

0.1% 
Gelatin/PBS 

- 5/5 28 days 2 x 106 0/5 

      
LVS 5 x 102 0/4 - - - 

      
LVS∆fptB 5 x 102 3/4 28 days 6.6 x 103 3/3 
LVS∆fptB 5 x 103 3/4 28 days 6.6 x 103 3/3 
LVS∆fptB 3 x 103 3/4 28 days 1.2 x 105 3/3 
LVS∆fptB 3 x 104 2/4 28 days 1.2 x 105 2/2 
LVS∆fptB 3 x 105 2/4 28 days 1.2 x 105 2/2 

      
LVS∆fptE 2 x 102 4/4 28 days 5.1 x 103 4/4 
LVS∆fptE 2 x 103 4/4 28 days 5.1 x 103 4/4 
LVS∆fptE 3.5 x 103 4/4 28 days 1.2 x 105 4/4 
LVS∆fptE 3.5 x 104 2/4 28 days 1.2 x 105 2/2 
LVS∆fptE 3.5 x 105 1/4 28 days 1.2 x 105 1/1 

      
LVS∆fptG 5 x 102 4/4 28 days 5.1 x 103 4/4 
LVS∆fptG 5 x 103 4/4 28 days 5.1 x 103 4/4 
LVS∆fptG 3.4 x 103 4/4 28 days 1.2 x 105 4/4 
LVS∆fptG 3.4 x 104 4/4 28 days 1.2 x 105 4/4 
LVS∆fptG 3.4 x 105 4/4 28 days 1.2 x 105 4/4 
LVS∆fptG 2.7 x 106 5/5 28 days 2 x 106 5/5 

      
0.1% 

Gelatin/PBS 
- 4/4 90 days 2.5 x 105 0/4 

      
LVS∆fptB 1.5 x 103 4/4 90 days 2.5 x 105 4/4 
LVS∆fptE 2.5 x 103 4/4 90 days 2.5 x 105 4/4 
LVS∆fptG 4 x 105 4/4 90 days 2.5 x 105 4/4 
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Summary 

 After identifying three mutant strains with altered intracellular replication 

kinetics, it was determined that the in vitro phenotype correlated with in vivo virulence.  

Through a series of experiments in a mouse model, it was determined that each of three 

fpt mutant strains were significantly attenuated for virulence in mice, with LVS∆fptG the 

most attenuated of the three strains.  Further, it was demonstrated that a single 

vaccination with as few as 103 CFU of any of these strains is fully protective against an 

LVS challenge of 1.2 x 105 CFU, which is at least 1,000 times greater than a 100% lethal 

dose for LVS in BALB/c mice.  This protection was long lasting, as mice that were 

challenged 90 days after vaccination remained fully protected.  This data demonstrates 

that members of the Fpt subfamily are critical for virulence and suggests that they are 

promising targets for vaccine development. 
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Chapter 8- Bacterial Burden in Organs of Infected Mice 

 fpt Mutant Strains Have Reduced Bacterial Burden in the Lung, Liver, and Spleen   

Following infection in mice, F. tularensis disseminates to and replicates in a 

number of organs, including the liver, lung, and spleen (24, 36).  The ability of each of 

the attenuated mutant strains to colonize and replicate in organs was characterized.  In an 

initial set of studies, mice were infected with a low dose of each mutant (3-7 x 102 CFU, 

see Table 8.1) i.p. and euthanized at days 1, 2, and 3 post-infection, at which time livers, 

lungs, and spleens were harvested, homogenized, and assayed for bacterial burden.  

Organs from mice infected with LVS were colonized on day 1 post-infection and the 

bacterial burdens increased through days 2 and 3 in all organs (Figure 8.1A).  The spleen 

was most heavily colonized, followed by the liver and the lungs.  The high bacterial 

burdens observed by day 3 correlated with the onset of clinical signs of infection in LVS-

infected mice.  While all fpt mutant strains colonized each organ, some mutants had a 

delay in colonization, and the level of colonization was often reduced when compared to 

LVS (Figure 8.1A).    

In mice infected i.p. with LVS∆fptB, the lungs, liver, and spleen were colonized 

on day 1.  The bacterial burden in the lung was similar to that of LVS, but was 

significantly reduced by more than 10-fold in both the liver and the spleen.  By day 2, the 

bacterial burden in mice infected with LVS was beginning to increase in all organs but 

the burden in LVS∆fptB-infected mice was still similar to that observed on day 1, and 

some individual mice showed bacterial clearance.  By day 3, the bacterial burden in LVS-

infected mice had increased sharply, but the burden in LVS∆fptB-infected mice had 

begun to decline in all organs, with the lung bacteria below the detectable limit. 
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Table 8.1.  Inoculating dose and strain, and day which mice were euthanized in the 
experiment to determine colonization and replication in the lung, liver and spleen of fpt 
mutants in comparison with LVS. 
 

Group  Strain Dose Euthanization 
Days 

Number of 
Mice 

1 LVS 5 x 102 1, 2, 3 3 
2 LVS∆fptB 3 x 102 1, 2, 3 3 
3 LVS∆fptE 4 x 102 1, 2, 3 3 
4 LVS∆fptG 7 x 102 1, 2, 3 3 
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Figure 8.1A.  The bacterial burden of fpt mutant strains is less severe than LVS in mouse 
organs. BALB/c mice were infected with a low dose of either an fpt mutant or LVS and 
organs harvested and homogenized for bacterial enumeration on days 1, 2, and 3 post-
infection.  Bars indicate arithmetic means of bacterial counts.  * p < 0.05 by a two-sample 
t-test.  Statistical significance represented is between a given fpt mutant strain and LVS at 
the indicated time point. 
 
