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ABSTRACT OF DISSERTATION

PHENOTYPIC AND MOLECULAR CHARACTERISTICS OF FRANCISELLA

TULARENSIS LEADING TO ENHANCED SURVEILLANCE TOOLS

Francisella tularensis is divided into four subspecies (tularensis, holarctica,
mediasiatica, and novicida), of which two, tularensis (type A) and holarctica (type B),
are clinically relevant as the etiologic agents of tularemia. The bioterrorist attacks of
2001 and this bacterium’s high infectivity prompted increased research funding for F.
tularensis with spccific emphasis on therapeutics, diagnostics, and vaccines for tularemia.
The focus of the work presented in this dissertation is the development of tools for
enhancing the identification of F. tularensis within clinical and environmental samples.
The observation that F. tularensis is inhibited when co-plated with Escherichia coli led to
the hypothesis that the inhibitory substance could be of use as a diagnostic reagent.
Using genetic methods, the inhibitory substance was identified as aerobactin. Given
aerobactin’s lack of specificity for Francisella, its use as a diagnostic reagent was
reconsidered and the focus of these findings shifted to understand the significance of this
iron chelating molecule in relation to the survival of F. tularensis in the presence of
siderophore-producing bacteria. Separate from the above studies, epidemiological and
molecular analyses provided evidence for subpopulations (A.I and A.Il) of the highly
virulent F. tularensis subsp. type A and that these subpopulations differed in their
resulting clinical manifestations, geographical location, and preferential vectors. Based

il
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on these studies, we hypothesized that that genomic differences exist between A.l and
A.11 subpopulations and can be used to develop a diagnostic assay for differentiation of
Al and A.Il. Additionally, it is possible that the genomic differences will lead to
identification of virulence factors linked to the differential disease outcome associated
with infections caused by the two subpopulations. Two PCR assays, one to identify
subpopulations A.I and A.Il as well as to discriminate from F. tularensis subspp. type B
and novicida and another specific for subpopulation A.I, were developed based on
genomic regions of difference identified by genomic suppression subtractive
hybridization. In all, 18 genomic regions of difference were identified and verified
among a panel of characterized F. tularensis subsp. type A isolates. Bioinformatic
analyses revealed that genomic differences occurred in genes encoding hypothetical
proteins, previously described proteins, and within intergenic regions. In silico analyses
also identified products that could be associated with the differential clinical outcomes
associated with these two F. tularensis subsp. type A subpopulations. This dissertation
defines phenotypic and molecular characteristics of F. tularensis that provide new tools
for improving the ability to identify and survey F. tularensis both within clinical samples
and in the environment.

Claudia Roser Molins Schneekloth
Department of Microbiology,
Immunology and Pathology
Colorado State University

Fort Collins, Colorado 80523

Fall 2007
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Chapter 1
Literature Review Part I:
General Introduction to Francisella Species

1.1 History, taxonomy and microbiology of Francisella

In 1954 Ohara reported on Yato-Byo (hare disease) in Japan and wrote:
“Nevertheless, in our country, since about 1818, those who eat hare meat have often been
found to suffer from poisoning” (120). While descriptions of tularemia-like disease in
lemmings date back as far as 1653 (154), George McCoy who studied a plague-like
disease that infected ground squirrels was the first to describe the disease tularemia in
1911 (108). In 1912, McCoy and Chapin reported on the identification and culturing of
the etiologic agent of tularemia. In their studies, McCoy and Chapin differentiated
tularemia from plague and defined rod-shaped bodies capable of being transmitted by
fleas as the bacterium causing tularemia. The bacterium identified was named Bacterium
tularense for its description in ground squirrels from Tulare County, California (109).
The first confirmed human case and culture of Francisella occurred in 1914 when a 21
year-old male who worked as a meat cutter presented to the Cincinnati Hospital with
oculoglandular tularemia (178).

Originally, F. tularensis was classified under the genus Bacterium, however,
subsequent reclassification based on serology placed this bacterium under the genus

Pasturella and temporarily under the genus Brucella (48). The proposal that this
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bacterium be reclassified under the new genus Francisella occurred in 1947 by Dorofeev
(123) and was accepted in 1959 by Olsutiev after comparative studies with other bacteria
(122). The new genus was named Francisella in recognition of the contributions of
Edward Francis who was a leader in early descriptions of tularemia (123).

Francisella is currently the only recognized genus in the family Francisellaceae.
In 1994, Forsman et al. used 16S rDNA sequence analysis to place this bacterium under
the y-subclass of Proteobacteria and demonstrated that the obligate intracellular
bacterium Wolbachia persica was the closest related organism to Francisella (59).
Francisella 1s considered phylogenetically related to this bacterium as well as to other
unclassified endosymbionts of ticks (9, 11, 156). The genus Francisella currently
contains two species, tularensis and philomiragia (Figure 1.1), with the later previously
classified under the genus Yersinia. Based on 16S rRNA sequencing, which revealed a
98% sequence similarity between F. philomiragia and F. tularensis (58) and on
experimentally defined similar fatty acid profiles, F. philomiragia was officially
classified under the genus Francisella (84).

F. tularensis is currently subdivided into four subspecies: tularensis, holarctica,
mediasiatica, and novicida (Figure 1.1) (156). The separation of these subspecies is
based on strain virulence, biochemical properties and geographic distribution (Table 1.1
and 1.2) (48, 156). In 1974, Jellison proposed the designations type A for F. tularensis
subsp. tularensis and type B for F. tularensis subsp. holarctica and these designations are
accepted and widely used today (154). In comparison to F. tularensis subspp. type A,
type B, and mediasiatica, F. tularensis subsp. novicida exhibits differences in growth

requirements, metabolic traits and virulence properties (Table 1.1 and 1.2). However,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



based on DNA relatedness (75%) to the other F. tularensis species and almost identical
16S rRNA sequences the recent classification of this group of strains as a subspecies of

F. tularensis is for the most part accepted (59, 79).

Family

Francisellaceae

Genus Francisella

Species

holarctica
(type B)

Subspecies tularensis
(typeA)

novicida mediasiatica

Figure 1.1 Francisellaceae family. The current classification for the Francisellaceae
family.

Subsequent studies using microarrays (14), restriction fragment length
polymorphism (RFLP) (167), and multi-locus variable number of tandem repeat (MLVA)
analysis (86) verified the current classification scheme. Additional separation within the
subspecies has been proposed (51, 93, 158), and recent identification of new Francisella
strains in fish (118, 121) will likely change the current classification scheme for

Francisella (9, 11).
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Table 1.1 Summary of virulence and geographical distribution used to differentiate
Francisella (48, 124, 156).

LD50 in LD50 in LD50 in
Species Virulence humans rabbits mice Geographic Distribution
(CFU)*  (CFU)®  (CFUY

Francisella
tularensis
tularensis  Highest <10 <10' <10 North America
holarctica  High <10’ >10° <1 Northern Hemishpere
mediasiatica High nd* >10° nd Central Asia
novicida ~ Low >10° >10° <10’ Global
Francisella
philomiragia Low nd nd nd Northern Hemishpere

e L.Ds, is an estimation based on subcutaneous infection.
d . .
Information has not been determined.

Table 1.2 Summary of biochemical characteristics used to differentiate Francisella

Cysteine Acid production from; Citrulline  Growth on . H,S slant,
) . . . Gelatin ,
Species required for B-lactamase ureidase MacConkey Oxidase Indole hydrolysis Triple
growth Maltose Sucrose D-glucose Glycerol pathway agar Y Arotysis sugar iron
Francisella
tularensis
tularensis + + + - + + + _ _ R 3
holarctica + + [ - 4 - - - - -
mediasiatica + - . - . + 4 : ; } )
novicida - + m" + m m + m - . - .
Francisella
philomiragia - + m + . ; nd” m + + + "

* The majority of strains can grow under these conditions.

® Information has not been determined.

F. tularensis is a gram-negative, capsulated short coccobacillus that occurs singly.

This coccobacillus is a non-motile, non-spore forming facultative intracellular bacterium.
F. tularensis is also fastidious, requiring enriched medium containing cysteine for

growth, with the exception of F. tularensis subsp. novicida that does not require cysteine
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(126). Optimal growth of this bacterium occurs at 35°C. Comparatively, F. philomiragia
is more readily cultured due to its ability to grow without cysteine, and exhibits optimal
growth at 25°C (156). Biochemical assays used to differentiate between F. tularensis and
F. philomiragia include Kovacs oxidase reaction, hydrogen sulfide (H,S) production on
triple sugar iron agar, and gelatin hydrolysis, for which F. tularensis is negative for all
tests and F. philomiragia is positive (Table 1.2) (156). During active growth, F.
tularensis subspp. tularensis, holarctica and mediasiatica are small, at 0.2-0.7 x 0.2 um
in size and F. tularensis subsp. novicida and F. philomiragia are larger, at 0.7 x 1.7 um.
Colonies are smooth, convex, and white in appearance when grown on cysteine heart
agar with 9% sheep blood (CHAB). Microaerophilic conditions are optimal for growth
and colonies will reach their maximum size in 3 to 4 days (156).
1.2 Epidemiology and ecology of tularemia

Tularemia is a zoonotic disease commonly referred to as “rabbit fever”, “hare
fever”, “deer fly fever” and “lemming fever” (113). Tularemia is primarily a disease of
the Northern hemisphere, with only one case of F. tularensis subsp. novicida having been
reported in the Southern hemisphere in Australia (179). In North America, tularemia
cases are found in Canada, the United States, and Mexico, and are caused by both F.
tularensis subspp. type A and type B, with the former limited to this region. In 2002, the
Centers for Disease Control and Prevention (CDC) reported 1,368 tularemia cases of
tularemia in the United States between 1990 and 2000 (an average of 124 cases per year).
The current number of cases reported in the United States has declined dramatically from
the thousands of cases in the 1930s (13). Between 1911 (when this disease was first

described) and 1945 14,000 cases were reported in the United States (154). All states
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except Hawaii have reported tularemia, with the highest prevalence of cases occurring in
Arkansas, Missouri, South Dakota, Oklahoma, and Massachusetts (90).

In regions of Europe and Asia, F. tularensis subsp. type B is endemic. Tularemia
cases have been reported from all European countries except Iceland and the British Isles,
and only recent identification of F. tularensis in Portugal (34). An epidemiologic study
of the human tularemia cases that occurred in Sweden in 2003 reported 698 cases (125).
This is the highest incidence of tularemia for this region since 1967. The number of
cases occurring today vary from year to year within endemic areas; however, studies such
as that performed in Sweden report tularemia in areas not previously considered as
endemic for this disease (125). Emergence of tularemia in Portugal is not unique to this
region. In 1997, the emergence of tularemia in Spain was reported (128). Tularemia has
also recently emerged in Kosovo. A tularemia outbreak occurred in Kosovo in 2000 that
was associated with food and water resulting in 327 confirmed cases that were
predominantly in the form of oropharyngeal tularemia (128, 142).

In Japan, the numbers of cases are low, with less than 10 cases reported annually
since the 1960s. The epidemiology of this discase in Japan is understudied with little
information being available for the associated strains. (154). F. tularensis subsp.
mediasiatica is used to designate strains isolated from Central Asia. Limited research has
been performed on these strains.

F. tularensis has one of the broadest and most diverse host ranges of any known

bacterial pathogen. It is found in over 200 wildlife species, including mammals, birds,
amphibians, fish, reptiles and even invertebrates (113). Small mammals, including

lagomorphs, voles, squirrels, muskrats and various rodents serve as hosts for F.
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tularensis. Ticks, biting flies, and mosquitoes are defined as arthropod vectors for F.
tularensis (81, 113). The type of host and vector vary between regions, and data suggests
that certain hosts and vectors are associated with specific subspp. and subpopulations of
F. tularensis (51, 90, 113, 158). Further research is needed to better understand the
associations between the hosts, and vectors of F. tularensis, with emphasis on
maintenance and transmission of this disease and how this relates to the different
subspecies of F. tularensis.

Two disease cycles, an aquatic and a terrestrial cycle, are described for F.
tularensis. The aquatic cycle is primarily associated with beavers, voles, and muskrats
who serve as hosts, with mosquitoes as possible vectors (1, 113). F. tularensis subsp.
type B can be detected by PCR from streams, ponds and rivers supporting the aquatic
cycle (154). In the terrestrial disease cycle, lagomorphs and rodents are the primary
hosts, with ticks and flies serving as vectors (113). In addition to the known vectors and
hosts of F. tularensis, studies have shown that F. tularensis subsp. type B can survive in
mud and water for months (57). F. tularensis has also been shown to survive and grow
within protozoa (1). Further studies are needed to better understand the interaction
between the two disease cycles and whether all subsp. are associated with the two disease
cycles.

There are many questions surrounding the long-term maintenance of F. tularensis.
It is unknown whether hosts, including rodents, and lagomorphs can maintain this
bacterium long-term since it causes an acute infection within these hosts. Whether F.

tularensis 1s surviving as free-living or within protozoa in the environment is currently
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unknown. These unanswered questions remain one of the most intriguing topics and
areas of research for this bacterium.
1.3 Transmission and clinical manifestations of tularemia

All Francisella are documented as causing disease in humans (177); however,
only F. tularensis subspp. type A and type B are of clinical relevance. In addition to F.
tularensis subspp. type A and type B, F. tularensis subsp. mediasiatica is the only other
subspecies that causes tularemia (156). F. tularensis subsp. novicida causes tularemia-
like disease, and F. philomiragia is only rarely associated with septicemic and pneumonic
disease in humans (79, 177).

Tularemia can be acquired through several routes. One common route of
infection is the direct contact with infected animals, primarily the handling of infected
lagomorphs and rodents. Cotton-tailed rabbits (Sylvilagus spp.) have commonly been
associated with this route of transmission due to the handling of these animals by hunters.
Transmission of tularemia to humans has also been associated with other infected animals
including cats (139) and prairie dogs (7). In 2002, an outbreak of tularemia in wild-
caught, black-tailed prairic dogs (Cynomys ludovicianus) occurred in a Texas facility that
distributes these animals (129, 183). A 24-year old man who was a handler at the facility
was serologically positive for F. tularensis and determined to have been recently exposed
(7). Although tularemia can spread from animals to humans via direct and indirect
routes, it is important to mention that the spread of tularemia by person-to-person contact
has never been reported. This is intriguing given the highly infectious nature of this

bacterium.
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Bites from arthropod vectors are a second route of human infection. Ticks, biting
flies, and mosquitoes are associated with human tularemia cases. Ticks (Ixodidae) are an
important vector in the United States and are capable of transmitting tularemia (42, 51,
82). Among flies, horseflies (Tabanus spp. and Chrysozona spp.) and deerflies
(Chrysops spp.), both of which belong to the family Tabanidae are also common vectors.
In Sweden and Finland mosquitoes are also documented as vectors capable of spreading
tularemia in these regions (43).

A third route of transmission is by inhalation of F. tularensis. 1t is estimated that
as few as 25 organisms can cause disease when inhaled (150). A case-control study was
performed during an outbreak of 15 tularemia cases, 11 of which were pneumonic cases
that resulted in one fatal case (52). The outbreak occurred among professional
landscapers on Martha’s Vineyard in 2000 and the study found that lawn mowing and
brush-cutting were risk factors associated with this outbreak. Thus, it was suggested that
individuals had created aerosols by mowing over rabbits that had died from tularemia.

Ingestion of contaminated food and water with F. tularensis can also cause
tularemia. Several outbreaks have been linked to ingestion of this organism in Europe,
although it is a rare occurrence in the United States. A report describing 127
oropharyngeal tularemia cases by Luotonen ef al. describes meat and strawberries as
sources of infection (104). Drinking water is rarely associated with outbreaks, and only
one such outbreak, connected to well-water, has been documented (164).

Tularemia is used to describe a disease with multiple clinical presentations. The
different clinical manifestations are dependent upon the route of transmission and the

subspecies involved. General tularemia symptoms include chills, fever, muscle pains,
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headache, dry cough, and dermatologic manifestations (papular lesions and erythema
nodosum). These symptoms are common to infections caused by both F. tularensis type
A and type B (48). The incubation period is typically between 3 to 6 days with an abrupt
onset of symptoms. In addition to these common symptoms, tularemia can be divided
into 5 different clinical presentations: ulceroglandular/glandular, oropharyngeal,
oculoglandular, typhoidal, and respiratory tularemia.

Ulceroglandular (glandular) tularemia is the most prevalent form of disease. It is
commonly acquired by direct contact with infected animals or can be vector-borne. A
papule develops at the site of infection that progresses into an ulcer. Lymph node
enlargement is frequent, and dependent on the site of the primary lesion. Glandular
tularemia is similar to ulceroglandular except that a primary lesion is not identified. F.
tularensis type B is the primary cause of ulceroglandular tularemia that is likely due to
their maintenance in the environment and their primary vertebrate hosts.

Oculoglandular tularemia is considered a form of ulceroglandular tularemia, but is
specific to the conjunctiva (48, 163). Clinical manifestations of this form include
unilateral conjunctivitis along with enlargement of preauricular lymph nodes. This form
of tularemia, although rare, can be severe. It is usually caused by touching the eye after
direct contact with an infected animal or contaminated water.

Oropharyngeal tularemia occurs when contaminated food or water is ingested.
Patients develop an ulcerative tonsillitis or pharyngitis, with adjacent lymph node
enlargement. If diagnosis is delayed, abscess formation can develop. Due to its
similarity to other oropharyngeal infections, it can be speculated that many of these cases

of tularemia are not diagnosed properly.
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Typhoidal tularemia is the most difficult form of tularemia to diagnose. In
addition to common tularemia symptoms, gastrointestinal symptoms and pulmonary
infiltrates can occur. A prolonged high-fever and a relative bradycardia are the only
symptoms specific to this form of tularemia. Although self-limiting when caused by F.
tularensis subsp. type B, complications can occur including sepsis when caused by F.
tularensis subsp. type A. With this form of tularemia other serious complications can
occur including meningitis, endocarditis, and rhabdomyolysis (163). Several routes of
infection can cause typhoidal tularemia.

Respiratory tularemia is the most acute form of the disease and occurs through
inhalation of the organism. This form of tularemia results in a respiratory infection
leading to necrotizing pneumonitis and severe shortness of breath. F. tularensis subsp.
type A causes the severe pneumonic tularemia that is evident by radiology of the lungs.
Hematogenous spread of the organism to the lungs has been reported (48, 163).
Although less severe, pneumonic outbreaks involving F. tularensis subsp. type B have
been reported with one such outbreak caused almost 700 respiratory cases in Sweden
(32).

As described above, the most severe forms of tularemia are caused by the highly
virulent F. tularensis subsp. type A. If untreated, severe complications, including lymph
node suppuration, pneumonia, and septicemia can occur. Untreated cases have a case
fatality rate of 30-60% (48). When treated promptly and appropriately, the case fatality
rate is <2%, which demonstrates how critical an accurate diagnosis of this disease is for
the outcome of the patient (38). Milder forms of tularemia, caused by F. tularensis

subsp. type B are rarely fatal and in many cases are self-limiting.
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1.4 Therapeutics for tularemia

As with most infectious diseases, effective treatment of tularemia is dependent on
early diagnosis and appropriate administration of antibiotics. Aminoglycosides are
currently recommended for treatment of tularemia and are bactericidal against F.
tularensis (38, 154, 163). Parenteral antimicrobial therapy using streptomycin was
shown to be effective against F. tularensis in the 1940s with an estimated cure rate of
97%, making this the drug of choice in the past (49). Today, the availability of
streptomycin is limited due to its vestibular toxicity and the hypersensitivity reactions
that this drug may cause while being handled. Thus, gentamicin is the first drug of
choice for treating tularemia. Clinical studies have shown that relapses occur when using
gentamicin, and data from rodent experiments suggests that gentamicin is not as effective
as streptomycin (106). Regardless, gentamicin still has a cure rate of 88% (49). The
drug regimen for gentamicin is 5 mg/kg given intravenously in two or three doses. A
recent study by Hassoun et al. reports on the use of one dose of gentamicin daily
(5mg/kg) for effective treatment of glandular tularemia (76). It should be noted that the
study only included two patients with glandular tularemia and the effectiveness of this
treatment on severe forms of tularemia is not known. Regardless of the number of doses
given, patients should have their serum levels of gentamicin monitored during treatment
to avoid oto- and nephrotoxicity. Treatment with gentamicin should continue for 7 to 14
days (38).

Alternative drugs for treatment of tularemia include tetracyclines and quinolones
(38). Of the tetracyclines, doxycycline is the drug of choice for treatment of tularemia.

The recommended regimen is 200 mg once daily for 10 days or 100 mg daily for three

12
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weeks (38). An advantage of this drug when compared with gentamicin is that it can be
administered orally. A disadvantage is that tetracyclines are bacteriostatic against F.
tularensis and therefore relapse when using this drug can occur and has been documented
in both human cases and mouse studies (38, 49, 144, 163).

Quinolones were also shown to be effective against F. tularensis, and exhibit
bactericidal activity against this organism (87). As with tetracyclines, quinolones can be
administered orally. Of the quinolones, ciprofloxacin is the most extensively studied for
treatment of tularemia. A study conducted by Johansson et al. showed that unlike
tetracyclines which are not recommended for use in children under the age of 8 years,
ciprofloxacin administered for a median period of 4.5 days was effective in treating 10 of
12 children (ages 1-10) with ulceroglandular tularemia (85). Syrjdld et al. used orally
administered ciprofloxacin to effectively treat 41 of 43 adults with ulceroglandular,
pneumonic, or typhoidal tularemia infections (83). A recent study tested the
effectiveness of several fluroquinolones in treatment against pneumonic tularemia in
mice following an aerosol challenge with F. tularensis subsp. type A strain SCHU S4
(159). The fluroquinolones tested included gatifloxacin, moxifloxacin and ciprofloxacin.
All three were found to be effective during treatment with a regimen of 100 mg/kg
administered orally twice daily for 14 days. However, after treatment was stopped, 100%
of the mice that were given ciprofloxacin relapsed and died. The mice given gatifloxacin
and moxifloxacin had a significantly lower percentage of relapse, but in all cases the
antibiotic activity was more bacteriostatic than bactericidal. The translation of this
experiment to humans is unknown. Whether or not prolonging treatment with these

antibiotics would decrease the rate of relapse is also uncertain, demonstrating the
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difficulties and discrepancies between human clinical studies and studies performed using
a mouse model. Ciprofloxacin has been used to treat patients during outbreaks of
tularemia in Spain with mixed results (20, 127). Two reports document the effective use
of levofloxacin to treat a 66-year-old man with oculoglandular tularemia (6) and two
immunocompromised individuals with typhoidal tularemia (99). Data on the
effectiveness of quinolones are primarily available for infections caused by F. tularensis
subsp. type B, with little data available for the use of these drugs to treat infections
caused by F. tularensis subsp. type A. In vitro studies testing F. fularensis subsp. type A
strains suggest that similar responses will result in humans given their similar MIC values
to those of F. tularensis subsp. type B strains (87). Further research to determine the
effectiveness of these drugs for treatment of various tularemia infections in humans is
needed. Ciprofloxacin and doxycycline have been recommended for the prophylactic use
in the case of an attack with F. tularensis as a biological weapon (38).

Antibiotic resistance of F. tularensis to available drugs is not a major concern
outside of having to treat a purposefully altered, drug resistant form of this bacterium. To
date, no resistance to aminoglycosides, tetracyclines, or quinolones is documented for
this bacterium. Erythromycin and rifampin resistance have been recognized with little
concern since these drugs are not used for treatment of tularemia. Among the antibiotics
that are not effective against F. tularensis are betalactams, co-trimoxazole and
clindamycin (83, 163). Treatment efficacy of F. tularensis varies when using antibiotics
common for treating gram negative bacterial infections. Minimal research has been done
in this area and the reasons for the variations in treatment efticacy and for relapse are not

well understood. It is likely that the unusual envelope structure of this bacterium is
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linked to these findings. Specifically, the uptake and required translocation of certain
antibiotics, such as those that inhibit protein synthesis, might be less efficient given the
structural differences of this bacterium’s cell wall and capsule (156). It has been shown
that appropriate dosage and prolonged treatment of these antibiotics is essential in
avoiding potential relapse (48).

1.5 History and significance of F. tularensis as a biowarfare agent

In 1969, President Richard Nixon gave the executive order to terminate the
United States biological weapons development program, and signed the 1972 Convention
on the Prohibition of the Development, Production and Stockpiling of Bacteriological
(Biological) and Toxin Weapons and their Destruction (124). Prior to the signing of this
document, it was reported that in the 1950s and 1960s, the United States developed
weapons that could disseminate F. tularensis aerosols and stockpiled this bacterium as
one of several biological weapons (21). During this time, research was also performed
using human volunteers in order to develop new antibiotics and vaccines against
tularemia.

Properties of F. tularensis make it ideal for use as a biological weapon. Not only
does this bacterium have one of the lowest infectious doses (as low as 10 cells), but it is
easily disseminated, and can cause substantial illness and death if used as such (38). It
was not only the United States that saw potential in this highly infectious bacterium as a
biological weapon, The information provided by Ken Alibek, a scientist that worked for
the former Soviet Union bioweapons program claims that the Soviet Union also
weaponized and used F. tularensis as a biological weapon during World War II. He also

revealed that the weaponized forms of F. tularensis strains developed were resistant to
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both the antibiotics used to treat tularemia as well as to the only vaccine available, the
live vaccine strain (LVS). F. tularensis subsp. type B strain LVS was developed in the
United States from an attenuated F. tularensis subsp. type B that was already being used
as a vaccine strain in the former USSR (41). The strain provided by the USSR to the
United States resulted in two colony variant types (gray or blue) when plated onto
peptone cysteine agar. The blue variant was found to be more protective and was further
modified by lyophilization and several passages through mice before becoming the F.
tularensis subsp. type B strain LVS used for research purposes today. F. tularensis
subsp. type B strain LVS is not currently approved for use as a vaccine in the United
States. Due to the minimal understanding of why this strain is attenuated, efforts
continue in trying to identify the reasons for attenuation in this strain as well as in
evaluating the possibilities of reversion into a more virulent form (174).

Between 1941 and 1942, 67,000 cases of tularemia occurred in the Soviet Union
during World War II (154). Tularemia also occurred in high numbers during the
Continuation War between Finland and the Soviet Union. It is uncertain if tularemia
cases during these wars were due to the use of Francisella as a bioweapon, or more likely
that the number of cases paralleled the increase in the rodent population resulting in
greater contact between humans and rodents (154). In addition to the United States and
the former Soviet Union, the Japanese also weaponized and studied this bacterium as part
of their germ warfare research between the 1930s and mid 1940s (75).

The threat of Francisella as a bioweapon is uncertain. It is understood that the
United States has destroyed all of its developed biological weapons and stockpiles, but it

is uncertain whether all other countries that weaponized F. tularensis have done the
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same. As important are the concerns surrounding the scientists that were directly
involved in these biological programs. Where they are today, and what has happened to
all of the data obtained through their research remains largely unknown.

Due to the past use and research of this bacterium as a biological weapon, and the
properties that make this bacterium an attractive choice for such a purpose, the CDC has
classified this bacterium as a Category A agent. Category A agents are classified based
on the following criteria: their ease of dissemination, person-to-person transmission (not
applicable to Francisella), potential for major public health impact, capability of causing
public panic and social disruption, and the requirement for additional public health
preparedness (31). It has been estimated by the World Health Organization (WHO)
expert committee that if /. tularensis were disseminated as an aerosol in a biological
attack over a city of five million inhabitants, that 250,000 incapacitating casualties with
19,000 deaths would occur. The CDC estimates that the total cost for such an attack
would be $5.4 billion for every 100,000 persons exposed (89). After the terror attacks on

th

the United States on September 117, 2001, a renewed interest in researching biological
agents has created funding opportunities for Francisella research that had not been
available in the past. The research focus emphasizes on preparedness for such an event
and has increased our knowledge of this bacterium tremendously over the last five years.
1.6 Host response to F. tularensis infection
1.6.1 Innate immune response

F. tularensis is a facultative intracellular pathogen that replicates primarily within

macrophages, but has also been found within dendritic cells, hepatocytes (26), alveolar

epithelial cell (74) and extracellularly in blood of mice (54, 103). The process by which
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macrophages uptake this bacterium is novel (148). Uptake is mediated by complement
receptor 3 (CD11b/CD18) and occurs via large, asymmetric pseudopod loops that extend
from the macrophage and surround the bacterium. Using F. tularensis subsp. type B
strain LVS, experiments have revealed that phagosomes containing this bacterium do not
fuse with lysosomes in J774 macrophage cells (3). Instead, F. tularensis subsp. type B
strain LVS enters a membrane-bound acidic vacuole in order to obtain necessary
nutrients including iron (61). The necessity for an acidic vacuole agrees with the known
mechanism used by F. tularensis for iron uptake, which is critical in this environment.
Its rhizoferrin-like siderophore, the only iron uptake mechanism described thus far for
this bacterium, functions optimally in acidic conditions (16). Several other studies have
demonstrated escape of F. tularensis from the phagosome with replication within the
cytosol (22, 68). Phagosomes containing F. tularensis cells accumulate late-endosome
markers lamp-1, lamp-2 and CD63 (22, 68, 147). Decrease in lamp-1 and CD63 occurs 3
to 4 hours after infection coinciding with the presence of F. tularensis cells in the cytosol.
Several virulence determinants have been identified as essential for macrophage
replication, including proteins encoded for by the Francisella pathogenicity island (FPI)
genes (115).

It was demonstrated that F. tularensis activates the inflammasome by triggering
the release of 1L-1p in several cell types, including macrophages (77), human monocytes
(65), and both human and mouse dendritic cells (12, 98, 105). IL-18 has also been
detected in the supernatant of infected macrophages and is dependent on ASC (apoptosis-
associated speck-like protein containing a caspase recruitment domain) and caspase-1 (a

cysteine protease) (77, 105). It is unknown how these cell types sense F. tularensis,
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although several sensors have been suggested, including human Nalpl (78), class A
scavenger receptor (132) and a mannose receptor (152). Death of the macrophage is
estimated to occur between 5 to 24 hours after infection. This time depends on the
multiplicity of infection as well as on the strain type. Although activation of the
inflammasome is delayed by this bacterium, it plays an important role in innate immunity
against F. tularensis, inducing the release of pro-inflammatory cytokines required for
defense against this bacterium. Inhibitory properties by F. tularensis subsp. type B strain
LVS during macrophage infection have been documented. Specifically, nuclear factor-
kappa B (NF«xB)-signal transduction is initially activated upon infection by this
bacterium, but activation decreases after 4 to 5 hours (165), and Woolard et al. recently
discovered that prostaglandin E; is produced by macrophages infected with F. tularensis
subsp. type B strain LVS (180).

The role of toll-like receptors (TLR) in F. tularensis recognition is unclear at this
point. Studies have demonstrated that F. tularensis lipopolysaccharide (LPS) does not
interact with TLR-4 (18, 23, 24, 73, 146), although one study contradicts these findings
(39). TLR-2 has been shown to be important in activation of several cell types (23, 88,
98), with specific recognition by TLR-2/TLR-6 (88). Research in this area is still needed
to understand the specific involvement of TLRs in £ rularensis infection.

Neutrophils appear to be important during parenteral infection but not infection

via the respiratory route (25, 107, 155). Infection of neutrophils by F. tularensis subsp.
type B strain LVS does not result in respiratory burst. Further research is needed to

better understand the importance of each cell type in combating and maintaining this
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infection. Infection with F. tularensis results in dissemination of the bacterium to the
spleen, liver, lungs, and lymph nodes.

Th-1-type cytokines, including interferon-gamma (IFN-y), and tumor necrosis
factor alpha (TNF-a), seem to be important in control of primary infection. Animal
models deficient in IFN-y or TNF-0 convert a sublethal F. tularensis subsp. type B strain
LVS infection into a lethal one (18, 47, 96). 1L-12, which regulates levels of IFN-y, also
appears to be important in clearing F. tularensis infection (44). TNF-o and IL-12
increase the levels of INF-y that ultimately leads to nitric oxide (NO) production. The
importance of NO is well documented in other intracellular infections (117, 151);
however, the role of NO in killing F. tularensis subsp. type B strain LVS by murine
macrophages is controversial (60, 62, 63, 101), and has been shown not to be necessary
in controlling this infection (133). Lindgren et al. (100) obtained different results in
which control of infections caused by clinical strains of F. tularensis subspp. type A and
type B (as opposed to LVS) relied on NO. Other chemokines have also been identified
during F. tularensis subsp. type B strain LVS infection, including MCP-1 (53, 102), and
IL-8 (65). The mechanism by which murine alveolar macrophages control infection is
not understood and will require further studies to better understand the mechanism of
controlling F. tularensis infections and how these mechanisms differ between clinical
strains and F. tularensis subsp. type B strain LVS.

1.6.2 Adaptive immune response

A role for both B cells and T cells has been identified in the adaptive immune

response to F. tularensis infection. B cell and antibody involvement is apparent by the

detection of IgM, IgG, and IgA in the serum of infected patients 6 to 10 days after onset,
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with a peak in antibody levels 1 to 2 months after infection. Antibody detection is
achievable for at least eleven years after infection occurs (91). The specific role for
antibodies during infection is unclear and does not appear to be necessary in combating
infection, as shown when infecting mice with F. tularensis subsp. type B strain LVS
(182).

Mice intranasally infected with F. tularensis subsp. type A after vaccination with
F. tularensis subsp. type B strain LVS survive; however, if mice are depleted of CD4" or
CDS8" cells, they do not survive (175, 181). Thus, adaptive immunity to F. tularensis
appears to be primarily T cell mediated (45). Effector T cells become activated days after
infection, but Chen et al. have suggested that F. tularensis subsp. type A may inhibit T
cell mediated immunity (17). Multiple T cell populations are reported to be important
during F. tularensis infection, including CD4", CD8", and CD4'CD8NKI.1" (28, 29).
Evidence in humans also suggests a role for y/8 T cells (92, 135, 161). However, there
are some reports that indicate T cell responses are not important for early protection.
Specifically, studies using mice that are deficient in mature T cells and infected
intradermally with F. tularensis subsp. type B strain LVS survive for one month before
becoming consumed by the infection (46, 47, 182).

There are still many unanswered questions concerning both the innate and
adaptive immune response against this pathogen. It is important to note that most of the
studies regarding host innate and adaptive immunity against this pathogen have been
conducted using F. tularensis subsp. type B strain LVS, and it will be necessary to show

that these findings are pertinent to infections caused by F. tularensis strains that are
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virulent in humans. Additionally, although the data gathered from experiments using
mice models is informative, it may not necessarily translate to humans.
1.7 Evolution and genetics of Francisella

Based on DNA relatedness and 16S rRNA sequence analysis, the closest relatives
to the Francisellaceae family are water-associated bacteria. These include Piscirickettsia
salmonis (fish pathogen) with 84% sequence similarity, Cycloclasticus pugetii,
Thimicrospira nivea, and Caedibacter taeniospiralis (87% similarity) (156). Coxiella
burnetti and Legionella spp. are among the closest related human pathogens, but they are
distant (156, 168).

Molecular subtyping methods, including PFGE (64, 158), RFLP (167), MLVA
(50, 51, 86), and microarray studies (14) have been useful tools for understanding the
evolution and diversity among Francisella; in particular the evolution of the four
subspecies of F. tularensis. All methods show high relatedness between the different
species and subspecies of this genus. Using MLVA studies, F. tularensis subsp. type A
are found to possess higher genetic variability (at least in repeat regions) as compared to
F. tularensis subsp. type B. This suggests that the more virulent F. tularensis subsp. type
A is evolutionarily older than F. tularensis subsp. type B, with the latter having had a
more recent global spread (86).

Svensson et al. analyzed unidirectional genomic deletions and single nucleotide
variations in all four subspecies of Francisella (162). Their results propose an
evolutionary scheme where F. tularensis subsp. novicida is evolutionarily the oldest and

gave rise from the ancestral strain to both F. tularensis subspp. type A and type B. This
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study also concluded that F. tularensis subsp. type A preceded F. tularensis subsp. type
B.