 
 
 
 
 
 
 
 
 
 
 

*  *  * 

 * 
 * 

 * 

 * 

 *  * 

 * 
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In mice infected with LVS∆fptE, the liver and spleen were colonized at levels similar to 

LVS on day 1, but the lungs were not colonized.  The bacterial burden in LVS∆fptB-

infected mice was observed to increase in all organs on days 2 and 3.  The burden 

observed in all organs on day 2 was similar to that of LVS, but was 10-100 times lower in 

every organ compared with LVS on day 3.  Mice infected with LVS∆fptG were colonized 

at lower levels than LVS in the liver and spleen on day 1 and bacteria in the lung was 

below the detectable limit.  On day 2, the level of colonization in the liver in spleen was 

still lower than that of LVS and similar in the lung.  On day 3, the level of colonization in 

each organ was 1,000-10,000 times lower than that of LVS and two of three mice were 

actually free of bacteria in the lung (Figure 8.1A). 

 To extend this study, groups of mice were infected by the i.p. route with either 

LVS at a dose of 103 CFU or an fpt mutant strain at the highest dose that was well 

tolerated in the previous experiments (1.5 x 103 CFU for LVS∆fptB, 2.5 x 103 CFU for 

LVS∆fptE, and 3 x 105 CFU for LVS∆fptG, see Table 8.2) and euthanized at days 7, 14, 

21, and 28 post-infection to determine time to clear each strain to undetectable levels.  

All LVS-infected mice had either succumbed to infection or were euthanized at day 5 and 

all organs were infected with large numbers of bacteria, up to 1 x 109 CFU per gram of 

tissue in some organs (Figure 8.1B).  Mice infected with fpt mutant strains generally 

exhibited a lower overall bacterial burden in the organs at day 7 post-infection.  

LVS∆fptB was present at slightly reduced levels in 2 of 4 mice at day 7 compared to 

LVS, and the two mice with higher organ burdens displayed clinical signs of illness while 

the two with low burdens did not.  Bacterial burdens for LVS∆fptE and LVS∆fptG were 4 

to 5 logs lower than those of LVS. 
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Table 8.2.  Inoculating dose and strain, and day which mice were euthanized in the 
experiment to determine time to clearance of bacteria in the lung, liver and spleen of fpt 
mutants in comparison with LVS. 
 

Group  Strain Dose Euthanization 
Day 

Number of 
Mice 

1 LVS 2.5 x 103 5 3 
2 LVS∆fptB 1.5 x 103 7, 14, 21, 28 3 
3 LVS∆fptE 2.5 x 103 7, 14, 21, 28 3 
4 LVS∆fptG 3 x 105 7, 14, 21, 28 3 
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Figure 8.1B.  The fpt mutant strains are cleared from mouse organs by day 28 after 
infection. BALB/c mice were infected with either a well tolerated dose of an fpt mutant 
or a lethal dose of LVS and organs harvested and homogenized.  LVS infected mice were 
harvested and organs homogenized on day 5 and fpt mutant infected mice on days 7, 14, 
21, and 28 post-infection. Bars indicate arithmetic means of bacterial counts.  * p < 0.05 
by a two-sample t-test.  Statistical significance represented is between a given fpt mutant 
strain and LVS at the indicated time point. 
 
 
 
 
 
 
 
 
 

 *  * 

 *  * 

 *  * 
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Bacterial burdens steadily decreased through the course of the experiment and were 

below the limit of detection in some individual organs in mice infected with LVS∆fptE or 

LVS∆fptG by day 14 and cleared below detectable levels in all but the spleens of 2 mice 

by day 21 (one spleen was minimally infected by LVS∆fptB and another minimally 

infected by LVS∆fptG).  All organs lacked identifiable bacteria by day 28.   

The severity of tissue pathology observed in the livers of the infected mice closely 

correlated with bacterial burden (Figures 8.2-8.4).  The LVS-infected mice that were 

euthanized or had succumbed at day 5 exhibited extensive inflammation and granuloma 

formation.  Numerous necrotic and some apoptotic lesions, as evidenced by fragmented 

nuclei, were also observed (Figure 8.2 D-F).  Inflammation and granuloma formation was 

also observed in livers from mice infected with fpt mutants (observed at day 7), but the 

pathology was generally less severe than in LVS-infected livers (Figure 8.2 G-K).  

Notably, there were fewer necrotic or apoptotic lesions observed in the livers of 

LVS∆fptE-infected mice (Figure 8.2 G-I), and there were few to no such lesions observed 

in mice infected with LVS∆fptG (Figure 8.2 J-K).  The two LVS∆fptB-infected mice that 

had higher bacterial burden in their livers showed pathology more similar to that of the 

LVS infected mice, including widespread inflammatory foci and necrotic/apoptotic 

lesions, (Figure 8.3 A-C), whereas the two with lower bacterial burden exhibited reduced 

pathology similar to that of the LVS∆fptG-infected mice (Figure 8.3 D-F).  At day 14, 

livers from fpt mutant-infected mice showed decreased pathology with minor 

inflammation and granuloma formation, and no evidence of necrotic or apoptotic lesions 

regardless of the infecting strain.  By day 21, only very minor signs of inflammation were 
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present, with no granulomas or lesions observed regardless of infecting strain (Figure 

8.4). 
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Figure 8.2.  Pathology in livers of mice infected with LVS is more severe than in livers of 
mice infected with fpt mutants.  Panels A, B, and C, are sections from livers of mock-
infected mice taken at 100X, 200X, and 400X magnification, respectively.  Panels D, E, 
and F are liver sections from LVS-infected mice five days after infection at 100X, 200X, 
and 400X.  Panels G, H, and I are liver sections from mice infected with LVS∆fptE seven 
days after infection 100X, 200X, and 400X magnification, respectively.  Panels J and K 
are liver sections from mice infected with LVS∆fptG seven days after infection at 100X 
and 400X magnification, respectively.  Arrows in panels D, G, and J denote areas of 
micro-granuloma formation.  Arrows in panels F and I denote areas of nuclear 
fragmentation consistent with necrotic or apoptotic cell death.  
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Figure 8.3.  Tissue pathology is more severe in livers from mice infected with LVS∆fptB 
that had high bacterial burdens (approximately 1 x 108 CFU/gram tissue) and resemble 
LVS infection than those with low bacterial burdens (approximately 1 x 103 CFU/gram 
tissue), which resemble infection with the other fpt mutants.  Panels A, B, and C are liver 
sections from mice infected with 1.5 x 103 CFU of LVS∆fptB seven days after infection 
that had high bacterial burdens at 100X, 200X, and 400X magnification, respectively.  
Panels D, E, and F are liver sections from mice infected with 1.5 x 103 CFU of LVS∆fptB 
seven days after infection that had low bacterial burdens at 100X, 200X, and 400X 
magnification, respectively.  Arrows in panels D, G, and J denote areas of micro-
granuloma formation.  Arrows in panels F and I denote areas of nuclear fragmentation 
consistent with necrotic or apoptotic cell death. 
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Figure 8.4.  Livers from mice infected with fpt mutants resemble normal livers by day 21 
after infection.  Panel A is a liver section taken from a mock-infected mouse.  Panels B 
and C are representative of the normal appearance of livers from mice infected with fpt 
mutants 21 days after infection.  Panel B is a liver section from a mouse infected with 2.5 
x 103 CFU of LVS∆fptE and panel C is a liver section from a mouse infected with 3 x 105 
CFU of LVS∆fptG, both on day 21 after infection.  All images are 100X magnification. 
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Summary 

 After observing the attenuation in virulence and protective capacity of three of the 

fpt mutant strains, better understanding of the in vivo dissemination and replication 

patterns of these strains was sought.  The fpt mutant strains colonize the lungs, liver, and 

spleen of mice, but did not replicate to the same levels at LVS.  Additionally, these 

mutants are completely cleared from the organs by day 28 after infection.  Tissue 

pathology in the liver correlated with the attenuation and replication pattern of these 

strains.  The pathology of livers from mice infected with fpt mutants was less severe than 

those infected with LVS, as they did not exhibit the same levels of inflammation, 

necrosis, or apoptosis.  Just as the liver was cleared of infection by 28 days, tissue 

pathology observed in the livers at day 21 after infection largely resembled that seen in 

uninfected mice. 
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Chapter 9- Cytokine Gene Expression in the Livers of Infected Mice 

The Cytokine Response to fpt Mutants is Altered in the Livers of Infected Mice   

Since the pathology induced by LVS has been attributed to the ability of this 

organism to produce an early cytokine storm (21, 71, 72), attenuated fpt mutants were 

hypothesized to exhibit a diminished early proinflammatory response.  Livers from LVS-

infected mice showed significantly increased levels of cytokine and iNOS mRNA over a 

24-72 hour period as previously reported (21, 22) and in this study (Figure 9.1A).  The 

livers were focused on because the cytokine response to Francisella infection is much 

more muted in the lungs and spleen following i.p. infection (21, 42, 43).  In contrast, the 

two more attenuated strains, LVS∆fptB and LVS∆fptG, exhibited markedly decreased 

cytokine (TNF-α, IL-1β, IFN-γ) and iNOS gene expression (Figure 9.1A).  LVS∆fptE, 

which showed  intermediate attenuation (Figure 8.1A), also showed intermediate 

expression of TNF-α, IL-1β and IFN-γ genes over the 72 hour time period.  Interestingly, 

only the LVS∆fptE strain exhibited diminished induction of IFN-β gene expression when 

compared to levels observed in LVS-infected mice or the other two fpt mutants (Figure 

9.1A), which suggests the possibility that the substrate of this transporter may be directly 

involved in IFN-β induction. 

It was also observed that increased expression of a subset of these inflammatory 

cytokines correlated directly with increased bacterial burden and onset of clinical signs of 

illness.  At day 7 after infection, two of four mice infected with LVS∆fptB had a very 

high bacterial burden in the liver (Figure 9.1B) and exhibited obvious signs of illness.  

Both IFN-γ and iNOS mRNA levels in these two mice were considerably higher than in 

livers of mock-infected mice and similar to that of the LVS-infected mice (Figure 9.1B).  
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In contrast, the other two mice infected with LVS∆fptB that had considerably fewer 

bacteria in the liver (Figure 9.1B) with no obvious signs of illness showed induction of 

IFN-γ and iNOS mRNA that was considerably lower than that observed in the LVS 

infected mice or their LVS∆fptB-infected counterparts that had a much higher bacterial 

burden in the liver. 

 



 

 

 

111 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.1.  Cytokine response to infection with fpt mutant strains is altered in murine livers 
compared to that of LVS.  Groups of 3 BALB/c mice were infected with either PBS (mock 
infected), 500 CFU of LVS, 400 CFU of LVS∆fptB, 300 CFU of LVS∆fptE, or 700 CFU of 
LVS∆fptG.  Panel A) Livers were harvested and homogenized at 24, 48, and 72 hours after 
infection.  Panel B) Difference in IFN-γ and iNOS expression in two LVS∆fptB-infected mice 
with high bacterial burden versus two with low bacterial burden at day 7.  Relative cytokine gene 
expression (to HPRT expression in mock infected livers) was measured using qRT-PCR. 