Dempsey et al. recently conducted a study using paired-end sequence mapping
(PESM) to compare F. tularensis subspp. type A and type B (36). Their findings suggest
extensive insertion/deletion, translocation, and rearrangement events between the two
subspecies with high conservation between F. tularensis subsp. type B strains. This is in
agreement with previous studies (51, 86, 162), including a direct whole genome
comparison between F. tularensis subsp. type A strain SCHU S4 and F. tularensis subsp.
type B strain OSU18 by Petrosino et al. that found similar results (130).

Among the other F. tularensis subspecies, strains of F. tularensis subsp.
mediasiatica were found to be similar to those of F. tularensis subsp. type A, but their
place in the evolutionary scheme is still unclear. F. tularensis subsp. type B strains from
Japan were found to be intermediates between F. tularensis subsp. type A and F.
tularensis subsp. type B (86). Further studies are required in order to define the evolution
of these strains.

Research indicates that homologous recombination events between different
insertion sequence (IS) elements are likely the main mechanism for diversity between F.
tularensis subspp. type A and type B (90). The number of IS elements contained within
the various genomes differs, with a higher number of these elements present in F.
tularensis subsp. type B (Table 1.3). Additionally, seven types of IS clements are
identified within F. tularensis genomes that also vary among the different subspecies of
F. tularensis. The genomic regions containing these elements likely account for

differences between the subspecies but are not well characterized. These elements are
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also responsible for all but two of the extensive rearrangements that occur between F.
tularensis subsp. type B strain OSU18 and F. tularensis subsp. type A strain SCHU 54
(130).

It is hypothesized that genomic differences between F. tularensis subspp. type A
and type B are due to the rapid gene decay of the evolutionarily younger F. tularensis
subsp. type B that results from niche specialization (90). The evidence for this
suggestion is based on F. tularensis subsp. type B containing 100 more pseudogenes than
F. tularensis subsp. type A (Table 1.3) (130). It has also been proposed that F. tularensis
subsp. type A is able to occupy more diverse niches as compared to F. fularensis subsp.
type B due to its more intact genome (90). However, it is curious that F. tularensis
subsp. type A has only been found in North America and has never been isolated directly
from the environment. In contrast, F. tularensis subsp. type B has a broader geographical
distribution and has been detected from several water sources in the environment (154).

To date, whole genome sequence data is available for three F. tularensis subsp.
type A strains, two for F. tularensis subsp. type B strains, and three for F. tularensis
subsp. novicida strains. Of these eight, the characterization of two of these are published
(94, 130). The genome of Francisella is a circular genome with an approximate size of
1.9 Mb and has an overall G + C content of 32%. Table 1.3 summarizes the general
properties of the genomes for F. tularensis subspp. tularensis, holarctica, and novicida

(94, 130, 143). To date, only one native plasmid, pFNL10, has been identified within a

F. tularensis subsp. novicida-like strain F6168 (134).
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Table 1.3 Comparison of the general properties of the genomes of F. tularensis
subspp. type A, type B, and novicida (94, 130, 143).

F. tularensis subsp. F. tularensis subsp. F. tularensis subsp.

tularensis strain holarctica strain novicida strain

SCHU S4 OSU18 uUl12
Size 1,892,819 bp 1,895,727 bp 1,910,031 bp
G+C content (%) 32.9 322 32.5
No. of CDS" 1,804 1,934 1731°
No. of pseudogenes 201 325 14
No. of IS elements 71 109 26
No. of rRNA operons 3 3 nd
No. of tRNAs 38 38 nd
Other stable RNAs 1 7 nd

“Number of coding sequence published for strains SCHU S4 and OSU18.

® The number given is the number of protein coding genes published by
Rohmenr et a/. The number of protein coding regions for strains SCHU S4 and

LVS are 1,445 and 1,380 resepectively.

It is evident that genomic differences are present between the different species
and subspecies of Francisella. As more genomes become sequenced, more information
will help reveal and define these variations. Also of interest will be additional data
obtained from research aimed at describing proteome differences between the subspecies
of F. tularensis. Such studies will allow greater insight into the consequences of the
genomic variations.

1.8 Physiology and virulence determinants of Francisella tularensis

F. tularensis possesses unique structural characteristics among Gram-negative
bacteria including the F. tularensis LPS, and capsule. The following section will discuss
these unique characteristics as well as other physiological and virulence determinants of

this pathogen.
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1.8.1 Lipopolysaccharide

The LPS of F. tularensis is unique as compared to LPS of other Gram-negative
bacteria, and differs slightly among the species and subspecies of Francisella. (71). The
structure of F. tularensis lipid A was determined to be the same for two strains (1547-57
and LVS) of F. tularensis subsp. type B (131, 171) and for one strain (U112) of F.
tularensis subsp. novicida (173). Compared to the lipid A of Escherichia coli the
Francisella lipid A is an assymetrical tetraacylated product where the 6-linked reducing
hexosamine is acylated similar to E. coli but the 1-linked non-reducing hexosamine is
only singly acylated. Acylation occurs with longer fatty acids (C15 and C18) in
comparison to the E. coli structure. Lipid A of F. tularensis subspp. type A and type B
(but absent from F. tularensis subsp. type B strain LVS) has a single phosphate moiety
linked to the reducing sugar of the glucosamine disaccharide (as opposed to two
phosphate moieties in E. coli) (131). This phosphate moiety on the reducing glucosamine
is further substituted with a a-linked galactosamine that is not found in E. coli (173).
Lipid A is further modified in both subspecies with a mannose linked to the 4’ position of
the non-reducing glucosamine or by addition of an a-linked glucose at the 6’ position.
The core region of Francisella LPS is described for F. tularensis subsp. type B strain
LVS (171) and for F. tularensis subsp. novicida strain U112 (170). The two subspecies
differ from E. coli in that they both lack phosphate modifications, heptose (171), and
contain a single 3-deoxy-D-manno-octulsonic acid (Kdo) residue. The core structures of
F. tularensis subspp. type A and type B differ from F. tularensis subsp. novicida by an

additional a-glucose residue present in F. tularensis subsp. novicida.
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The O-antigen structure was also determined for two strains (15 and LVS) of F.
tularensis subsp. type B (166, 172), two strains (SCHU S4 and OSU10) of F. tularensis
subsp. type A (27, 136) and one strain (U112) of F. tularensis subsp. novicida. The O-
antigen structure for F. tularensis subspp. type A and type B are identical, but differ from
the two terminal residues found in subsp. novicida.

The unique LPS of F. tularensis equates to a lack of endotoxic properties such as
those documented for other Gram-negative bacteria (146). Although Francisella LPS
induces the production of TNF-a, interleukin-1 (IL-1) and NO, it is only at concentrations
100-1000 times more than that needed for similar induction by E. coli LPS (2). A recent
study demonstrated that F. tularensis LPS can induce production of IL-6 and TNF-a in
human B-cells, but not mouse B cells (140). Colony type variants for F. tularensis
differing in virulence have been described (40) and variation in LPS has been proposed as
the reason for phase changes (30).

1.8.2 Capsule

F. tularensis contains a capsule (80) that functions to protect the cell from killing
by serum complement (145, 157). The capsule of F. tularensis subsp. type A strain
SCHU S4 was found to contain carbohydrates, amino acids, and a-OH 14:0 and 16:0
fatty acids (80), and has unusually high lipid content as compared to capsules of other
Gram-negative bacteria. Other characteristics of the capsule are long-chain saturated and
monosaturated C;g to Cy acids, saturated Cg.9, Ci49 and Cey, and two additional long-
chain hydroxyl acids (Cig.0 301 and Cys3 on) (156).

Unencapsulated, avirulent F. tularensis subsp. type B strain LVS has been shown

to become encapsulated and virulent after growth in minimal medium, further supporting

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



its role in virulence (19). Weiss et al. recently used in vivo negative selection to
determine F. tularensis subsp. novicida genes required for growth and survival within
mice, and identified the capsule synthetic genes (176). Another study using F. tularensis
subsp. type B strain LVS suggests that down-regulation of the capsule may occur inside
the macrophage (68). Although there is some information on the chemical composition
of the F. tularensis capsule, its precise molecular composition is not apparent. Moreover,
it is unknown which biochemical entities participate in virulence. Given the importance
of host-pathogen interactions and the apparent ability of F. tularensis to modulate the
host response, elucidation of the capsule structure should be a priority for those studying
the physiology of F. tularensis.
1.8.3 Pilus

Gil et al. demonstrated the presence of long pili on the surface of F. tularensis
subsp. type B strain LVS (66), although the pili described on this bacterium’s surface
have not been identified in subsequent studies. It has been determined that F. tularensis
subsp. type B LVS lacks type IV pilin since it is a pil4 mutant (56). In a later study,
Forslund et al. were unable to detect the long pili that had been previously described for
F. tularensis subsp. type B strain LVS on the surface of pathogenic F. tularensis subsp.
type B. Instead, they identified the presence of type IV pili in these strains and
determined that their presence is required for spread of this bacterium from the initial
sites of infection to the spleen (56). A type Il secretion system, based on type IV pili has
also been identified in F. tularensis (72). Differences in type Il secretion genes are found
between the F. tularensis subspecies, with components of this system shown to be

important for virulence (55). In F. tularensis subsp. novicida, type IV pilt have been
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shown to be important in secretion of the anti-virulence factor PepO (66, 72). Although
evidence exists for the presence of type IV pili in F. tularensis, there is little information
on the major proteins responsible for pilin assembly. However, beyond these few studies
the role of pili for physiology and virulence of Francisella is not well understood.

1.8.4 Francisella Pathogenicity Island (FPI)

Nano et al. identified an approximately 30 Kb pathogenicity island (Fig. 1.2)
within F. tularensis that is required for intramacrophage growth (116). The whole
genome sequence for F. tularensis subsp. type A strain SCHU S4, and F. tularensis
subsp. type B strains LVS and OSUI18 identified the presence of the FPI in duplicate
(94) with only one copy found within F. tularensis subsp. novicida . The FPI consists of
16-19 genes that have operonic organization and are regulated by MglA (15) and iron
concentration (37). The FPI differs between the F. tularensis subspecies with the most

significant difference present in the region upstream of ig/B (Figure 1.2).

pdpA I pig pigD pigE pigF pigG ’ lf:gl ‘ iglA
Lol

pdpB pigH pdpC -iQ’C

pigA pigB iglD iglg pdpD  pmcA2 pmcA

novicidaU112 ~ {u——

pdpD pmcA

holarcticaLVS and OSU18 ¢
pdpD

Figure 1.2 Francisella pathogenicity island. The genes present in the Francisella
pathogenicity island are shown for F. tularensis subsp. type A strain SCHU S4 in blue.
Variations in F. tularensis subsp. novicida are shown in red, and variations in F.
tularensis subsp. type B are shown in green.
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Studies using mutants in the various FPI genes have been performed and support
the need for these genes in replication within macrophages (69, 70), amoebas (95), and
for escape from the phagosome (149). Deletions of both ig/C genes resulted in
attenuation in F. tularensis subsp. type A SCHU S84 (169). However, beyond studies on
iglA, iglB, iglC and mglA there is little direct information for the role of other FPI genes.
In addition, a type VI secretion system has been proposed for F. tularensis (33). IglA
and IglB that are encoded for by FPI and required for intracellular growth within
macrophages in mice, are homologues to proteins of the type VI secretion system
described for Vibrio (33, 137). In addition, genes including pdpB share homology with
genes present in Pseudomonas aeruginosa (114) and Vibrio cholera (137) that also
function in type VI secretion. Thus, bioinformatic analyses suggest a similar function for
these genes in F. tularensis.

1.8.5 Other secretion systems

Type IlI and IV secretion systems that are commonly associated with pathogenic
intracellular bacteria have not been identified in F. tularensis (35, 119, 153). However,
homologues of genes involved in type I secretion, to/C and f#/C, are present within F.
tularensis. Mutants in these genes result in an increased sensitivity of F. tularensis to
drugs, detergents and toxic compounds (67).

1.8.6 Iron

As with most intracellular pathogens, iron concentration plays an essential role in

the virulence of F. tularensis. Several studies have identified proteins that are induced

under iron limitation and are associated with virulence (37, 97). In addition, a
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rhizoferrin-like siderophore has been identified in F. tularensis (160). The current
research on iron and F. tularensis is described in detail in Chapter 3.
1.8.7 Additional virulence determinants

Transposon mutagenesis and targeted knockouts of F. tularensis have identified
several virulence determinants. The MinD homologue, and ValAB system were
identified in F. tularensis subsp. novicida as being important for intramacrophage
growth, specifically for resistance to oxidative killing and resistance to serum and
deoxycholate, respectively (4, 5, 110, 111). Qin et al. identified transposon insertion
mutants of F. tularensis subsp. type A that lack the ability to grow within HepG2 cells.
These mutations were within dsbB (disulfide bond formation B) and ggt (gamma-
glutamyl transferase) (138). A recently tested acid phosphatase mutant (acp4) was
identified as unable to escape the phagosome, or survive and replicate within THP-1
macrophages (112). Older studies by Nano and collegues on F. tularensis subsp.
novicida showed that a secreted acid phosphatase (AcpA) was potentially involved in the
modulation of macrophage function (10, 112, 141). An F. tularensis subsp. type B strain
LVS mutant of sodB (superoxide dismutase B) was shown to be less virulent in mice and
to have be more sensitive to hydrogen peroxide (8). Mutants of katG in F. tularensis
subsp. type B strain LVS and F. tularensis subsp. type A display different virulence
phenotypes, with attenuation only in the F. tularensis subsp. type B strain LVS mutant

(100).
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1.9 Concluding remarks

A recurring theme throughout this introductory chapter is the differences between
the subsp. in regards to their physiology, virulence, and associated clinical
manifestations. A majority of the research conducted on Francisella has been performed
using F. tularensis subsp. type B strain LVS or F. tularensis subsp. novicida. Both of
these strains are not representative of the two primary F. tularensis subspp. type A and
type B that cause infection in humans. Although research using these strains has been
informative and in some cases translational to the virulent subsp., there are still numerous
basic, unanswered questions for human virulent strains. For these reasons, we focused
our research on data pertinent to the virulent F. tularensis subspecies and tried to
highlight differences and similarities between all subspecies when relevant.

In addition, the current research in the study of F. tularensis focuses heavily on
host immune responses and less on the ecology of this bacterium. The research presented
in Chapter 3 looks to better understand environmental factors that may be relevant to the
ecology of this bacterium by defining an inhibitory substance against Francisella and by
comparing genomic differences between F. tularensis subsp. type A strains. The
genomic differences identified in my doctoral research can further be exploited to

develop tools that enhance the surveillance and isolation of virulent F. tularensis strains.
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Chapter 11
Literature Review Part II:
Diagnostics of Bacterial Biothreat Agents with Emphasis on
Molecular Diagnostics
2.1 Diagnosing bacterial infections

Accurate and rapid diagnosis is optimal for any infectious disease and is crucial
when dealing with infections caused by highly virulent bacteria. The preferred diagnostic
for any bacterial infection would be bacterium-specific and compatible with the type or
site of infection and available resources. Several categories of diagnostics are currently
used for infectious disease and include biochemical-based, immunological, culture-based,
and nucleic acid-based assays.

Common, naturally occurring bacterial infections are presumptively diagnosed in
the clinic, and later confirmed by culturing, or other forms of standardized diagnostics.
Unlike naturally occurring infections, bacterial infections caused by the intentional
release of a biothreat agent need to be diagnosed quickly and accurately in order for
appropriate control measures to be taken. The CDC has classified several bacteria as
category A, B, or C agents based on their biothreat level (Table 2.1) (2) .

In the United States, few infections are caused by these biothreat agents. Due to
the infrequent number of cases, many physicians would not recognize these infections

and would likely make presumptive diagnoses based on symptoms while overlooking
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what could potentially be the first of many patients infected during an intentional release
of such an agent (27). In the past, minimal research has been performed for developing
diagnostics for biothreat agents. The anthrax attacks in 2001 prompted a significant
effort for the development of rapid and accurate diagnostics for these biothreat agents.
The research currently underway has given rise to numerous tools for use in both clinical
applications, and environmental monitoring and surveillance of these agents and will

continue to do so.

Table 2.1 CDC bioterrorism diseases/agents category list®

Category A Agents Category B Agents Category C Agents

Bacteria Bacillus anthracis Brucella species

Food safety threats (e.g.,
Escherichia coli O157:H7 ,

Yersinia pestis .
p Salmonella species,

Emerging infectious

Shigella) di e ltid
Burkholderia mallei seases 1¢.g., muttidrug
resistant Mycobacterium
Burkholderia pseudomallei tuberculosis)

Chlamydia psittaci

Francisella tularensis Coxiella burnetii

Rickettsia prowazekii

Water safety threats (e.g.,
Vibrio cholerae)

Viral encephalitis

Viruses  Smallpox (Variola major) (alphaviruses) (e.g..
Venezuelan equine Emerging infectious
Viral hemorrhagic fevers encephalitis, eastern equine  diseases (e.g., hantavirus
filoviruses (c.g., Ebola, encephalitis, western equine and Nipah virus)
Marburg) and arenaviruses encephalitis)
(e.g., Lassa, Machupo)
Clostridium perfringens
Toxins Clostridium botulinum toxin epﬁll.on t0>fm
Ricin toxin

Staphylococcal enterotoxin B

Water safety threats (e.g.,

Parasit
rasies Cryptosporidium parvum )

® The lists provided for Category A through C are not all inclusive.
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For most bacterial infections, the gold standard diagnostics are culture-based
(Table 2.2). A culture-based diagnostic provides direct evidence of the causative agent,
and has the advantage of not requiring new technologies or equipment, and can be
performed in most clinical and research settings. However, for many bacteria, culturing
can be difficult and is often not a rapid method for diagnosing an infection. Challenges
particularly arise when dealing with fastidious bacteria that frequently require specialized
media and specific growth conditions for culturing. If optimal conditions are not initially
established, fastidious bacteria will not grow and a misdiagnosis or lack of a diagnostic
confirmation can occur. Other bacteria, for example Mycobacterium leprae, are non-
culturable on artificial media and instead must be diagnosed clinically by patients having
one or more of the following: acid-fast bacilli on skin smears of biopsy material,
thickened peripheral nerves, or hypopigmented or reddish patches with loss of sensation
(11). Given the limitations of culturing, other methods have been developed that offer
greater sensitivity. Among these methods are immunological assays and nucleic acid-

based assays.
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Table 2.2 Examples of detection methods accepted for biothreat agents in 2003 (72).

Bacterium Standard Methods Other Detection Methods®

HHA ELISA ECL TRF PCR
Bacillus anthriacis culture, y-phage, IFA® X X X X X
Brucella species culture, IFA X X X
Burkholderia species culture X X X
Clostridium botulinum bioassay X X X
Coxiella burnetii culture, serology, I[FA X X X
Escherichia coli O157:H7 culture, serology X X X X
Francisella tularensis culture, I[FA X X X X
Salmonella species culture, serology X X X
Shigella species culture X X X
Vibrio cholerae culture, serology X X X
Yersinia pestis culture, [FA X X X

® HHA, hand-held assay; ELISA, enzyme-linked immunosorbent assay; ECL, electrochemiluminescent
assay; TRF, time-resolved fluorescence assay; x, assay available.
b IFA, immunofluorescence assay.

2.2 Detection and identification of bacterial biothreat agents

Early detection and diagnosis are critical for effective intervention and control of
an attack with a biological agent. In 1999, a national laboratory response (LRN) network
was established for monitoring biothreat agents (14). This network is responsible for
leading the response after an attack and has appointed LRN laboratories that will contain,
collect, ship, and test the agents under strict protocols. Detection of a biological threat
involves the use of necessary technology for identification of an intentionally released
biological agent before or simultaneous to exposure. Federal surveillance systems such
as the environmental detection system (BioWatch), the syndromic surveillance and
clinical case presentation system (BioSense), and National Biosurveillance Integration
System should aid in providing advanced warning of a large-scale biological attack (27).

Detection technologies both used as environmental monitors and within the laboratory
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must account for altered or uncharacterized agents that may be within complex samples
and must also minimize false positives. As with all diagnostics, detection and
identification methods for biothreat agents must be sensitive and specific, and preferably
capable of detecting multiple agents. Of high consideration are the platforms used,
requiring that sample processing be simple and not deplete the system of the agent of
interest in case further testing is required (59). Although several systems are in place for
large-scale detection, there are still multiple challenges for detection of smaller scale
biological attacks and for naturally occurring infections associated with these agents.
Unlike diagnoses made within clinical settings, a culture-based diagnosis for the
detection of an attack with a biothreat agent is not sufficiently rapid (Table 2.3). In a
clinical setting, it is common practice to presumptively diagnose a patient and provide
treatment prior to diagnostic confirmation. In the case of a biological attack, this
approach would hinder appropriate control, treatment and prophylaxis, and could result in
mass casualties. However, it is possible that a culture-based diagnostic would be the
method utilized by clinics if a patient were to present with an infection caused by one of
these agents, especially if there is no knowledge of an attack. In the anthrax attacks of
2001, a 61 year old female presented to the hospital with a 3-day history of symptoms. A
presumptive diagnosis of community-acquired pneumonia, congestive heart failure, or
inhalational anthrax was made and was not confirmed as anthrax until a culture of

Bacillus anthracis was obtained (44). For such cases, culturing, along with automated
systems are available for biochemical profiling of bacterial biothreat pathogens and
include the MicrolLog System using the Dangerous Pathogen Database (BIOLOG,

Hayward CA), Vitek (bioM¢érieux, Inc. Durham, NC) and API Series (bioM¢érieux, Inc.
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Durham, NC) (59). Similar to biochemical screening, there is a fatty acid profiling
system available, the FAME-GC system (MIDI, Inc., Newark, DE), which can also be
used for bacterial identification. All biochemical and fatty acid profiling assays require a
purified culture before being performed, and therefore, can require lengthy periods of
time. These technologies are however beneficial for strain characterization in the later
stages of investigation and suitable for routine clinical practices, particularly for

confirmation of diagnosis.

Table 2.3 Limit detection and analysis time for commonly used
detection assays for Bacillus anthracis (72).

Dectetion Detection Limit Analysis Time (minus
Method" (CFU/ml) sample preparation time)
HHA 100,000 <15 min
ELISA 10,000 90-180 min
ECL 1,000 90-180 min
TRF 1,000 90-180 min
Microscopy” 10,000 5-120 min
PCR 1-100 <60 min
Culture 1-10 8-20 h

“HHA, hand-held assay; ELISA, enzyme-linked
immunosorbent assay; ECL, electrochemiluminescent
assay; TRF, time-relsoved fluorescent assay; PCR,
polymerase chain reaction.

bMicroscopy includes simple staining methods or
fluorescence immunoassays.

Given the limitations of culturing, other diagnostic methods have been developed.
These include immunological assays and nucleic acid-based assays. Immunologic assays
have vast utility within clinical settings. Advantages to immunological assays are their
ability to detect and identify an infection when culture-based assays fail, and they are
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usually rapid once performed. These assays are a widely used form of diagnostics, with
traditional assays relying on an immunological host response caused by an antigen that is
subsequently detected using antibodies (71). Disadvantages to this approach include lack
of sensitivity, and requirement of a strong immune response for detection when
measuring antibodies. In some cases they lack specificity when compared to nucleic
acid-based assays. Additionally, antibodies can be used to detect antigens directly. This
method has the advantage of not requiring an immune response and is therefore a rapid
diagnostic. Polyclonal, monoclonal, or recombinant antibodies can be used for antigen
detection. The quality of antibodies or antigens used is crucial for these diagnostics, but
as recombinant antibody technology becomes more widely applied, this will result in
improvement of both sensitivity and specificity for the detection of antigens using
antibodies, increasing their value as diagnostics.

The application of immunological assays for detection of biothreat bacterial
agents does not differ from their use in clinical diagnostics (71). Several platforms are
presently available and include biosensors, flow cytometry, microarrays, lateral flow
diffusion devices, and assays that are combinations of the above (59). Detection is
achieved using fluorescent, chemiluminescent, and electrochemiluminescent substrates
and labels. Commercially available antibody-based detection systems for biothreat
agents are available and include microarray-based assays, smart tickets and hand-held
devices (variations of solid-support models and lateral flow diffusion apparatuses), and
time resolved fluorescence (TRF)-based assays (59). Most of these target the detection of
Yersinia pestis, Bacillus anthracis, F. tularensis, Clostridium botulinum, E. coli

O157:H7, Salmonella species, Brucella species, and V. cholera, with some additionally
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capable of detecting toxins. Peruski et al. developed TRF assays for detection of F.
tularensis, C. botulinum A/B neurotoxin, and Staphylococcus aureus enterotoxin B (70).
Although useful and in some cases mobile, these diagnostics have the drawback of
depending on a robust antibody response before detection can occur and rely on
collection of patient sera (14). To overcome the time constraint disadvantages with
culture-based and some immunological diagnostics, nucleic acid-based diagnostics and
identification methods are promising tools for detection of biothreat agents. Table 2.2
summarizes standard methods and other accepted detection methods for bacterial
biothreat agents (72).
2.3 Nucleic acid-based diagnostics

Detection and characterization of microbial DNA/RNA is the basis for nucleic
acid-based diagnostics. The discovery and implementation of four primary techniques
has defined the foundation for the various detection and identification applications
developed using nucleic acids. These discoveries include enzymatic DNA restriction,
polymerase chain reaction (PCR), nucleic acid hybridization, and fluorescence-based
methods (5). Nucleic acid-based diagnostics are gaining popularity and have become
particularly important for the detection and identification of biothreat agents. Several of
these technologies are discussed below.
2.3.1 PCR-based methods

In 1993, Dr. Mullis was awarded the Noble Prize in Chemistry for his role in the

development of the PCR (79, 80). This award was in recognition of how PCR had
reshaped many aspects of life sciences, and since its first introduction how PCR has

revolutionized the methods by which identification of bacterial pathogens is carried out.
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This relatively simple method has provided a degree of standardization among clinical
laboratories not previously existing. FDA-approved and commercially existing PCR-
based kits for the detection of bacterial pathogens are available for Mycobacterium
tuberculosis, Chlamydia trachomatis, and Neisseria gonorrhea, among others (75). Non-
commercial PCR-based assays that are also available and clinically important include
those for Ehrlichia, Bordetella pertussis, Legionella pneumophila, and Helicobacter
pylori (75). PCR assays for most bacteria have been developed, but are not necessarily
FDA-approved for use in clinical laboratories. An example of such an applied PCR
method is amplification of bacterial 16S rDNA sequence. A disadvantage for PCR as a
clinical diagnostic is the difficulties in obtaining results from complex samples, including
sputum and feces that contain substances that inhibit PCR and therefore lowers the
sensitivity of the assay (26). Many variants of standard PCR have been applied to
microbial diagnostics, but the most frequently used are nested PCR, multiplex PCR and
real-time PCR (RT-PCR).

An advancement in standard PCR technology came in 1992 when Higuchi ef al.
introduced RT-PCR (40). This powerful, highly sensitive (approximate detection limit
from 10 to 100 cells) technique allows for specific identification of a pathogen within
complex samples, and as with conventional PCR, has importance in the diagnosis of slow
growing fastidious pathogens including those that are non-culturable. This technology is
gel-free, making it rapid and possible to automate. RT-PCR can also be a quantitative
assay. TagMan probes, molecular beacons, and fluorescence resonance energy transfer

(FRET) hybridization probes are common detection formats.
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As with clinical samples, the use of both conventional PCR and RT-PCR are
translational to detection and identification of biothreat agents. Given the advantages of
RT-PCR over conventional PCR, RT-PCR is the more practical option for detecting
biothreat agents. In addition, RT-PCR is adaptable to both portable and Iaboratory-based
platforms. Several portable devices are available for detecting biothreat agents in the
field and include the Ruggedized Advanced Pathogen Identification Device (RAPID)
(Idaho Technology, Salt lake City, UT) (38, 93) and BioSeeq (Smiths Detection,
Edgewood, MD) (25). Disadvantages of this method, and among all nucleic-acid based
diagnostics are; efficiency of DNA extraction, degradation of DNA by nucleases, probe
and primer reactivity, inherent PCR bias (variations in polymerase, buffers, thermocycler
performance), and presence of reaction inhibitors.

The literature offers multiple primer sets as PCR formats for biothreat agents.
Several RT-PCR methods have been developed and evaluated for detection of biothreat
agents, including B. anthracis (43, 55). Multiplex PCR assays are particularly useful in
detection of multiple organisms simultaneously. Several multiplex RT-PCR assays are
described for use in detecting multiple biothreat agents (84, 94, 100). Although multiple
primer sets and PCR formats arc available for most bacterial biothreat agents, many have
not been evaluated using human samples and therefore, further testing is required before
they can be approved as diagnostics for these agents (59). It should be noted that for
routine naturally occurring infections with an agent of biothreat concern, diagnostic

confirmation with currently published PCR-based assays is common.
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2.3.2 Other nucleic acid-based technologies for biothreat bacterial identification
Molecular subtyping methods are necessary in monitoring the environment for
unnatural events involving biothreat agents, as well as for surveillance of these agents.
For forensic purposes, molecular subtyping methods provide tools for “fingerprinting”
strains that allow tracing and characterization of strains, both of which are useful for
investigating an intentional release of a biothreat agent and during a natural outbreak. In
addition, these tools function for taxonomy purposes and some can provide additional
information useful for elucidating evolutionary relationships between strains. Several
molecular subtyping tools are available, and each has advantages and disadvantages.
Brief descriptions of common molecular subtyping methods are provided below.
Pulsed-field gel electrophoresis (PFGE). PFGE compares patterns of large genomic
fragments after digestion with a restriction enzyme (63). Fragments are electrophoresed
on an agarose gel and digest profiles are compared. Clonal strains have the same digest
pattern and different strains produce distinct digest patterns. This method is useful for
distinguishing strains at the subsp. level, and although used for isolate discrimination and
comparison, caution should be taken given this methods inability to resolve small
differences such as insertions, deletions, and mutations present between isolates. PFGE
is commonly used for investigating bacterial foodborne outbreaks (6, 35) including
foodborne pathogens that are on the list of bioterrorism diseases/agents and for typing of
bacterial pathogens that are not foodborne related but are on the list of biothreat agents
(includes Y. pestis, Burkholderia mallei and F. tularensis) (20, 34, 45, 86).
Restriction fragment length polymorphism (RFLP). RFLP is a subtyping method that

provides information on specific genomic sequences using probes based on repetitive
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elements that are capable of differentiating strains (62). Bacterial genomic DNA is
digested using a restriction enzyme and electrophoresed on an agarose gel. The DNA is
transferred to a blot and specific fragments are detected with a probe by DNA
hybridization. This method is useful primarily for differentiation at the subsp. level but
in some cases can differentiate between isolates. RFLP has been used for genotyping of
Yersinia pestis strains isolated in the United States (45). Interestingly, when the
resolving ability between PFGE and RFLP were compared for this bacterium, PFGE
proved to be a more discriminating method. However, this is not inclusive to all bacteria.
For example, RFLP analysis is the primary method for typing strains of Mycobacterium
tuberculosis and serves as an excellent tool to track the epidemiology of disease
associated with specific strains (18).

Amplified fragment-length polymorphism (AFLP). AFLP analysis is similar to RFLP
but uses selective PCR amplification of genome fragments that are generated by
restriction enzyme digestion (97). Bacterial DNA is digested using two restriction
enzymes that cut with different frequencies. The resulting fragments are ligated to end-
specific adaptor molecules. Selective PCR is performed using primers complementary to
the adaptor sequences and which contain restriction site specific sequences.
Electrophoresis is then performed and banding patterns are compared (65). Similar to
PFGE, AFLP can differentiate between subspp. and to some extent between isolates.
Differences are based on the comparison of amplified fragments and can be missed if
differences are present in non-amplified fragments. AFLP has been used for evaluating

genetic diversity among F. tularensis (34) and B. anthracis isolates (41).
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Multiple locus variable number tandem repeat analysis (MLVA). MLVA assays are
developed for the rapid genetic strain typing of B. anthracis (53, 56, 58), Y. pestis (1, 58,
76), Brucella (9) and F. tularensis (28, 47). MLVA uses oligonucleotide primers that
flank tandem repeat regions found within bacterial genomes in a species-specific PCR
amplification reaction. This assay is able to differentiate between strains within a species
based on allelic variations. This technique is easily standardized and amenable to
automation.

Multilocus sequence typing (MLST). MLST differentiates between subspp. and to some
extent between isolates within a subsp. based on sequence polymorphisms that are
contained within functional genes. Muliplex PCR is used to evaluate the gene regions of
choice and sequences are compared between strains. This subtyping method was
developed for use with Burkholderia and gave results similar to those obtained using
PFGE (36).

Microarrays. Microarrays of nucleic acid, also known as “gene chips” offer a new
platform for detection of pathogens (15). Microarrays are currently used extensively for
multiple other purposes, including high throughput gene expression experiments, but are
still in development for bacterial detection. The target nucleic acid hybridized onto an
array can be either DNA or RNA. Several studies demonstrate the potential of this
technique in combination with other technologies including PCR, for high throughput
detection applications. Panicker ef al. used gene-specific DNA microarrays coupled
with multiplex PCR for the detection of pathogenic Vibrio in its natural environment
(68), and Call et al. used microarrays to detect E. coli O157:H7 (16). The hybrid

technology developed by Call and colleagues uses tiny probes each specific for a
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pathogen and printed on a glass plate. Sensitivity of the assay is increased by
concentrating the bio-threat markers that include whole cells and DNA, and PCR of
nucleic acids prior to detection (17, 46). The system developed, Battelle-PNNL
Enhanced Biodetection Enabling Analyte Delivery System (BEADS), is automated and
can monitor environmental samples 24 hours a day sending results electronically without
the presence of a technician. An electric field-driven assay has been used to detect
concentrated bacteria that are lysed via dielectrophoresis. DNA released is denatured and
amplified using strand displacement amplification (8) and is subsequently analyzed using
an on-chip electric-field driven hybridization assay (99, 101). Additional microarray
technologies that incorporate other methods are underway, but at the moment the
limitations of microarrays alone, including sensitivity, reagent cost, and challenges with
sample processing, will likely hinder its use as a valuable detection method in the near
future (15). In addition to its potential use for microbial detection, microarrays are
demonstrated as useful for typing of strains for epidemiological studies (33).

Single nucleotide polymorphisms (SNP) analysis. SNPs are DNA sequence variations
that occur when a single nucleotide in the genome sequence is changed and are
evolutionary stable markers used for bacterial identification and subtyping. Their
application in subtyping of strains has proven valuable for B. anthracis (54, 69, 92) and
SNP analysis of F. tularensis is underway (52). Subtyping using SNPs provides
resolution capable of differentiating between strains, and as the number of whole genome
sequences increases the application of SNP analyses for strain identification will likely

increase.
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Other nucleic acid-based technologies in development. Developing technologies for
detection and identification of biothreat agents are numerous and are being explored
among the different types of diagnostics (59). Among new nucleic acid-based detection
and identification technologies is Mass Tag PCR, a multiplex diagnostic that combines
PCR with mass spectrometry analysis (10).

Another technology is the isothermal amplification method, nucleic sequence-
based amplification (NASBA), and has been reported as being useful for identification of
foodborne pathogens (3, 4, 21, 78). In this method, RNA is amplified. Three enzymes, a
reverse transcriptase, RNaseH, and T7 RNA are required along with dNTPs and NTPs.
Oligonucleotide primers that are complimentary to the target RNA are included in the
reaction, with one of the primers containing a recognition sequence for T7 RNA
polymerase. The RNA transcripts formed proceed through the reaction to result in single
stranded RNA. RNA is then electrophoresed or verified using probe hybridization.
NASBA has been used successfully to detect bacteria in clinical and environmental
samples and is described as a sensitive, specific and rapid method (59). It is also
advantageous in its ability to specifically detect viable cells (21).