 * 
 * 

 *  *  *  * 
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 * 

 *  *  * 
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Summary 

 After observing the reduction in replication in the livers of mice infected with the 

fpt mutants, the in vivo immune response was assessed for its ability to be linked to the 

attenuation of these strains.  There was a significant reduction of cytokine gene 

expression in the liver, particularly of cytokines associated with the proinflammatory 

cytokine storm, such as TNF-α, IFN-γ, and iNOS, that cause the tissue damage 

associated with Francisella virulence (13, 71, 72, 107).  Additionally, there is an 

elevation of IFN-β gene expression associated with these mutant strains that may be 

contributing to the control of replication of these strains in the liver as shown previously 

by Cole and colleagues (21, 22). 
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Chapter 10- Discussion 

There has been a surge of research interest in Francisella tularensis due in large part to 

concern for its potential use in a bioterror attack, as evidenced by a substantial increase 

on publications on the subject in the last 10 years.  Due to the lack of a licensed vaccine, 

much effort has been dedicated to the development of vaccines against tularemia.  One 

strategy used in the development of vaccine candidates has been the construction of live 

attenuated strains by the targeted deletion of genes suspected to encode virulence factors.  

Advantages to this approach include the ability to engineer strains with a clearly defined 

molecular basis of attenuation with multiple distinct genetic deletions, greatly reducing 

the risk of reversion.  While the highly virulent type A strains remain the target for a 

protective vaccine, the type B LVS strain provides a model system to use for engineering 

prototype attenuated strains.  LVS retains the ability to mimic the lethal disease caused 

by type A strains (such as Schu S4) in humans in animal models and can be studied in 

BSL-2 containment.  Mutations in various metabolic genes and virulence factors in the 

LVS background, such as mutants in purMCD, guaB and guaA, sodB, and tolC, have 

conferred varying degrees of attenuation and protective capacity against the parental 

strain in mouse models (7, 41, 86, 87, 101).  Three mutants that have been shown to 

provide significant protection against Schu S4 challenge in mice include an LVS mutant 

of sodB (6), a Schu S4 mutant of FTT1103 that encodes a Dsb-A like protein (94), and a 

clpB mutant of Schu S4 (25, 108).  Two of these genes, sodB and clpB, encode proteins 

involved in stress response while fipB encodes a protein critical for infecting 

macrophages, all of which are essential for full virulence of Francisella.  Creation of 

attenuated strains with defined genetic deletions in genes suspected to control important 
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cellular function towards the goal of creating a safe and highly efficacious vaccine 

continues. 

 Towards the goal of defining improved targets for mutation in generating live-

attenuated vaccine strains, a family of genes encoding MFS transporters as vaccine 

candidates was investigated.  MFS transporters are ubiquitous across bacteria and are 

involved in the transport of a wide variety of substrates, including but not limited to 

amino acids, carbohydrates, and Krebs cycle metabolites, as well as other substrates (84).  

F. tularensis is predicted to encode 31 total MFS transporters (TransportDB- 

www.membranetransport.org).  A subset of nine of these genes with homology to the 

phtA gene of L. pneumophila is the focus of this dissertation.  The phtA gene product, a 

member of the Pht (phagosomal transporter) subfamily of MFS transporters, was 

demonstrated to be important for intramacrophage survival of L. pneumophila (104).   

Including phtA, a total of 12 Pht subfamily MFS transporters have been identified in L. 

pneumophila (19).  Of the other members, phtJ has been defined as a valine transporter 

and phtC and phtD are suspected to be involved in nucleoside assimilation (19).  Based 

on their homology to phtA and the other Pht genes in L. pneumophila, the nine F. 

tularensis genes were named the Fpt (Francisella phagosomal transporter) subfamily.  

The hypothesis was formed that the fpt genes would be important to pathogenesis and 

promising targets for developing an effective vaccine. 

 The Fpt family was identified by BLAST-P analysis of the Schu S4 genome, 

using the L. pneumophila PhtA as the query sequence.  These genes were studied in the 

LVS strain, both as proof-of-principle and because LVS can be manipulated in a less 

restrictive BSL-2 environment.  To determine that it was feasible to perform this work in 
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LVS, it was confirmed that each of the nine Schu S4 fpt genes possessed a virtually 

identical (>98% amino acid identity) homolog in LVS.  The protein sequence identity of 

each member of the Fpt family was also compared with the members of the L. 

pneumophila Pht family.  Interestingly, even though the BLAST scores comparing the 

Fpt family members to PhtA varied greatly, the protein identity between all Fpt members 

and all Pht members was fairly consistent (20-30%).  Much of the homology between 

PhtA and the Fpt transporters was found in the TM domains, suggesting that transport 

specificity is likely determined in other regions.  Homologs of the Fpt transporters were 

found in other bacterial pathogens.  Interestingly, the closest homologs to the Fpt 

transporters were found in other intracellular pathogens, such as Coxiella, Legionella, and 

Rickettsia species.  While no specific function for these homologs was annotated, they 

were consistently annotated as either MFS or other types of transporters, suggesting that 

these transporters could be promising targets for vaccine development across an entire 

class of intracellular pathogens.    

While the bioinformatic analysis supported the central hypothesis, it was 

important to confirm that these genes were expressed in F. tularensis, as genes that are 

not expressed would not make good vaccine targets.  The expression of the nine fpt genes 

was confirmed in LVS grown in broth culture and during intracellular growth by showing 

the presence of transcript of each gene in cDNA from both environments.  