The miniaturized technology “Lab-on-a-chip” is rapidly advancing.  This
miniaturized, portable system is capable of sample preparation and detection in an
automated format (32). Liu er al. recently developed a biochip that consists of
microfluidic mixers, valves, pumps, channels, heaters, and DNA microarray sensors that
is able to detect pathogens using milliliters of blood within 2.7 hours (60). Several
companies are currently developing this technology and already have products on the

market that are based on microfluidic “Lab-on-a-chip” technology including Agilent
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Technologies (Palo Alto, CA), Affymetrix (Santa Clara, CA), and ACLARA Biosciences
(Mountain View, CA) (32). This technology will likely have a strong impact on
environmental microbial monitoring (particularly biothreat agents) given its rapid
detection and a sensitivity level of a single cell.
Application of nucleic acid-based methods in the 2001 anthrax attacks. The use of
genomic nucleic acid-based technologies in combination with conventional strain
characterization techniques demonstrated to be useful in the aftermath investigation of
the 2001 bioterrorism-associated anthrax outbreak (42, 77). Variable number of tandem
repeats (VNTR) analysis was used to trace the strain of B. anthracis used in the attacks
back to the Ames isolate and aided in the investigation of this attack (77). Many lessons
were learned from the anthrax attacks, prompting a trend of research for the detection and
rapid identification of biothreat agents.
24 Diagnostics for tularemia

Diagnosing tularemia can be challenging due to its infrequent occurrence and
similarity in symptoms to other infections. In 2000, tularemia was reinstated as a
notifiable infectious disease in the United States, and if suspected should be reported to
public health authorities (19). A physician may suspect tularemia based on the symptoms
presented by a patient, and the patient’s history of exposure to vectors or hosts of F.
tularensis, or contaminated water. A presumptive diagnosis can be made by evaluating
elevated serum antibodies to F. tularensis antigen, or by positive detection of F.
tularensis in clinical specimens using direct fluorescent antibody (DFA) testing. Several
types of antibodies are commercially available for immunofluorescence detection of F.

tularensis and include IgG3 and IgG2a (detect lipopolysaccharide) and IgG1 (detects
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vegetative cells) (85). Although DFA is a rapid, specific test, it has a low sensitivity (10°
cells/ml) (96). Diagnosis of tularemia has relied heavily in the past on the host’s
antibody response to this organism, with a tube agglutination assay for antibody detection
first developed in 1961 by Saslaw ef al. (82). In 1980, Brown et al. published on the
development of a microagglutination method adapted from the tube agglutination assay
(13). Both agglutination-based methods are highly sensitive and specific for F.
tularensis. The limitation to this assay is that an antibody response does not appear until
two weeks after infection (24). Enzyme-linked immunosorbent assays (ELISA) are also
available for testing antibody responses to F. tularensis, but has limited utility since it
does not differentiate between a current and past infection (87). Antigen (including F.
tularensis LPS and outer membrane protein) can be detected from serum, urine, and
organs including spleen, liver and lungs (85, 89). ELISA assays can also be used to test
environmental samples (7, 37, 85).

Confirmation of tularemia is done either by isolation of F. tularensis from clinical
specimens or by a four-fold (or higher) change in serum antibody titer to F. tularensis
(88). Culturing F. tularensis from clinical specimens is difficult due to the fastidious
nature of this bacterium and the requirement of a biosafety level 3 (BSL3) laboratory for
its handling.

24.1 Culture-based diagnostics for tularemia

Culturing F. tularensis from clinical specimens can be challenging. The first
culture of F. tularensis obtained by McCoy and Chapin in 1912 was achieved using
Dorset’s egg medium (64). This medium has been shown to maintain the viability of

fastidious bacteria including Neisseria meningitidis and Streptococcus pneumonia (98),
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and was the only medium from which McCoy and Chapin were able to obtain F.
tularensis growth (64). Today, the medium used for optimal growth of F. tularensis from
clinical specimens is cysteine supplemented agar media, such as enriched chocolate agar,
CHAB, or gonococcal (GC) agar II with 1% isovitalex (88). For research purposes,
Mueller Hinton 1T (MH II) agar supplemented with isovitalex and iron is commonly used
due to its ease in preparation.

The recovery of F. tularensis from samples that are contaminated with other
organisms can be difficult. Organisms including Pseudomonas, Staphylococcus, and
Proteus species have been shown to dominate over F. tularensis, suppressing its growth
and precluding its isolation (74). Past studies show a 30% recovery rate from animal
carcasses (66) with this number increasing to 81% when CHAB supplemented with
antibiotics (CHAB-A) was used (74).  The antibiotics present in this medium include
ampicillin, colistin, lincomycin, trimethoprim and amphotericin. The use of liquid
culture to enrich for F. tularensis is not common practice given the slow rate at which
this organism grows in culture (3 to 7 days) and its inability to out-compete other
organisms. The use of antibiotics in culture medium is not thoroughly researched due to
the risks involved in handling liquid cultures. Proper care and manipulation of samples
presumed to contain F. tularensis is critical for isolation of this fastidious organism.
Enhanced recovery is achieved when clinical specimens are immediately frozen and kept
frozen during transportation (74).

If a culture is obtained from a clinical specimen or environmental sample, it can
be used in biochemical assays for initial subsp. differentiation and for characterization of

the isolate. At the CDC reference laboratory for tularemia the routine practice for
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processing a sample suspected of containing F. tularensis is to perform both culture-
based assays and serology on samples when possible. Culturing is performed by plating
the sample onto both CHAB and CHAB-A. If characteristic growth of F. tularensis is
obtained, the culture is verified by DFA, followed by profiling using a Microlog
Microstation™ screen. Differentiation between F. tularensis subspp. type A and type B
is done by results obtained from a glycerol reaction. In addition, cultures are inoculated
into mice for isolation from other contaminating organisms. The microagglutination test
is done on patient sera, both acute and convalescent, with a four-fold increase in titer
considered positive for a tularemia infection. Positive sera and culture from a patient is
not common with either one or the other resulting in a positive diagnosis (personal
communication Sandy Urich, CDC, Fort Collins, CO) (73). The use of centrifugation-
cell culture was shown by Fournier et al. to be effective in isolation of F. tularensis from
an eschar biopsy that was culture-negative and may offer an alternative to mouse
inoculation in the future (30). Several molecular subtyping methods are available for use
in verification of results obtained by conventional methods and for strain
characterization.
2.4.2 Molecular methods available for confirmation and strain characterization
Due to the fastidious nature F. tularensis, it is essential to have methods that are
non-culture based for the identification of this organism. Non-culture based assays

reduce the risk to laboratory personnel of handling this highly infectious bacterium and
do not require a BSL-3 laboratory. Given these advantages, several molecular methods
have been developed for identification of F. tularensis within both clinical and

environmental samples as well as for species differentiation.
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PCR-based methods.

The first PCR for F. tularensis was developed in 1993 by Long et al. and targets
the rul4 gene (61). The gene tul4 encodes for a 17 kDa outer membrane lipoprotein and
is conserved among F. tularensis strains (81). In 2001, Karhukorpi et al. successfully
utilized this PCR assay to confirm a tularemia diagnosis of a 9-year old boy with
ulceroglandular tularemia. Pus was taken from the boy’s infected mosquito bite and used
for culturing and DNA extraction. Although growth was obtained from the sample, it
took two days, in comparison to 4 hours for a positive PCR result (51). Junhui et al. also
developed a PCR assay targeting this gene (50). A nested PCR targeting fopA (outer
membrane protein specific for F. tularensis) was developed that increased the sensitivity
(as compared to the ful4 assay) to 10% organisms/ml (31).

In 1994, Forsman et al. developed the first PCR assay that could distinguish
strains at the genus, species and subspecies (F. tularensis subspp. type A from type B)
levels by targeting the 16S rRNA gene (29). Sjostedt et al. utilized this assay in
combination with the ru/l4 PCR assay to screen 40 wound swab samples from patients
serologically positive for tularemia from an outbreak of the ulceroglandular form in
Sweden (83). Of these, 73% were confirmed by PCR with 29 of 40 amplifying when
using the tul4 primer set and 20 of 40 amplifying when using the 16S rRNA primer set.
A second PCR that could differentiate between subspp. was developed using long
arbitrary primers that identified a region of heterogeneity that differentiated F. tularensis
subspp. type A and type B (49). The first PCR assay that discriminated between all four
subspecies was developed in 2003 by Broekhuijsen ef al. (12). It was developed using a

microarray library of F. tularensis subsp. type A strain SCHU S4 that was used to screen
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27 strains representing all four subspecies. A region of difference was identified and
targeted for this PCR assay.

Although a PCR assay that distinguishes different subspecies is not as important
in the clinical setting, such an assay is valuable for epidemiological purposes and
potentially treatment strategies for places where more than one subspecies is endemic.
As described, several PCR assays are developed and useful in confirming diagnosis of
tularemia infections caused by F. tularensis subsp. type B. However, they have yet to be
used for infections caused by the more virulent F. tularensis subsp. type A (88). When
summarizing the data of several studies directed at PCR assays to confirm human
ulceroglandular tularemia cases, it is estimated that 25% of tularemia cases would not be
diagnosed by PCR alone (23, 49, 83, 88). Thus, more accurate diagnostics would be
beneficial for diagnosing tularemia.

The use of conventional PCR for confirming tularemia diagnoses has been shown
to be effective. However, conventional PCR methods are gel-based and have a lower
sensitivity and specificity when compare to RT-PCR assays. The first RT-PCR assay for
F. tularensis detection was developed in 2000 by Higgins et al. who used the TagMan™
System directed against the fop4 gene (39). This assay has a detection limit of 1 pg of
genomic DNA (<100 colony-forming units) and when tested against 21 other bacterial
species had 100% specificity for F. tularensis. In 2003, Versage et al. developed an RT-
PCR assays using TagMan™ probes that targeted ISFmu2, the 23kDa gene, tul4 and fopA
(95). A multitarget assay was developed using ISFtu2, 23kDa and tul4 that can
differentiate between F. tularensis and F. philomiragia. This assay was also shown to be

significantly more sensitive than culturing and capable of detecting one organism. When
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tested on highly contaminated samples containing F. tularensis, all were positive. A third
RT-PCR assay was also published in 2003 by Emanuel et a/l. (25) that targeted tu/4 and
fopA. In addition to testing these two targets with a focus on detecting F. tularensis from
tissue samples, they also compared the use of a conventional fluorescence-based PCR
thermocycler to a portable hand-held device. Both instruments performed equally with a
detection limit of approximately 25 genome equivalents. However, both were found to
be less sensitive than culturing. Culturing, although taking 72 hours for results as
compared to same day results using RT-PCR, was able to detect bacterial growth from
liver and spleen a day before PCR.

Two RT-PCR methods were developed in 2006 by Tomaso et al. and Kugeler et
al., that specifically detect F. tularensis subsp. type A (57, 91). Both assays targeted the
pathogenicity determinant protein D locus (pdpD) that is absent in F. tularensis subsp.
type B (67). In addition to this assay, Kugeler et al. also developed an RT-PCR assay
specific for F. tularensis subsp. type B that targets the junction between ISFru2 and the
flanking 3’ region that is only present in this subspecies.

Molecular subtyping methods.

Molecular subtyping of F. tularensis strains is important in the surveillance of this
bacterium. Tularemia is currently not a major public health concern as a naturally
occurring infection. Nevertheless, given the minimal understanding that we have of its
potential and triggers and knowing that it has been weaponized in the past, justifies the
development of tools for tracking this organism. In addition, in areas where both

clinically relevant subspecies occur naturally, such as in North America, molecular

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



subtyping tools aid in investigating this organism’s geographic spread and mode of
transmission.

Several molecular methods that can discriminate between subspecies and even
strains have been developed for Francisella. Initial typing techniques were solely PCR-
based and used: extragenic palindromic e¢lement PCR, enterobacterial repetitive
intergenic consensus sequence PCR, random amplified polymorphic DNA PCR (RAPD-
PCR), and long primers RAPD-PCR (22, 49). None of these methods used alone were
shown to be effective for differentiating strains. Moreover, they are complex, non-rapid,
and lack reproducibility and inter-laboratory comparability. For subspecies
discrimination, several techniques have been shown to be efficient; these include PFGE,
AFLP, 16S rRNA gene sequencing, and RFLP. A study by Garcia del Blanco et al.
compared PFGE, AFLP, and 16S rRNA sequencing using a panel of /. philomiragia and
F. tularensis strains (34). This study found PFGE and AFLP as acceptable tools for
subspecies differentiation. Although not ideal, these methods are also capable of
distinguishing between strains, RFLP based on the insertion sequence (IS) elements
[SFtul and ISFtu2 was found to be the most powerful tool for subspecies discrimination
(90). In 2001, Johansson et al. demonstrated the use of short sequence tandem repeat
(SSTR) loci as useful for discriminating between strains (48). Specifically, SSTR9 and
SSTR16 present in F. tularensis genomes are highly discriminatory. Farlow et al.
identified and used six variable-number tandem repeat (VNTR) loci in a MLVA analysis
to discriminate between F. tularensis subspecies and strains (28). In 2004, Johansson ef
al. used 25 VNTR loci to perform MLVA analysis on 192 world-wide F. tularensis

isolates (47). This analysis resulted in 120 genotypes that accurately discriminated the
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different subspecies and further identified subpopulations A.l and A.Il within the highly
virulent F. tularensis subsp. type A.

The need for a strong discriminatory molecular subtyping tool for F. tularensis is
currently driven from a forensic perspective. For such purposes, the method of choice
will likely be SNP analysis given its power to discriminate among strains. Several
groups are currently working towards a SNP analysis for Francisella (52). By far, the
most powerful tool for strain differentiation is whole genome sequencing. As the cost of
this method decreases, more and more strains will be sequenced and will likely change
how strains are compared and classified.

It is important to separate the needs of molecular subtyping methods for clinical
purposes and for research purposes. For research purposes, complex methods requiring
advanced training and costly equipment is acceptable. However, in a clinical setting a
cost-effective, quick, reliable assay is ideal. As discussed by Keim et al. simple PCR-
based assays could be easily incorporated into the workflow of many clinical laboratories
(52). Such an assay would be an RT-PCR assay that could quickly differentiate to the
subpopulation level providing both clinical and epidemiology data with minimal
exposure of laboratory personnel to this organism.

2.5 Rationale and objectives

The primary objective of this dissertation is to provide new tools that can be used
for surveillance of F. tularensis given the need to better understand the ecology,
epidemiology of outbreaks, and human illness .associated with this bacterium.
Specifically, this dissertation explores the identification of an inhibitory substance

produced by E. coli against F. tularensis for use as a diagnostic reagent and also
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identifies molecular markers that differ between F. tularensis subsp. type A
subpopulations A.l and A.II and their use in diagnostic development. In addition to the
diagnostic focus of this dissertation, the implications of the inhibitory substance on
Francisella ecology and isolation from its natural environment along with the
significance of the regions of difference between A.l, A.Il and among the other F.
tularensis subspecies are explored in relation to ecology and virulence. Thus, two
separate hypotheses were developed and tested: 1) identification of a F. tularensis
inhibitory substance produced by E. coli would lead to a novel diagnostic reagent; 2)
genomic regions of difference identified between F. tularensis subsp. type A
subpopulations (A.I and A.Il) could be applied as diagnostics to differentiate these
subpopulations and for comparative analyses to enhance understanding of the previously

described phenotypic characteristics associated with these two subpopulations.
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Chapter II1
Identification of an Inhibitory Substance against F. tularensis
for Use as a Diagnostic Reagent
3.1 Introduction
3.1.1 [Iron as a limiting growth factor for bacteria

Iron is an essential trace element for most bacterial species (39) and is considered
a limiting element for bacterial growth due to its presence as an unusable form under
aerobic conditions as well as its unavailability within living hosts. In aerobic
environments, iron is readily oxidized to Felll, forming insoluble compounds including
oxide hydrates FeO(OH), carbonate Fe,(COs);, and magnetite Fe;O4 [iron (IV/III) oxide]
(44). These compounds become soluble only at an acidic pH, requiring bacteria to have
mechanisms in place for uptake of usable iron.

For most intracellular pathogens, iron availability is a limiting factor for the
survival and growth within the host, as well as for pathogenesis (44). Within
multicellular bacterial hosts, iron is reduced from Fell to Felll (Fell + H,O,~> Felll +
OH" + OH), during which hydroxyl radicals are formed. Hydroxyl radicals have a toxic
effect on macromolecules and it is therefore essential for multicellular organisms to have
mechanisms to maintain iron homeostasis and protection against iron toxicity. Carrier
proteins such as transferrin found in serum, lactoferrin found in lymph, and mucosal

secretions, have a high affinity for Felll and act to sequester iron, thus
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preventing iron toxicity in the host and at the same time, leaving little if any free iron
available for bacterial use (44).

Most bacteria require iron concentrations of 10 to 107 M to support molecular
activities such as replication, signaling, glycolysis, electron transport, DNA synthesis,
and defense against reactive-oxygen intermediates (29, 39, 44, 46). To ensure proper
intracellular concentrations are maintained, bacteria have developed specialized
mechanisms for iron uptake that vary among bacterial species (36, 46). These
mechanisms include the use of ABC iron transporters, as well as the removal of iron from
transferrin and/or lactoferrin as direct sources, and siderophores and hemophores for
uptake of iron from indirect sources (29, 39).

3.1.2 Aerobactin: a siderophore produced by E. coli

E. coli requires iron for the synthesis of heme enzymes including cytochromes
and hydroperoxidases, as well as for production of nitrogenase, ribonucleotide reductase
and sulfur proteins. Due to its requirements for iron, E. coli has multiple iron acquisition
and transport systems that it can use for the uptake of iron (9). One such mechanism used
for uptake of iron from indirect sources is the production of the iron-binding siderophore
aerobactin (47).

Aerobactin was first isolated from Enterobacter aerogenes 62-1 (17) and has
subsequently been found to be produced by an array of Enterobacteriaceae, including
Enterobacter cloacae (42), Shigella flexineri (33), Salmonella (10), Klebsiella
pneumoniae (28), Yersinia (40), Erwinia carotovora (21) as well as by non-enteric
bacteria such as Proteus (8), Staphylococcus (25), and Pseudomonas (6). Aerobactin is a

non-catechol dihydroxamate derivative of citric acid. It is a low-molecular weight
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(564.54 Da) iron-chelating compound that is produced by some E. coli strains (45, 47).
Its structure is diagramed in Figure 3.1. The affinity (Ky) of aerobactin for Felll is 10%,
and it is stable over a wide pH range. Other siderophores, such as enterobactin, have a

stronger affinity for Felll, but are less stable (2).