In order to assess the role of each Fpt transporter in pathogenesis, each fpt gene 

was deleted.  Using the suicide plasmid system that has been developed in our laboratory 

(101), an allelic replacement strategy to engineer a complete deletion in each of the nine 

fpt genes in the LVS background was used.  Deletions were successfully engineered in 
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eight of the nine genes, but fptD could not be deleted.  A co-integrant strain was created, 

but numerous attempts at sucrose counter-selection failed to yield a strain with a resolved 

deletion.  While it is possible that fptD is an essential gene, this has not yet been 

confirmed.  Given the close proximity of fptD to neighboring genes that are annotated as 

a histidyl-tRNA synthetase and an ATPase, it is also possible that deletion of fptD led to 

a polar effect that resulted in a lethal mutation. 

Standardized growth curves were performed to determine whether any mutants 

had a growth defect compared to LVS that would manifest in MHB, which is the standard 

broth culture medium used for LVS in the laboratory.  Each fpt mutant strain grew 

similarly to LVS.  This was not entirely surprising since MHB is a very rich growth 

medium and any growth defect of an fpt mutant could certainly be overcome by the 

richness of the media.  Using a less rich culture media may potentially reveal altered 

growth characteristics in the other mutants.  

 Intracellular survival assays were performed in two cell types, the J774.1 murine 

macrophage-like cell line and the HepG2 human hepatic cell line, to assess the effect of 

fpt mutations on intracellular survival.  Growth and replication in macrophages and 

hepatic cells is a hallmark of F. tularensis pathogenesis and defects in this ability have 

been linked to attenuation in virulence (86, 91, 101).  Five of the fpt mutants survived and 

replicated to the same extent as LVS over time in both cell types.  Three mutants, 

LVS∆fptB, LVS∆fptE, and LVS∆fptG, demonstrated altered replication kinetics in either 

J774.1 or HepG2 cells (LVS∆fptB and LVS∆fptG were altered in both cell types).  

Interestingly, the LVS∆fptE mutant exhibited no apparent defect in the J774.1 cells, but 

exhibited diminished replication in HepG2 cells in the first 24 hours after infection.  
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Nonetheless, the defect in all three mutants was a decrease in replication within the first 

24 hour period.  Rather than a complete inability to replicate, this defect was a lag in 

replication, as the mutants were able to recover to near wild-type levels by 72 hours after 

infection.  Two Schu S4 transposon mutants in fpt genes, FTT_0056c and FTT_0129 

(corresponding to fptB and fptG) had been previously identified in screens for transposon 

mutants defective for replication in HepG2 cells, and FTT_0056c was also identified as 

being defective for replication in J774.1 cells (91).  These reports suggest the phenotypes 

observed in this study in LVS are conserved in Schu S4.  This is not surprising given the 

high (98-100%) amino acid identity between the Fpt proteins encoded by LVS and Schu 

S4 (Table 3.1). 

Two initial hypotheses were formulated that could potentially explain the 

observed alteration in intracellular replication kinetics in these mutant strains.  One 

hypothesis was that, due to the level of sequence similarity between the Fpt proteins, 

functional redundancy might exist between these proteins and an increase in expression 

in one fpt gene would occur that would compensate for the loss of the mutated fpt gene.  

This hypothesis was tested by analyzing the expression levels of all fpt genes in J774.1 

cells infected with either LVS∆fptB or LVS∆fptG (the two mutants that exhibited altered 

kinetics in J774.1 cells) and comparing the findings with the expression levels in J774.1 

cells infected with LVS using qRT-PCR.  No significant differences in expression of any 

fpt genes were found between mutant and wild-type infections, so it was concluded that 

the altered replication kinetics were not due to altered intracellular fpt gene expression.  

While it was established that there are no significant alterations in the expression levels 

of the other fpt genes in fpt mutant strains during intracellular growth, it is certainly 
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possible that changes in expression of other genes in the genome could be altered in fpt 

mutants during intracellular growth and could account for the seemingly delayed 

intracellular replication observed with these strains.  Microarray analysis of the 

expression of all Francisella genes during intracellular growth of these fpt mutants would 

aid in the discovery of such genes. 

A second hypothesis was that the alteration in intracellular replication kinetics, 

which consisted of a defect in replication during the first 24 hours of infection followed 

by a “catch-up” phase in which the mutant strains replicated faster than wild-type LVS, 

was due to a delay in phagosomal escape in the mutant strains compared with that of 

LVS.  Phagosomal escape can be indirectly measured by analyzing the expression of 

certain cytokines in infected macrophages (22).  Mutant strains that do not escape the 

phagosome have been shown to induce substantially higher expression levels of 

proinflammatory cytokine genes such as IL-1β, TNF-α, and IL-12p40 in infected 

macrophages than are seen with in macrophages infected with LVS (22).  The expression 

of these cytokine genes was examined in macrophages infected with either LVS or any of 

the three altered fpt mutants, and virtually no difference in either the magnitude or 

temporal pattern of expression of any of these genes was observed, indicating that the 

early phase of cytokine induction appeared to be normal.  Other indirect measures of 

phagosomal escape include secretion of both IL-1β and IFN-β into the supernatants of 

infected cells, as mutants that do not escape the phagosome do not secrete these proteins.  

Unfortunately, reliable levels of either protein could not be measured even from LVS-

infected cells.  While the data gathered thus far does not suggest a significant delay in 
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phagosomal escape that would explain the observed lag in replication, this hypothesis 

cannot be completely disproved. 

A third hypothesis that would explain the delayed replication kinetics of the fpt 

mutants was subsequently developed.  It is possible that nutrient acquisition and 

metabolism are altered in these strains.  It is clear that these three strains are able to 

survive and replicate intracellularly, and in MHB they are able to grow with very similar 

kinetics to that of LVS.  It is likely that this is because any growth defects that are present 

in any given fpt mutant strain are complemented by the rich nature of MHB.  Cell culture 

media such as DMEM or MEM (used in the J774.1 and HepG2 assays, respectively) are 

also very rich, and in these assays they are enriched further by adding fetal bovine serum 

(FBS) to a final concentration of 10%.  It is certainly possible that one or more 

components present in either the cell culture media or FBS allows most of the fpt mutant 

strains to survive and replicate identically to LVS.  In the case of the three mutant strains 

that are delayed in replication, it is possible that one or more components in the media 

can be utilized to support an essential cellular function, but in a way that requires 

significantly more effort from the bacteria, thus causing a slight delay in the onset of 

replication.  As further insight is gained into the exact function of these transporters, this 

hypothesis will be more easily proved or disproved. 

The expression levels of the fpt genes during intramacrophage growth in J774.1 

cells were analyzed.  There were no major changes in the expression levels of the fpt 

genes during the course of an assay.  It was observed that fptB, fptE, and fptG (whose 

mutants displayed altered intracellular replication kinetics) were generally expressed at 

higher levels than the other fpt genes, as were fptA and fptD.  This is interesting because 
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fptD could not be completely deleted and is suspected to be an essential gene, and 

because it has been linked to impaired intracellular survival in transposon mutant studies 

(68, 88).           

The altered fpt mutants were next assessed in the mouse model to test whether the 

in vitro phenotype observed in cell lines translated to attenuation in vivo.  Each of the 

three mutant strains was highly attenuated in BALB/c mice following i.p. inoculation, 

where at least partial survival was observed for mice inoculated with each of the three 

mutants at doses ranging from a few hundred CFU to 3.5 x 105 CFU.  This is 

significantly greater than a 100% lethal dose for LVS (< 100 CFU) (36).  This data 

demonstrated that LVS∆fptG was the most attenuated of these three mutant strains, with a 

100% survival rate in mice infected with a dose as high as 2.7 x 106 (Table 7.4).  The 

level of attenuation of the other two mutant strains was similar.  

Each of the three mutant strains all conferred protection against lethal challenge 

following a single immunizing dose.  Regardless of the immunizing strain or dose, all 

mice were protected against a challenge dose of 1.2 x 105 CFU of LVS, which is at least 

1,000 times greater than the lethal dose.  The protection from challenge elicited by these 

strains after a single dose was also shown to be long lasting, as mice that were challenged 

3 months after vaccination were fully protected.  Vaccination doses as low as 200-500 

CFU were completely protective against a subsequent challenge dose of 5.1 x 103 CFU.  

This is important to note, since many of the strains previously reported to be attenuated 

and protective were either not challenged with a high dose, required a greater vaccination 

dose, or required multiple vaccinations to achieve the same level of protection (50, 51, 

56, 63, 86, 96, 101, 105).  For example, the purMCD, guaB, and guaA LVS mutants were 
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all shown to be more attenuated than both LVS∆fptB and LVS∆fptE, but the purMCD 

mutant was only protective against a challenge dose of 103 CFU of LVS (86).  An 

immunization with 900 CFU of the guaA mutant was sufficient to protect against a 

challenge dose of 103 CFU of LVS, but an immunization dose of 107 CFU was required 

to confer protection against a challenge of 105 CFU of LVS (101).  An immunization of 

1.1 x 102 CFU of the guaB mutant was not protective against a 103 CFU LVS challenge, 

and a similarly high immunization dose to that of the guaA mutant was required to be 

protective against 105 CFU of LVS (101).  LVS∆fptG is similarly attenuated as the 

purMCD and gua mutants, and all fpt mutants were protective against a challenge with 

103 CFU of LVS with a vaccination of only 500 CFU (200 CFU for LVS∆fptE) and 

protective against a challenge with 105 CFU of LVS with a vaccination of as few as 103 

CFU.  This level of protection with a relatively small vaccination dose is notable, as only 

one other LVS mutant has been reported to provide full protection against a challenge of 

105 CFU with a vaccination of only 103 CFU (106).  The ability of the fpt mutants to 

confer protection with a small vaccination dose may be related to the fact that they are 

able to replicate in macrophages, unlike other attenuated strains such as the guaA, guaB, 

and purMCD mutants, which are unable to replicate in macrophages (86, 101).  

 During infection in mice, F. tularensis disseminates to and replicates in a number 

of target organs, including the lungs, liver, and spleen.  While fpt mutant strains 

disseminate to the lungs, liver, and spleen in mice, they fail to replicate to the same levels 

as parental LVS during the first 3 days after infection, which is consistent with other 

attenuated mutants (7, 101).  This correlated well with the pathology in the organs.  Mice 

infected with LVS exhibited severe pathology in their livers, including large 
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inflammatory foci and signs of both necrotic and apoptotic cell death (Figure 8.2).  In 

contrast, mice infected with fpt mutant strains exhibited only minor pathology, with far 

fewer inflammatory foci and almost no signs of necrotic or apoptotic cell death (Figure 

8.2).  It was determined that the fpt mutant strains are nearly cleared from the organs by 

day 21 after inoculation and are below detectable limits by day 28.  Tissue pathology also 

corresponded well with this observation, as pathology in the organs at 21 days after 

infection generally resembled that of an uninfected mouse (Figure 8.4).  This is 

significant because even if attenuated and protective, a strain that causes a persistent 

bacterial burden in target organs that fails to clear over time would likely not be a viable 

vaccine candidate.   