COOH 0 H
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Figure 3.1 Structure of aerobactin and rhizoferrin. The structures for the
siderophores aerobactin (left) and rhizoferrin (right) are shown.

The biosynthetic components for aerobactin production can be chromosomal or
plasmid encoded (27), with the necessary genes for biosynthesis and transport of

aerobactin clustered as an 8.3 kb operon that consists of five genes (iucABCD and iut4)

(Figure 3.2).
iucA iucB iucC iucD iutA
I\> N > >
V L/>
63 kDa 33 kDa 62 kDa 53 kDa 74 kDa

Figure 3.2 Aerobactin operon. The aerobactin operon consists of five genes, iucABCD
and iutA (iuc stands for iron uptake chelate and iut stands for iron uptake transport).
Regions encoding for TucABCD enzymes are represented as purple arrows and the region
encoding for the receptor protein IutA is represented as an orange arrow.
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Four genes, iucABCD, are involved directly with the biosynthesis of aerobactin,
and one, iutd, encodes for the membrane receptor protein (13). All five aerobactin-
associated genes are regulated by the product of the universal negative regulator fur (2,
5). The function for each of the five aerobactin-related proteins has been determined.
IucA and IucC function as amide synthetases (14), IucB is an N-6-hydroxylysine
acetyltransferase (13), IucD is a lysine N-6-monooxygenase (26), and IutA is an outer
membrane receptor for iron loaded aerobactin (13). Aerobactin is assembled by
nonribosomal, cytoplasmic peptide synthetases (44). Once assembled, aerobactin must
be excreted from the cell. Little information is known about how this occurs, although it
is thought that the molecule is too large to diffuse out freely. Once extracellular,
acrobactin binds Felll and is taken back into the cell through interaction with a specific
membrane receptor IutA and inner membrane-associated TonB-ExbB-ExbD complex,
which commonly interacts with the outer membrane receptor for siderophore uptake (12).
The aerobactin-iron complex is taken up as a whole and transferred to the cytosol, where
reduction of the bound Felll occurs to form the usable Fell, which then causes release of
the iron molecule from aerobactin. Unlike other siderophores, aerobactin is resistant to
hydrolysis and is recycled after its release of iron (11).

3.1.3 Francisella tularensis and iron

F. tularensis is a facultative intracellular bacterium that replicates primarily
within macrophages where its survival and growth is critical for causing disease within
the host. It has been shown that F. tularensis acquires sufficient iron levels within the
phagosome for virulence (16). Studies also show that £, tularensis subsp. type B strain

LVS grown under iron-limiting conditions alters the composition of its cell envelope.
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Increased virulence of this attenuated strain also occurs, suggesting that iron-depletion
may up-regulate the expression of genes associated with virulence (3). Sequencing of the
whole F. tularensis subsp. type A strain SCHU S4 genome identified iron-related genes
ftnA (ferritin), fumB (fumarate hydratase class I), acnd (aconitate hydratase 1), sodB
(superoxide dismutase), an ortholog of iraB (putative peptide transporter) , and frgA (Fur-
regulated gene; siderophore biosynthetic protein) and their possible regulator (fur), but a
definitive mechanism for iron uptake was not revealed. In addition, no genes encoding
TonB an energy tranducer, as well as an outer-membrane receptor protein for uptake of
iron-binding molecules were found.

Deng et al. focused on determining the genes affected by iron limitation (15).
Their study identified two proteins, IgIC (intracellular growth locus C) and PdpB
(pathogenicity determinant protein B), which were previously described to be
encompassed within the Francisella pathogenicity island (FPI) and as being iron-
regulated. Further analyses revealed that the sequences directly upstream of these genes
had homology to the consensus Fur box sequence, and that these genes were organized as
operons iglABCD, and pdpAB. Additionally, the Francisella iron-regulated gene (figA)
was discovered and found to contain an upstream sequence with high homology to the
consensus Fur box sequence. The operon encompassing the figA gene, described as
figABCD, was determined to have the highest level of up-regulation when Francisella
was grown under an iron-restricted environment. Mutants in figA were shown to be
important in what was speculated to be siderophore production. The genes identified by
this study correlate in their expression levels to those of other well-documented iron-

regulated genes.
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Sullivan e al. identified and purified a siderophore produced by F. tularensis
subsp. type A strain SCHU S4 and F. tularensis subsp. type B strain LVS. The
siderophore was found to be structurally similar to rhizoferrin, a siderophore produced by
the fungus Rhizopus microsporus (Figure 3.1) (22). Rhizoferrin is a polycarboxylate
siderophore and is composed of two citric acid moieties linked by amide bonds to a
putrescine residue. The carboxyl and hydroxyl groups of this molecule give rhizoferrin
its highly electronegative properties that enable it to chelate ferric iron (Felll).

The genes associated with the production of this siderophore were found to be in
an operon named fs/ABCD (Francisella siderophore locus A, B C, and D). FslA was
found to function similarly to the NIS synthetase and to IucA and IucB (aerobactin
biosynthesis), FsIB and FslD act as efflux transporters, and FslC resembles a
diaminopimelate decarboxylase., These proteins have similar roles to those found for
other siderophore production and transport proteins (12). Neither genes involved in the
uptake of the siderophore-iron complex, nor homologues to proteins for the inner
membrane-associated TonB-ExbB-ExbD complex have been identified in Francisella.

Lenco et al. recently confirmed the findings of Deng et al. through a proteomic
analysis of the F. tularensis subsp. type B strain LVS response to iron-limitation and
provided evidence for siderophore production by F. tularensis subsp. novicida (24).
Although siderophore production has been identified in several Francisella, little is
understood about how it functions. It is yet to be determined if other iron uptake

mechanisms are also present in Francisella.
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3.1.4 Project rationale
The observation that F. tularensis is inhibited when co-plated with E. coli was
made during routine antibiotic susceptibility testing at the Diagnostic Reference

Laboratory for tularemia at the CDC (Figure 3.3).

Figure 3.3 Initial observation that F. tularensis is inhibited by E. coli. The orange
arrow is pointing to a spot of E. coli strain 25922 growth; red arrow is pointing to a spot
of poor F. tularensis growth; white arrow is pointing to a standard spot of F. tularensis
growth.

Based on this observation, we hypothesized that the substance produced by E. coli
and that inhibits Francisella could be used as a reagent in the development of a rapid
Francisella diagnostic that can differentiate between live and dead cells. To test our
hypothesis, our first aim was to develop assays for use in characterizing the inhibition

against Francisella. A genetic approach was then used to identify the inhibitory

substance as the siderophore aerobactin.
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32 Materials and Methods
3.2.1 Bacterial strains
The bacterial strains and fosmids used in this study are listed in Table 3.1. E. coli
was cultured on Luria-Bertani (LB) agar plates for 24 h at 37°C and all F. tularensis
strains were grown on CHAB medium prior to co-plating experiments, for 48 h at 35°C.
Co-plating experiments with E. coli and F. tularensis were performed on MHII agar
plates (Becton, Dickinson and Company, Sparks, MD) supplemented with 1 % isovitalex
(Becton, Dickinson and Company). For selection of recombinant £. coli clones, LB agar
plates were supplemented with chloramphenicol (12.5 pg/ml) and/or kanamycin (50
pg/ml).
3.2.2 Bioassays for F. tularensis growth inhibition
Co-plating spot assay. F. tularensis type B strain LVS was suspended in 0.85% saline to
an absorbance (Aggo) of 0.05 and an aliquot (400 pl) was spread using a sterile swab onto
MHII agar supplemented with 1% isovitalex. Separately, . coli was suspended in 0.85%
saline to an absorbance (Apo) 0f 0.02 and 2-20 pl was spotted onto the F. tularensis
spread plates. Co-cultures were incubated at 37°C for 48 h. Inhibition of F. tularensis
growth was qualitative and determined by assaying for the zone of inhibition surrounding
the E. coli. The same assay was performed using F. tularensis subsp. type A strain
SCHU S4 except that a Biolog turbidimeter (Biolog, Inc., Hayward, CA) was used to
measure the bacterial suspensions to a 70% transmittance for F. tularensis subsp. type A
strain SCHU S4 and 90% transmittance for £. coli suspensions made in 0.85% saline.
Reversal of inhibition was performed by ferric chloride (FeCls) supplementation.

Specifically, FeCls (anhydrous) (Fisher Scientific, Pittsburg, PA) at a final concentration

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of 10 uM was supplemented into MHII with 1% isovitalex agar plates. All assays were
performed in triplicate.

Table 3.1 Bacterial strains and fosmids used in this study.

Designation Description Relevant Characteristic® Source or Reference
Strains
.. C Fort Colli
Escherichia coli ATCC 25922 Clinical Isolate uc’ DC, Fort Collins,
ATCC
F- mecrA A(mrr-hsdRMS-
merBC) o80dlacZAM15 Epicentre
™ i« AlacX74 recAlendAl i p .
EPI300 " -T] Tuc Technologies,
araD139 A(ara, Madison W1
leu)7697galU galK A~
rpsL nupG trfA tonA
; . . Vacei . .
Francisella tular'enszs LVS accine strain, NDBR e CDC, Fort Collins
subsp. holarctica Lot 101
Francisella ularensis SCHU s4 Clinical Isolate Tuc® CDC, Fort Collins
subsp. tularensis
Fosmids
. . i Epicentre
¢ xE Ba phage Madison W]
pCCIFOs™
pCCIFOS820 containing a 40 Kb Tue", Cm® This study

genomic fragments from
L coli ATCC 25922

pCCIFOS820 containing
pCCIFOS820-1 EZ::TN<KAN-2> Tnp Tuc’, ka, Km® This study
insertion in iucA

pCCIFOS820 containing
pCCIFQS820-241  EZ:: TN<KAN-2> Tnp Tuc, Cm®, Km® This study
insertion in iucB

pCC1FOS820 containing
pCC1FOS820-49 EZ:;TN<KAN-2> Tnp uc, Cm", Km® This study
insertion in jucC

* Abbreviations: Tuc', Iuc® and Iuc” indicate acrobactin producing, acrobactin-sensitive, and non-aerobactin producing
strains, respectively; lacZ, E. coli B-galactosidase-encoding gene; Acos, lambda packaging site(s); Cm®,

chloramphenicol reistance-encoding gene; loxP, Cre-recombinase target site; Km®, kanamycin reistance-encoding gene.

Agar-plug transfer. E. coli strain 25922 suspended in 0.85% saline was spotted once (20
ul) onto the MHII agar with 1% isovitalex. Following 48 h of incubation at 37°C, agar

plugs (0.7 x 1.5 mm) directly adjacent to the E. coli strain 25922 growth were aseptically
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removed. F. tularensis subsp. type B strain LVS plates were prepared as described for
the co-plating assay. Immediately after inoculation, an agar plug (0.7 x 1.5 mm) was
aseptically removed and replaced with an agar plug from the E. coli strain 25922 plate.
Plates were incubated at 37°C for 48 h and zones of F. tularensis subsp. type B strain
LVS inhibition were scored as (+) for small inhibition zones < E. coli strain 25922
inhibition zone, (++) for larger inhibition zone > E. coli strain 25922 inhibition zone, or
(-) for no-inhibition. All assays were performed in triplicate. Figure 3.4 diagrams the

methods for the agar-plug transfer assay.

3. Spread 400pl of F. tularensis suspension

1. Spot 10l E. coli 25922 onto MHII + 1% isovitalex plate

onto MHII + 1% isovitalex

2.Incubatefor48 h at 37°C

for production of substance 4. Removeagar plug to allow

insertion of agar plug from
E, coliplate

5.Removeagar plug and transplant
into plate containing F. tularensis

6. Incubateat 37°C
for48h

Figure 3.4 Diagram of agar-plug transfer assay. The agar-plug transfer assay was
performed by first spotting E. coli onto an MHII + 1% isovitalex agar plate. The plate
was incubated for 48 h to allow the inhibitory substance to be produced by E. coli and to
diffuse through the medium. Another MHII + 1% isovitalex plate was spread with
Francisella suspension. An agar plug was cut out of the agar plate. A similar sized agar
plug was removed from the plate containing E. coli growth adjacent to the spot of growth
and transferred into the well created on the plate spread with Francisella. The plate with
Francisella and the transferred agar plug was incubated for 48 hours at 36°C.
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Direct broth assay. A 1:20 dilution of a 0.05 absorbance (A¢gy) F. tularensis type B
strain LVS was prepared in MH broth (Becton, Dickinson, and Company) supplemented
with 1% isovitalex. E. coli was grown on MHII agar plates with 1% isovitalex as
described for the agar-plug transfer assay. After growth at 37°C for 48 h, E. coli was
scraped with a sterile swab to remove all cells, and any remaining growth was killed by
exposing the agar plates to chloroform fumes for 10 min. Two agar plugs (0.7 x 1.5 mm)
were then cut from the area of the plate where the E. coli had been spotted. Plugs were
extracted with 600 pl of HEPES buffer (pH 8.0) (Sigma Chemicals, St. Louis, MO) at
37°C for 30 min. The supernatant was collected and designated E. coli agar-plug fluid.
In 96-well plates, 50 ul of the agar-plug fluid was mixed with 175 ul of the F. tularensis
subsp. type B strain LVS suspension. The negative control was 50 pl of E. coli agar-plug
fluid mixed with 175 pl of MH broth supplemented with 1% isovitalex, and the positive
control was 175 pl of the F. tularensis subsp. type B strain LVS suspension mixed with
50 pl of MH broth supplemented with 1% isovitalex. Inhibition of F. tularensis subsp.
type B strain LVS was monitored over time by measuring absorbance at 600 nm using a
Multiskan® Spectrum Microplate Spectrophotometer (ThermoLabsystems, Vantaa,
Finland). Purified aerobactin (Biophore Research Products, Tiibingen, Germany) was
used in this assay to determine the inhibitory concentration of aerobactin. All assays

were performed in triplicate.
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Percent inhibition was calculated using the following formula:

[ODgoonm f F. tularensis subsp. type B strain LVS growth (negative plug fluid) — ODgoonm

of F. tularensis subsp. type B strain LVS growth (£. coli plug fluid)]
x 100%

[ODggonm Of F. tularensis subsp. type B strain LVS growth (negative plug fluid)]

As a control, negative plug fluid was obtained by isolating plugs from a MHII + 1%
isovitalex plate in the absence of E. coli growth.
3.2.3 Growth phase dependency of Francisella for E. coli inhibition

The co-plating spot assay was performed as described above with the following
modifications. After incubation of the freshly inoculated F. tularensis plates for 0, 4, 6,
or 10 h at 37°C, E. coli was suspended in 0.85% saline to an absorbance (Agg) of 0.02
and 2-20 pl was spotted onto the F. tularensis lawns. Co-cultures were incubated at 37°C
for 48 h. Inhibition of F. tularensis growth was qualitative and determined by assaying
for the zone of inhibition surrounding the E. coli.
3.2.4 Genomic library construction and phenotype selection

Genomic DNA was isolated from E. coli strain 25922 using the DNeasy® Tissue
Kit (Qiagen Inc., Valencia, CA) and concentrated using ethanol precipitation (38). DNA
fragments of approximately 40 kb were cloned using the CopyControl ™ Fosmid Library
Production Kit (Epicentre, Madison, WI) following the manufacturer’s protocol, with a
modification made for the size selection of the end-repaired DNA. The modification was
initial electrophoresis of the end-repaired DNA through a 1% SeaKem® GTG® agarose
(Cambrex Bio Science Rockland, Inc., Rockland, MD). A region of the gel below the 40

kb DNA fragments was removed and replaced with 1% SeaKem® LE agarose
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(BioWhittaker Molecular Applications, Rockland, MD). Electrophoresis was continued
and the 40 kb DNA fragments that migrated into the LE agarose were isolated according
to the kit instructions. The 40 kb fragments were then ligated into the pCCIFOS™
fosmid. Recombinant fosmids were packaged into phage using the MaxPlax™ lambda
packaging extracts (Epicentre), and the resulting phage library was used to transduct E.
coli strain EP1300™-T1%.