The in vivo cytokine mRNA response in the livers of mice infected with the fpt 

mutant strains was altered in comparison to that of LVS.  The livers were focused on 

because the cytokine response to Francisella infection is much more muted in the lungs 

and spleen following i.p. infection (21, 42, 43).  In particular, the expression level of 

genes encoding TNF-α, iNOS, and IFN-γ between 48 and 72 hours after infection with 

LVS was significantly greater than that seen in response to the two most attenuated fpt 

mutant strains, while LVS∆fptE exhibited an intermediate level of proinflammatory gene 

expression.  One factor that contributes to Francisella virulence is the induction of a 

cytokine storm that causes extensive tissue damage during systemic infection (13, 71, 72, 

107).  The relative lack of expression of these cytokines in the livers of mice infected 

with fpt mutant strains suggests that the lack of this proinflammatory cytokine response 

may be a contributing factor in the attenuation observed with these strains.  Similar 
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patterns of cytokine induction have been observed in other attenuated and protective 

Francisella mutants (107).   

Also of note is an elevation of IFN-β gene expression in the livers of mice 

infected with fpt mutants between 48 and 72 hours after infection compared with LVS.  

Cole and colleagues showed the importance of IFN-β in controlling F. tularensis 

replication (22).  While the inducible levels of IFN-β mRNA did not reach the level of 

statistical significance, this finding suggests that this cytokine may contribute to the 

control of replication of the fpt mutant strains.  In addition, LVS∆fptE-infected mice 

exhibited significantly lower levels of IFN-β gene expression at 24 hours after infection.  

This could suggest that this transporter is directly involved in IFN-β induction and is part 

of the mechanism used by Francisella to modulate host immune response.  In the LVS-

infected mice, there was a high level of IFN-β gene expression at 24 hours post-infection 

that was followed by a high level of iNOS gene expression at 72 hours post-infection.  

This is typical of the inflammatory cascade observed in response to infection by a number 

of pathogens (11, 12, 126).  Conversely, very little iNOS gene expression was observed 

in fpt mutant-infected mice despite the similar levels of IFN-β gene expression observed 

in these mice compared with their LVS-infected counterparts.  A breakdown or alteration 

in this cascade in fpt mutant-infected mice could be another factor contributing to the 

attenuation observed with these strains.  While LVS-induced IFN-β was previously 

shown to be required for iNOS expression in macrophages (22), mice that lack the IFN-

α/β receptor have been found to be more resistant to infection (53).  Thus, the role of 

IFN-β in F. tularensis infection is controversial and its possible relationship to the 

phenotype of the attenuated strains will be examined in future studies.   
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Additional evidence that a reduced pro-inflammatory response contributes to 

attenuation and eventual survival is seen in the pathology of mice infected with the 

LVS∆fptB mutant.  When cytokine gene expression was examined in livers from mice 

infected with this mutant at day 7 after infection, it was observed that two mice with a 

low bacterial burden who exhibited no signs of illness had levels of IFN-γ and iNOS 

expression similar to that of mock-infected mice whereas two mice with a high bacterial 

burden who exhibited severe signs of illness had levels of IFN-γ and iNOS expression 

that were dramatically elevated compared to mock infected mice.  Tissue pathology such 

as inflammation, granuloma formation, and necrotic cell death which correlated with the 

high bacterial burdens in the two mice was also observed to be more severe in the two 

mice with higher bacterial burden.  Since only four mice were examined in this 

experiment, additional experiments will be required to determine if this trend is 

reproducible.  Nonetheless, it is tempting to speculate that the transporter encoded by 

fptB exhibits an intermediate phenotype that is detectable in some mice but not others. 

The intracellular life cycle of F. tularensis in macrophages is well established.  

Bacteria invade the cell and initially reside in a phagosome from which they escape and 

then replicate in the macrophage cytosol (phagosomal escape is required for replication), 

before eventually killing the host cell (82).  Unlike some of the mutant strains mentioned 

above that have been reported to be attenuated and protective in mouse models (such as 

the ∆purMCD, guaB and guaA mutants) which escape the phagosome but fail to 

replicate, the fpt mutant strains in this study were attenuated and protective and escape 

the phagosome, but did replicate intracellularly.  Since the pur and gua mutants were 

only protective against lower challenge doses, it could be speculated that one reason the 
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fpt mutants are able to protect against higher challenge doses is because they are able to 

replicate intracellularly. 

The L. pneumophila PhtA protein was shown to function in threonine transport, 

which was critical in the differentiation phase of replication (104) and thus critical for 

pathogenesis.  The functions of the fpt genes discussed in this study are still largely 

unknown, though fptG has been defined as a galactonate transporter (TransportDB- 

http://www.membranetransport.org/).  This could explain why the LVS∆fptG mutant is 

so attenuated, as it has been shown that D-galactonate can function as the sole carbon 

source for E. coli (30).  This also lends credence to the metabolic defect hypothesis, as it 

is certainly possible that compensating for the loss of an important carbon source with 

other machinery would be a significant effort for a fastidious organism such as F. 

tularensis and could cause the delay in replication observed with this mutant.   

Functional studies in F. tularensis are not as straightforward as in other bacteria 

due to complex growth media requirements.  While there is no true minimal medium 

available for growth of Francisella, a chemically-defined medium known as 

Chamberlain’s Defined Media (CDM) has been developed (18).  It may be possible to 

gain insight as to what the exact substrate(s) for each Fpt transporter are by growing the 

mutant strains in CDM prepared without individual components in an effort to determine 

which metabolites are essential for growth of individual fpt mutants.  Another potential 

tool that could be used to determine the function of individual Fpt transporters could be 

the Biolog Phenotype Microarray System.  The phenotype microarray (PM) uses custom 

prepared 96-well microtiter plates where each well contains a defined metabolite.  

Bacteria are seeded into each well and monitored for growth to determine which 
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components are essential for bacterial growth.  By comparing the growth profiles of LVS 

and the fpt mutants it may be possible to determine the substrate(s) of the individual 

transporters. 