Individual E. coli strain EP1300™-T1® transductants were grown in 96-well plates
in 200 ul of LB broth at 37°C for 24 h. An aliquot (2 ul) of each transductant was
spotted on MHII agar with 1% isovitalex spread with F. tularensis subsp. type B strain
LVS as described for the co-plating spot assay, and incubated at 37°C for 48 h.
Transductants able to inhibit F. tularensis subsp. type B strain LVS were identified by
comparing inhibitory zones to those formed by E. coli strains 25922 and EPI300™-T1°.
3.2.5 Transposon mutagenesis

Fosmid DNA was isolated from transductants that inhibited growth of F.
tularensis subsp. type B strain LVS using the Qiagen HiSpeed® Plasmid Midi Kit
(Qiagen Inc., Valencia, CA). Transposon mutagenesis was performed in vitro using the
EZ::TN<KAN-2>Tnp transposome system (Epicentre) (20), and mutagenized fosmids
were electroporated into £. coli strain EPI300™-T1®. The resulting clones with a
transposon insert were selected by growth on LB agar containing kanamycin.
Kanamycin resistant clones were grown in LB broth in 96-well plates for 24 h and
screened for F. tularensis subsp. type B strain LVS growth inhibition using the co-plating

spot assay.
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3.2.6 DNA sequencing and data analysis

Fosmid DNA was isolated using the Qiagen HiSpeed® Plasmid Midi Kit (Qiagen
Inc., Valencia, CA) and concentrated by ethanol precipitation (38). To sequence the ends
of fosmid insert, Epicentre’s primer pair pCC1™ / pEpiFOS™ forward sequencing
primer (5’-GGATGTGCTGCAAGGCGATTAAGTTGG-3") and pCC1™ / pEpiFOS™
reverse sequencing primer (5’-CTCGTATGTTGTGTGGAATTGTGAGC-3’) was
used. Epicentre’s primer pair KAN-2 FP-1 forward primer (5’-ACCTA
CAACAAAGCTCTCATCAACC-3’) and KAN-2 RP-1 reverse primer (5
GCAATGTAACATCAGAGATTTTGAG-3") was used for sequencing directly from the
two ends of the EZ::TN<KAN-2>Tnp transposon. DNA sequencing was performed by
Davis Sequencing (Davis, CA) using Applied Biosystems Big Dye Terminator V3.0
sequencing chemistry. BLAST analysis (blastn) was performed using the NCBI website
(http://www.ncbi.nlm.nih.gov/).
3.2.7 PCR amplification

The iucA, iucB, and iucC genes were PCR amplified using either pCC1FOS280
fosmid DNA or E. coli strain 25922 genomic DNA as the template, and the following
primer pairs, 5’-TTCACAGCGCAGTCCATATCTGCTG-3" and 5’-AACGCAAGTG
GCCAGCAGGACAGTG-3’ (iucA), S’-TCGTCATACTCCATCTCAGACAAC-3’ and
5’-TGTCTCAACTACGTGCTGGAAAG-3" (iucB), 5-ATCTGATGTGACAATGCA
GC-3’ and 5’-TCGTCATCACTTCTTCACGG-3’ (iucC). PCR conditions consisted of
an initial denaturation step at 95°C for 5 min , followed by 30 cycles including
denaturation at 95°C for 1 min, annealing temperature of 65°C, 60°C, 52°C and extension

times at 72°C for 2 min, 1 min 30 seconds, and 3 min for iucA, iucB, and iucC
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respectively. DNA was electrophoresed through agarose gels and extracted using the
QIAquick® Gel Extraction Kit (Qiagen Inc., Valencia, CA) for use in electrophoresis
comparisons and Southern blot analysis.

PCR amplification of the EZ::TN<KAN-2>Tnp transposon was performed using
pCC1FOS820-11 fosmid DNA as the template and using primer pairs: EZTn-FP-1
forward primer 5’-CAAGGGGTGTTATGAGCCATATTC-3" and EZTn-RP-1 reverse
primer 5’-CGGTTGATGAGAGCTTTGTTGTAGG-3’. PCR conditions included an
initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 1
min, annealing at 51°C for 45 sec and extension at 72°C for 1 min.

3.2.8 Southern blot analysis

Fosmid DNA was digested with restriction endonucleases EcoRV and Dral
(Invitrogen, Carlsbad, CA) to complete digestion (2 h at 37 °C) and electrophoresed in a
1% agarose gel. The DNA was transferred to Hybond-N" nylon membrane (Amersham
Biosciences, Piscataway, NJ) according to standard procedures (38). AlkPhos Direct
Labelling Reagents (Amersham Biosciences, Piscataway, NJ) were used to label the PCR
amplified EZ::TN<KAN-2>Tnp transposon DNA to make the probe. Detection of the
hybridized probe was done using CDP-Star'™ Detection Reagent (Amersham
Biosciences, Piscataway, NJ) according to the manufacturer’s protocol followed by
exposing the blot to Fuji Medical X-Ray Film (Fuji Medical Systems U.S.A., Inc.,

Stamford, CT).
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3.2.9 Aerobactin purification

CM Sepharose™ Fast Flow (Amersham Biosciences) resin was washed three
times with sterile milliQ water, followed by three washes of 20 mM potassium phosphate
(pH 7.0). Plug fluid (200 ul) was dried by lyophilization and suspended in 200 pl of 20
mM potassium phosphate (pH 7.0).  This suspension was added to 100 pl of CM
Sepharose resin mixed gently for 30 min and centrifuged for 30 sec at 4,000 rpm. The
supernatant was collected and 200 pl of 0.6 M NaCl was added. Mixing and
centrifugation was repeated and the supernatant collected.

The inhibiting fraction was recovered from the CM Sepharose matrix and was
applied to a Bio-Gel P-2 (BioRad) size exclusion column equilibrated in 20 mM
ammonium bicarbonate. Chromatography was performed at a flow rate of 5-10 cm/hr
with 20 mM ammonium bicarbonate as the elution buffer. Fractions of 1 ml were
collected, dried in a Speed Vac and suspended in 100 ul of sterile milliQ water. Drying
and resuspension of the fractions was repeated three times to ensure complete
volatilization of the ammonium bicarbonate. The final products were suspended in 200
ul of sterile milliQ water and filter sterilized using a 13 mm, 0.2 pm Acrodisc syringe
filter (HT Tuffryn membrane) (Pall Life Sciences, East Hills, NY).

3.2.10 Ferric perchlorate assay

The ferric perchlorate assay for measuring hydroxamate was modified for use in a
96-well plate (1). Briefly, 83 pl of reagent (5 mM Fe(ClO4)3in 0.1 M HCIO4 ) was added
to 17 pl of sample, and allowed to incubate at room temperature for 20 min. The
absorbance was measured at 480nm and aerobactin concentration determined based on a

comparison to standard curve generated using purified aerobactin.
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3.3  Results
3.3.1 Bioassays for characterization of Francisella inhibition by E. coli

Co-plating of F. tularensis subsp. type B strain LVS and F. tularensis subsp. type
A strain SCHU S84 with E. coli strain ATCC 25922 demonstrated that E. coli strain 25922
inhibited growth of these two strains of F. tularensis, as a zone of inhibition was clearly

observed (Figure 3.5). Results using this assay were consistent.

Figure 3.5 Co-plating of E. coli and Francisella. Co-plating spot assay resulting in the
growth inhibition of F. tularensis subsp. type B strain LVS (right) and F. tularensis
subsp. type A strain SCHU S4 (left) when co-plated as lawns with E. coli strain ATCC
25922 (which is at the center of each plate). The red-dashed line marks the upper and
lower boundary of the inhibition zone.

The inhibitory substance produced by E. coli strain 25922 was easily diffusible in
agar as shown by the transfer of agar plugs free of live E. coli cells. This suggested the
substance was secreted and inhibition was independent of cell to cell contact between E.

coli and F. tularensis (Figure 3.6).
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Figure 3.6 Agar-plug transfer assay. Agar-plug transfer assay: lawn is F. tularensis
subsp. type B strain LVS, agar plugs are from areas surrounding E. coli strain 25922
spots (duplicate plates).
3.3.2 Growth phase dependent inhibition of Francisella by E. coli

Inhibition of growth appeared to be dependent on the growth phase of F.
tularensis subsp. type B strain LVS. F. tularensis subsp. type B strain LVS growth for 0
h and 4 h prior to spotting E. coli strain 25922 resulted in zones of F. tularensis subsp.
type B strain LVS growth inhibition. Inhibition was seen at 6 h growth but was less than
the 0 h and 4 h growth time points (Figure 3.7A). The growth phase dependent inhibition
was also observed using the absorbance bioassay when agar-plug fluid was added to
cultures of F. tularensis subsp. type B strain LVS cultures grown for 0, 5, and 10 h.
Inhibition occurred when F. tularensis subsp. type B strain LVS was grown for 0 and 5 h,
and no inhibition was observed when it was grown for 10 h prior to coming in contact
with the E. coli strain 25922 agar-plug fluid (Figure 3.7B). No E. coli strain 25922
contaminating growth occurred with either of these assays. These data also suggest that

the substance produced by E. coli strain 25922 is secreted, and is inhibitory and not cidal.
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Figure 3.7 Inhibition of F. tularensis subsp. type B strain LVS by E. coli strain
25922. A) Inhibitory affect of spotting E. coli strain 25922 onto F. tularensis subsp. type
B strain LVS lawns allowed to grow for 0, 4, 6 and 10 h. B) Percent Inhibition of F.
tularensis subsp. type B strain LVS, measured using the absorbance bioassay, when
aerobactin-containing agar-plug fluid is added after allowing F. tularensis subsp. type B
strain LV'S to grow for 0, 5 and 10 h.

3.3.3 Identification of a recombinant clone able to inhibit F. tularensis subsp. type
B strain LVS growth
To identify the secreted E. coli strain 25922 product responsible for F. tularensis
growth inhibition, a genetic approach was utilized that exploited the observation that E.
coli strain EPI300™-T1 did not inhibit F. tularensis growth (Fig. 3.8). Phenotypic

0™.T1 transduced with an E. coli strain 25922 genomic

screening of E. coli strain EPI30
library identified a recombinant fosmid (pCC1FOS820) that conferred to E. coli strain
EPI300™-T1 the ability to inhibit F. fularensis subsp. type B strain LVS growth (Figure

3.8). A total of 382 transductants were screened with three identified as conferring the

ability to inhibit F. fularensis, of which only pCC1FOS820 was further analyzed.
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Figure 3.8 Identification of aerobactin as the F. tularensis growth inhibiting
substance using a molecular approach. Phenotypic selection of inhibiting recombinant
clone pCC1FOS820 using the co-plating spot assay (left), and comparison of phenotypes
between the low-inhibiting host E. coli strain EPI300™-T1® and inhibiting recombinant
clone pCCI1FOS820 (right). All assays were performed using F. tularensis subsp. type B
strain LVS.

Purification of the pCC1FOS820 fosmid and transformation back into E. coli
strain EPI300™-T1 cells confirmed the inhibitory property was encoded by the fosmid.
Using the direct broth assay, the percent inhibition of F. tularensis subsp. type B strain
LVS by E. coli strain EPI300™-T1 containing pCC1FOS820 was determined to be
76.5% as compared to the percent inhibition shown by E. coli strain 25922 of 70.5%
(Figure 3.7). Sequencing of the fosmid-insert DNA junctions of pCC1FOS820 revealed
homology at both ends to sequences found within the pathogenicity island II carried by
some E. coli strains (18). More specifically, one end was found to contain a sequence
homologous to the gene papA, and at the other end, a sequence homologous to a putative

insertion sequence IS8-associated element found within the E. coli pathogenicity island II
of strain Nissle 1917 (18). In E. coli strains documented as containing pathogenicity
island II, this ~48 kb region identified as the size of the insert within pCC1FOS820,
contained the genes essential for encoding aerobactin production and transport, along

with approximately 31 additional genes (Figure 3.9).
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Figure 3.9 Predicted sequence map for cloned insert within pCC1FOS820.
Sequence map of the E. coli strain 25922 DNA fragment cloned into E. coli strain
EPI300™-T1® resulting in the clone designated pCC1FOS820. The cloned DNA
fragment is approximately 48 kb in size with 35 genes present (green arrows), of which
five genes constitute the aerobactin operon (red arrows).

3.3.4 Identification of genes responsible for inhibition of F. tularensis growth
Transposon mutagenesis of fosmid pCCIFOS820 resulted in 15 kanamycin
resistant transformants out of 100 screened that did not inhibit growth of F. tularensis
subsp. type B strain LVS. Co-plating F. tularensis subsp. type B strain LVS with the
transposon mutants resulted in little to no inhibition of F. tularensis growth. A total of
188 mutagenized clones were screened and 30 of these were found to have lost the ability
to inhibit F. tularensis. Of these 30, three (pCCI1FOS820-11, pCC1FOS820-49,
pCC1FOS820-241) were further analyzed and found to have 0% inhibition of F.

tularensis subsp. type B strain LVS growth when tested using the direct broth assay (Fig.

3.10).
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The three fosmids (pCCIFOS820-11, pCC1FOS820-41, and pCC1FOS820-241)
were sequenced to determine the location of the transposon insertion (Fig 3.11). DNA
sequencing outward from the EZ::TN<KAN-2>Tnp transposon revealed insertions
occurred in genes essential for aerobactin biosynthesis. Insertions were present within
iucA (clone pCCI1FOS820-11), iucB (clone pCC1FOS820-49) and iucC (clone

pCC1FOS820-241) (Figure 3.11).

c 100
£ 50
€ 25
g 0
(3]
o Q N ) N
a & & i o A
9 v Qo S
& Q < o)
< & OO
Q Q &

Sample Tested

Figure 3.10 Percent inhibition of E. coli clone PCC1FOS820 and mutagenized
clones. F. tularensis subsp. type B strain LVS growth inhibition by E. coli strain 25922
(70.5%), the recombinant clone pCCIFOS820 (76.5%) and mutagenized clones
pCCI1FOS820-11 (not detectable), pPCC1FOS820-49 (not detectable), and pCC1FOS820-
241 (not detectable).
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Figure 3.11 Transformants lacking the ability to inhibit Francisella. The locations
of three transposon insertions leading to the loss of F. tularensis subsp. type B strain LVS
growth inhibition are indicated by labeled triangles. The number 1 represents an
insertion within iuc4 (clone pCCI1FOS820-11), number 2 within iucB (clone
pCC1F0S820-49) and number 3 within iucC (clone pCC1FOS820-241).

PCR amplification of the iucA, iucB and iucC genes from E. coli strain 25922
genomic DNA and the fosmid clone pCC1FOS820 DNA produced appropriately sized
products of the three intact aerobactin genes, 1787 bp, 947 bp, and 1742 bp,
corresponding to iucA, iucB, and iucC respectively. PCR amplification of these same
genes from the mutagenized fosmids (pCC1FOS820-11, pCCIFOS820-49, and
pCC1F0S820-241), confirmed the presence of a transposon (1 kb shift in product size) in

each gene product (Figure 3.12).
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Figure 3.12 PCR amplification of mutagenized aerobactin genes. Lane 1: Hi-Lo
DNA marker, lane 2: amplified iucA from E. coli strain 25922, lane 3: amplified iucA
from E. coli strain EPI300™-T1, lane 4: iucA amplified from fosmid pCC1FOS820, lane
5: iucA amplified from fosmid pCC1FOS820-11, lane 6: Hi-Lo DNA marker, lane 7:
blank, lane 8: iucB amplified from fosmid pCC1FOS820-49, lane 9: iucB amplified from
E. coli strain 25922, lane 10: negative control, lane 11: Hi-Lo DNA marker, lane 12:
iucC amplified from fosmid pCCI1FOS820-241, lane 13: iucC amplified from E. coli
strain 25922, lane 14: negative control.

Southern blot analysis of the mutagenized fosmids using the transposon as a
probe, revealed that only one transposon was present within each of the three fosmids.
These data suggest that inhibition of F. tularensis by E. coli strain 25922 was due to the
production of aerobactin, and presumably sequestration of iron from F. tularensis.

3.3.5 Biochemical evidence of aerobactin involvement

To determine if the diffusible inhibitory substance present in the agar-plug fluid
was aerobactin, chromatography for purification of aerobactin was applied to the E. coli
agar-plug extracts (17). The supernatant fluid recovered from the CM Sepharose cation
exchange matrix resulted in two fractions, CM1 and CM2. The first fraction, CMI,
eluted with 20 mM potassium phosphate (pH 7.0) and was positive for inhibitory activity
against F. tularensis subsp. type B strain LVS as measured by the direct broth bioassay.

Fraction CM1 was positive in the ferric perchlorate assay and comparison with a standard

curve indicated a hydroxamate concentration of 0.29 mM as compared to the crude agar-
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plug fluid which contained 0.36 mM of hydroxamate (Figure 3.13). The second CM
Sepharose fraction CM2, eluted with 0.6 M NaCl, was negative when tested in the
absorbance bioassay. Size exclusion chromatography produced two fractions (fractions 2
and 3) out of six that were inhibitory against F. tularensis subsp. type B strain LVS and
positive for hydroxamate showing concentrations of 0.21 mM and 0.16 mM for fractions
2 and 3 respectively by the ferric perchlorate assay (Figure 3.13).

Use of purified aerobactin to generate a standard curve for use in quantifying the
results obtained from the ferric perchlorate assay showed that a minimum of 0.06 mM of
aerobactin is needed to inhibit F. tularensis subsp. type B strain LVS growth, when
performing the direct broth assay. The inhibitory effects of aerobactin were also
overcome by supplementation of MHII agar with 10 uM ferric chloride. In comparison
to medium not supplemented with ferric chloride, the zone of inhibition produced by E.
coli strain 25922 was dramatically reduced (approximately 4-fold) on the supplemented
medium (Figure 3.14). These biochemical observations support the genetic data and
provide additional proof that the ability of E. coli strain 25922 to produce aerobactin

results in the inhibition of F. tularensis growth when these two bacteria are co-cultured.
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Figure 3.13 F. tularensis subsp. type B strain LVS growth inhibition by partially
purified aerobactin. Correlation between amount of aerobactin present and the percent
inhibition against F. tularensis subsp. type B strain LVS in column fractions from fluid
collected in the first fraction recovered using CM Sepharose™ matrix (CM1) and the
fractions collected from the first (CM1/P2 F1), second (CM1/P2 F2), third (CM1/P2 F3)
and fourth (CM1/P2 F4) 1 ml fractions recovered after chromatography of CM1 fluid
through Bio-Gel® P2 column. The positive control was E. coli strain 25922 agar-plug
fluid extract. A) Percent F. tularensis subsp. type B strain LVS growth inhibition by
matrix and column fractions. F. tularensis subsp. type B strain LVS growth inhibition by
samples taken from the indicated fractions was determined using the absorbance assay.
B) Estimated aerobactin concentrations (mM) in matrix and column fractions. A ferric

perchlorate assay was used to track the presence of hydroxamate (indicative of the
presence of aerobactin) in the same fractions.
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Figure 3.14 Reversal of inhibitory effect by E. coli strain 25922 on F. tularensis
subsp. type b strain LVS by iron supplementation. E. coli strain 25922 (center) and F.
tularensis subsp. type B strain LVS (lawns) were co-plated onto MHII with 1% isovitalex
supplemented with either 10 uM FeCl; (right) or with no iron supplementation (left).

3.4  Discussion

In this study, we used a combination of genetic and biochemical methods to show
that growth of F. tularensis is inhibited in the presence of aerobactin. Aerobactin is an
iron-chelating molecule with specific ligands for Fe(IlI) that is produced by E. coli and
other gram negative bacteria under iron-limiting conditions (30). Although aerobactin
does not have the highest affinity for Felll (K; is 10*®) when compared to other
siderophores produced by E. coli such as enterobactin (K¢ is 10°%), its affinity for iron is
sufficient to strip iron from transferrin, lactoferrin and ferritin (4, 19). Aerobactin is able
to resist hydrolysis after it cycles iron into the cell and can also be recycled (31). These
properties likely account for or enhance the accumulation of sufficient quantities of
aerobactin in the agar medium. This makes it possible to extract this product from the
agar, and causes inhibition of F. tularensis.