While the level of attenuation and protection seen with LVS∆fptB, LVS∆fptE, and 

LVS∆fptG is impressive, the potential of these Fpt transporters as targets for vaccine 

candidates is still unknown.  LVS∆fptB and LVS∆fptE are partially attenuated at doses up 

to 2 x 105 CFU, or more than 1,000 times the lethal dose of LVS, and these mutants have 

yet to be tested at a dose high enough to kill 100% of mice.  LVS∆fptG is fully attenuated 

at doses up to 106 CFU, and even at this dose the mice only exhibited minor, transient 

signs of illness.  It is possible that this strain could remain fully attenuated at doses up to 

107 or 108 CFU.  A vaccination dose as low as 2 x 103 CFU is fully protective against an 

LVS challenge of 1.2 x 105 CFU, and these mice do not exhibit any signs of illness.  It is 

possible that a similar vaccination with any of these mutants could be fully protective 

against a challenge dose 100 or even 1,000 times higher than what has already been 

tested.  To avoid reversion to wild-type, it is desirable for a live-attenuated strain to 

feature at least two independent mutations.  It is possible that combining two of these fpt 

mutants or combining one fpt mutant with another mutant previously demonstrated to be 

attenuated and protective (such as guaA or guaB) would further increase the level of 

attenuation and the level of protection conferred by vaccination.  Such a combination of 

mutants could also reduce the level of colonization and replication in organs (or perhaps 

eliminate it entirely), making such a vaccine even more advantageous.  However, there is 

also a risk of over-attenuation when combining highly attenuating mutations. 
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In this study, the fpt genes were the sole focus as potential targets for vaccine 

development and it was shown that mutants of three of these genes are attenuated and 

protective in a mouse model.  However, based on in vivo data, the Fpt subfamily may 

also have significant potential as a target for therapeutics.  The use of small molecule 

inhibitors that target bacterial factors as antimicrobial therapy as an alternative to 

antibiotics has shown promise in various systems, including F. tularensis (95).  It was 

observed that deleting certain fpt genes results in significant attenuation and also allows 

the host to clear the infection.  It stands to reason that that an inhibitor that targets one or 

more of these proteins and disables its function might be useful as a post-exposure 

antibacterial treatment option.  Each of the proteins in the Fpt subfamily shares 20-30% 

amino acid identity with each other, so it may be possible to target a conserved domain of 

multiple (or even all) Fpt transporters with the same inhibitor.  Further, it was observed 

that the Fpt proteins also share 20-30% amino acid identity with the Pht transporters of L. 

pneumpohila and with a number of transporters annotated as MFS transporters in other 

intracellular bacteria such as Coxiella burnetii and Rickettsia grylii.  Based on this, it is 

possible that a small number of inhibitory compounds could potentially be used as 

therapeutics against an entire class of bacterial pathogens.     

In the course of this study, the analysis focused on the three fpt mutants that were 

shown to have an in vitro phenotype.  While the intracellular replication defect observed 

in one or more cell lines for LVS∆fptB, LVS∆fptE, and LVS∆fptG was statistically 

significant, it only represented an approximately 10-fold reduction in the number of 

intracellular bacteria recovered at 24 hours post-infection.  Moreover, each of these 

strains had recovered to similar levels of intracellular bacteria as wild-type by 72 hours 
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post-infection.  Given that a relatively small in vitro phenotype could translate to such a 

large in vivo effect, testing the other fpt mutants for attenuation in the mouse model is 

planned.  If any of these mutants are proven attenuated and protective, it would further 

highlight the importance of the Fpt subfamily in Francisella pathogenesis and reveal 

more possibilities for the construction of double mutants in the search for an ideal 

vaccine candidate.  It would also suggest that the mechanism of attenuation of these 

mutants is not related to their ability to survive and replicate intracellularly and that a 

Francisella mutant that is fully capable of intracellular survival could still be highly 

attenuated.     

 It has not yet been tested whether any of these LVS mutants are protective against 

a type A Schu S4 challenge.  Partial protection against Schu S4 challenge by an LVS 

mutant strain has been shown (6, 56, 87, 99), so it is possible that these LVS fpt mutants 

will also provide a degree of protection against a Schu S4 challenge.  The suicide plasmid 

system used for this study has been used to create defined deletions in the Schu S4 strain, 

and each of these genes has a virtually identical homolog in the Schu S4 strain.  Hence, 

the importance of these three fpt genes or other genes in the family to pathogenesis and 

virulence in the Schu S4 strain can also be investigated. 

This is the first report to link MFS transporters to pathogenesis and virulence in F. 

tularensis, a second intracellular pathogen that is known to rely on MFS transporters for 

virulence.  It was shown that three genes in this family, fptB, fptE, and fptG, are involved 

in normal replication in one or more cell types that are important in F. tularensis 

pathogenesis.  Further, it was shown that these fpt mutant strains are severely attenuated 

for virulence in mice and protective against high level challenge with parental LVS, and 
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that the duration of protection is long lasting.  These mutants do not replicate to the same 

levels as LVS in mouse organs and are efficiently cleared within 3-4 weeks after 

infection.  Decreased gene expression of proinflammatory cytokine genes in the liver, 

combined with increased IFN-β gene expression suggests that attenuation is achieved by 

a combination of controlled bacterial replication and a lack of a “cytokine storm” that 

precludes tissue damage in mice infected with these mutants.  While further investigation 

of the mechanism underlying the attenuation and protection of these strains is required, it 

has been shown with this work that members of the Fpt subfamily of MFS transporters 

are critical virulence factors in F. tularensis and are promising targets for the 

development of a live-attenuated vaccine. 
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