In E. coli, aerobactin is synthesized and transported by the gene products encoded
in the aerobactin operon (iucABCD and iut4) (13). The aerobactin operon was contained

in the fosmid insert which conferred the F. tularensis subsp. type B strain LVS growth
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inhibiting phenotype to the non-inhibiting E. coli strain EPI300™-T1. Moreover,
transposon insertions in three of the aerobactin biosynthetic genes iucd4, iucB, and iucC
resulted in the loss of the F. tularensis subsp. type B strain LVS growth inhibiting
phenotype. The inhibition of F. fularensis when co-plated with E. coli strains 25922 and
EPI300™-T1 transformed with the acrobactin operon appears to be a direct result of iron
deprivation caused by the presence of aerobactin. It is possible that other E. coli products
or activities could be attributing to the inhibition of F. tularensis, for example, products
encoded for by the other genes present within the cloned fragment. In order to rule out
the involvement of another product in the inhibition of F. tularensis, mutagenesis of each
of the cloned genes within pCC1FOS820 would need to be tested for loss of F. tularensis
inhibition. 1t is also unknown if either E. coli strains 25922 or EPI300 ™-T1 produce
other siderophores and whether these are influencing the inhibition of F. fularensis.
Francisella also produces a siderophore that highly resembles rhizoferrin (41).
Rhizoferrin, unlike aerobactin, is a polycarboxylate siderophore that is more efficient at a
lower pH and has been determined to have a weaker affinity for iron when compared to
aerobactin (7). E. coli has been determined to have the ability to use several types of
exogenous siderophores, but has not been shown capable of using rhizoferrin, that is
likely due to the lack of its specific receptor (22). Given that an outer membrane receptor
for this rhizoferrin-like siderophore in Francisella has not been found, it would be
interesting to see if this siderophore differs in its uptake mechanism from that of other
bacteria, and additionally, if other bacteria are capable of using the F. tularensis
siiderophore. If so, this would suggest an extensive competitive environment for F.

tularensis. 1t may also provide new hypotheses as to why the two clinically relevant F.
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tularensis subspecies are not found in the environment (outside of finding F. tularensis
subsp. type B in water) as compared to the other subspecies of F. rularensis. The
subspecies that are found in the environment, particularly F. tularensis subsp. novicida,
have not undergone the extensive genome reduction as F. tularensis subspp. type A and
type B have. F. tularensis subsp. novicida has few pseudogenes (a total of fourteen)
implying the presence of a higher number of systems available for adaptability, which
may include iron uptake mechanisms. F. tularensis subspp. type A and type B have a
large number of pseudogenes, 201 and 325 respectively, which results in lower
adaptability and the requirement of a specialized niche for survival (23, 35, 37). It
would be interesting to compare the protein profiles for the different subspecies grown
under iron-limited conditions as well as to see if the different subspecies vary in their
ability to grow in the presence of siderophore-producing bacteria. Both Deng et al. (15)
and Lenco et al. (24) have performed proteomic analyses of F. tularensis subsp. type B
strain LVS, but a comparison across all subspecies has not been done. Whether
Francisella can use exogenous siderophores is unknown and investigation of this
question might provide some answers to the mysteries surrounding Francisella and its
mechanisms for iron uptake.

The inability of F. tularensis to grow in the presence of an aerobactin-producing
E. coli strain suggests the inability of F. tularensis to compete and thrive within an
environment where aerobactin or other iron-chelator producing organisms with higher
affinities for iron are present. In the laboratory, difficulties in culturing F. tularensis
from environmental and animal samples have been encountered due to its slow growth

rate in vitro and the overgrowth by other organisms. When attempting to culture F.
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tularensis from tissues of animals thought to have had tularemia (PCR positive), three
bacterial species - Pseudomonas, Proteus and Staphylococcus - were predominantly
recovered while F. tularensis was not unless CHAB supplemented with antibiotics that
inhibit these bacteria was used (34). All of these bacteria produce aerobactin, suggesting
that recovery of Francisella species may be hindered by iron-limitation (6, 8, 25). When
growing I'. tularensis in vitro, supplementation with iron greatly enhances the growth of
this bacterium. This suggests that iron is either required in greater quantities by this
bacterium in comparison to levels required by other bacteria that grow on the same
medium (without supplementation of iron), or more likely, the mechanisms for iron
uptake used by F. tularensis are not as efficient as those present in these other bacteria.
The information gained through this project does give us insight into the sensitivity of F.
tularensis under iron limitation and could be useful for development of a medium that
would enhance the culturing of this bacterium in the presence of other bacteria that may
be inhibiting its growth. The addition of different iron sources and testing this hypothesis
may greatly improve culturing of this bacterium. The finding that F. tularensis is more
susceptible to aerobactin in its early growth stages also suggests an essential iron
requirement in its initial growth phase. It would be interesting to evaluate gene
expression profiles of F. tularensis under iron deprivation and normal growth conditions
at different growth stages of this bacterium to determine which genes are expressed early
on and how iron limitation affects the expression of these genes over time. It is possible
that the reason why F. tularensis is not inhibited in later growth stages is due to the
storage of iron during early growth stages that can be utilized later in the presence of

aerobactin, or it may be that F. tularensis needs time to produce its own siderophore and
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that in later growth stages enough of this molecule is present or able of being synthesized
to compete with aerobactin or any iron-limiting environment. Measurement of F.
tularensis siderophore production under iron-limiting ad normal growth conditions over
time may provide input for answering this question. Additionally, experiments to
evaluate the potential of aerobactin to inhibit across both Francisella species, as well as
the four F. tularensis subspecies would be interesting.

An additional finding of this study was the production of aerobactin by E. coli
strain ATCC 25922, a commonly used reference for various studies, including
standardization of antibiotic susceptibility testing (32, 43). To our knowledge, this strain
has not been documented as a siderophore-producing E. coli. Our studies show that when
this bacterium is grown using a MHII-based medium aerobactin is actively synthesized.
Additionally, this finding should be taken into account when choosing strains for genetic
manipulation of F. tularensis, specifically for conjugative purposes.

Tularemia is an interesting disease that is typified by sudden outbreaks over a
lengthy period and in which no predictors for the occurrence of disease are available (6).
Whether F. tularensis’ passive existence is due to an unknown reservoir or to other
underlying environmental factors is yet to be determined. This bacterium has a broad-
host range and is also known to be vector-borne. Thus, the lack of higher disease
prevalence is paradoxical with the broad-host range and known virulence of F. tularensis.
One limitation that may account for this paradox is the inability to accurately detect this
bacterium in the environment. Thus, a better understanding of F. tularensis physiology
and nutritional requirements should not only aid in the study of pathogenesis, but also

allow for the development of tools to better assess the true prevalence of F. tularensis.
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It is necessary to mention that identification of Francisella genes affected by
iron limitation and the identification of the siderophore produced by Francisella were not
known until well after this project was completed. Although we now know that
Francisella produces a siderophore, the conditions for its production are not fully
understood and alternate mechanisms for iron uptake for Francisella have not been
described. Francisella may likely have a novel mechanism that is unrecognizable, and
further research in this area is needed to better understand how Francisella acquires iron.

The primary purpose for this project was to test our hypothesis that the inhibitory
substance produced by E. coli could be used as a reagent in a diagnostic test for
Francisella. The approach taken was to characterize and identify the inhibitory
substance instead of addressing our hypothesis directly. The initial question and concern
should have been to ask if the inhibitory substance meets the criteria for use as a reagent
in a Francisella diagnostic. To do so, specificity of the inhibitory substance for
Francisella should have been evaluated. Addressing this question may have revealed
that the inhibitory substance was likely not specific for Francisella and therefore does not
meet the criteria for a diagnostic reagent. Even though we were unable to prove our
hypothesis, the results and data gathered from this study generated interesting questions
regarding the growth and survival of this bacterium in the environment and provides a
hypothesis as to why we are unable to grow and culture this organism when it is present
with other bacteria. Further work to better understand the strengths and weaknesses of
this bacterium in relation to its environment are critical to understanding the camouflaged

ability of this bacterium to unpredictably cause disease.
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Chapter 1V

Genomic Markers for Differentiation of F. tularensis
Type A Subpopulations

4.1 Introduction

F. tularensis is divided into four subspecies (tularensis, holarctica, mediasiatica
and novicida) that differ with respect to geographic location, virulence, and biochemical
properties (18). Two subspecies, F. tularensis subsp. tularensis (type A) and F.
tularensis subsp. holarctica (type B) are of clinical relevance, with F. tularensis subsp.
type A causing the more severe forms of tularemia (7). Human tularemia infections
caused by F. tularensis subsp. type A have only been documented in North America.
Recent studies have further divided F. tularensis subsp. type A isolates into two
subpopulations, A.l and A.Il (8, 12, 19).

Separation of F. tularensis subsp. type A into two subpopulations was first
reported in a 2004 study conducted by Johansson et al. in which 45 diverse F. tularensis
subsp. type A strains grouped into two distinct clusters by MLV A using 25 loci (12). In
2005, Farlow et al. typed 161 North American F. tularensis isolates (F. tularensis
subspp. type A, type B, and novicida) from the United States using a 24-marker system
(8). Phylogenetic analyses resulted in four major genetic groups, one for F. tularensis
subsp. type B, one for subsp. novicida, and two for F. tularensis subsp. type A
corresponding to the two subpopulations A.l and A.Il. Additionally, distinct geographic

distribution of subpopulation A.I and A.II isolates was also reported. Subpopulation A.I
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isolates were primarily found in the eastern and central United States (exceptions were
isolates collected from Alaska, British Columbia and California), and subpopulation A.Il
isolates were primarily collected from the western United States (exceptions were isolates
collected in Ontario and Texas).

The authors propose several abiotic and biotic factors as reasons for the
differences in geographic distributions for subpopulation A.lI and A.ll isolates. Among
these factors are known vectors and hosts for F. tularensis subsp. type A. Subpopulation
A.l was found to be closely associated with the distribution of the vectors Amblyomma
americanum (Lone Star tick) and Dermacentor variabilis (American dog tick), while
subpopulation A.Il was found in regions primarily containing the vectors Dermacent
andersoni (Rocky Mountain wood tick) and Chrysops discalis (deer fly). Different rabbit
hosts were also found to be associated with the two subpopulations, with Sylvilagus
floridanus dominating areas where A.l subpopulation isolates cause tularemia and
Sylvilagus nuttallii dominating areas where A.Il subpopulation isolates cause tularemia.
In addition, a significant difference was found between the elevation in areas from which
A.l and A.II subpopulation isolates were recovered.

In 2006, Staples et al. conducted epidemiologic comparisons and molecular
analyses on isolates associated with human tularemia that occurred within the United
States from 1964-2004 (19).  Through PFGE, this study also identified two
subpopulations for F. tularensis subsp. type A isolates. The two main clusters of F.
tularensis subsp. type A isolates correlated with the geographic location from which the
isolates were collected. Isolates from one cluster were primarily isolated from states

completely west of the 100™ meridian and were named type A-west, while isolates from
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the second cluster were primarily isolated from states transecting or east of the 100"

meridian and were named type A-east. Additional epidemiological analyses revealed a
significant difference in case fatality rates between infections caused by subpopulations
A-west and A-cast. A case fatality rate of 0% (0/55) was found for type A-west in
comparison to a case fatality rate of 14% (15/106) found for type A-east infections. A
significant difference was additionally found regarding the age between patients infected
with type A-west and type A-east, with a median age of 33 years and 44 years
respectively. When the anatomical sources of the isolates were examined, type A-east
isolates were recovered more frequently from blood and lung while type A-west were
recovered more frequently from lymph nodes. A difference in transmission was also
found, with biting flies being associated with type A-west infections and not type A-east
infections. Biting flies accounted for 55% of the arthropod-associated infections caused
by type A-west. Comparative analysis of this study with the work by Farlow et al.
demonstrates that subpopulation A.l is equivalent to type A-east and subpopulation A.Il
is equivalent to type A-west. A.I/A.Il terminology will be used to describe F. tularensis
subsp. type A subpopulations in this study.

Suppression subtractive hybridization (SSH) is a method used to perform whole
genome comparisons. SSH was originally developed to study gene expression in
eukaryotes and was later modified by Akopyants et al for application in bacterial
genomes for identification of strain-specific DNAs (1). SSH is particularly useful for
comparisons when genomes of the strains being compared have not been fully sequenced.
Past studies have utilized this technique to compare closely related strains that differ in

virulence, thus identifying unique regions associated with virulence factors (25). In
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addition to identification of virulence factors, unique sequences identified through SSH
have been used for the development of diagnostic and differentiation assays (2, 26).

We hypothesized that genomic differences exist between Al and A.ll
subpopulations, and can be used to develop a diagnostic assay for differentiation of
subpopulations A.T and A.Il. Additionally, it is possible that the genomic differences will
lead to identification of virulence factors linked to the differential disease outcome
associated with infections caused by the two subpopulations. This hypothesis was tested
using SSH to identify regions of difference (RDs) between subpopulations A.I and A.II
that were subsequently characterized using bioinformatic analyses.

4.2 Materials and Methods
4.2.1 Bacterial strains, culture conditions and DNA isclation

F. tularensis strains were grown from frozen stocks on CHAB at 35°C for 48 h,
followed by subculture onto CHAB for 24 h at 35°C. Genomic DNA was isolated from
cach F. tularensis strain using the PureGene DNA isolation kit (Gentra Systems,
Minneapolis, MN) according to the manufacturer’s instructions with minor
modifications. Specifically, bacterial cells were harvested from 24 h agar plates and
suspended in cell suspension buffer (100 mM Tris, 100 mM EDTA, at pH 8.0). The cell
suspension was adjusted to a turbidity of 0.7 using a MicroScan turbidity meter (Dade
Behring, Deerfield, IL) and 500 pul of the cell suspension was used for DNA isolation.
4.2.2 Suppression subtractive hybridization

Genomic SSH (Figure 4.1) was performed using the PCR-Select Bacterial
Genome Subtraction Kit (BD Biosciences Clontech, Palo Alto, CA) according to the

manufacturer’s instructions, with minor modifications. Specifically, tester and driver

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DNA were digested with A/ul. In the first subtraction, DNA of F. tularensis subsp. type
A strain MA00-2987 (A.I) was used as the tester and DNA of F. tularensis subsp. type A
strain WY96-3418 (A.Il) as the driver. The initial hybridization step was performed for
2.25 h at 58°C and the second hybridization was performed at 58°C overnight. For the
reverse subtraction, DNA of F. tularensis subsp. type A WY96-3418 (A.II) minus DNA
of F. tularensis subsp. type A MA00-2987 (A.I), the initial hybridization step was carried
out for 2,25 h at 60°C and the second hybridization was performed at 60°C overnight.
PCR amplification of control genes dnakK, rpoH, and 23S was conducted using the primer
sets: dnaK-F and dnaK-R, 23S-F and 23S-R, and rpoH-F and rpoH-R (Table 4.1).

Tester-specific fragments were amplified by both primary and nested PCR.

Table 4.1 Sequences of oligonucleotide primers.

Primer Sequence (5'-37) Primer Sequence (5'-3")
dnaK-F TATCATTGTGAAGATCTATACC RD-12F TCAATGGTGGACACAAGGTG
dnaK-R AAGATGCTGGTAAAATAGCAG RD-12R TTAGCGCCTTGGTATGTAAC
238-F TAAATGGCGAACAGCCCATACC RD-13F TGGGGTAATTATACCTTCAGC
23S-R ACGCCAGTAGTTGTGGAGTCG RD-13R AAATCCAAATATTGCCGATGC
rpoH-F AGCTAGATCCTGAAGAGTTGC RD-14F AGATACAATGGTAAGTATGTC
rpoH-R TAGTGTTCAAAGAAGAAACTGTC RD-14R AGCCAAAATACTATCAATTATG
RD-1F TAGCAGAGTTGGATGATTATTC RD-15F TCATCAGCAGGGATACTAAC
RD-IR TGTTTGAGCATCTCCTTCAAAG RD-15R ATAGCCAATAAATTTGATGATC
RD-2F AGGTCCTAATATTTGCCAATC RD-16F TTTGGATACGGTTGGTATAG
RD-2R TGAACCAATAGATCTAGAATTC RD-16R TCGAACTCCGTCATACCTTC
RD-3F ATATATGGTGATGCTAAAGAC RD-17F AACATTGATTGAACAGTATTTG
RD-3R TCTATTGAGATCTAAATCTGC RD-17R TATTTGTTGTTCTTGGTGTTG
RD-4F TGGTCAAGAAATTAGACTTTTG RDR-5F AAATCAAGATGTTTTGCTATAAG
RD-4R ATATTTATGTACTTGTGTTCAAG RDR-5R TATTTCTAAGTCITTCCAAGC
RD-5F TACTTGAGAATGATAGTAAATAC RDR-14F AAGAACTTCTCTGCTAAGATC
RD-5SR ATATTATCAAAATGTAATTTACTG : RDR-14R TAGATACAATGGTAAGTATGTC
RD-6F TGACCTGAGCCAGAGGTTAC TN-1F TGTCTTGGTGAAGAATGCTAAC
RD-6R ACTTGCCAGCCTAATAATTAC TN-1R TACTTTACTATCATGAGTTTTATC
RD-7F TAATTGGTATCAAATCTGGAG TN-2F TATGATTCAACAAGGTAGATAC
RD-7R AGATAGCCACTCTCTTCAAG TN-2R TTTGTGCACAGAACCTAGAC
RD-8F TAACGGAATCTATGAGTGTG TN-3F TCAGTTGGTTAGAGTACTATC
RD-8R AAGAATCCTGCATATATCGC TN-3R TTGACCAACGAGTTTCACAC
RD-9F TGGGGTAATTATACCTTCAGC TN-4F TATACTAAGGTGTATGTTTTAC
RD-9R AAATCCAAATATTGCCGATGC TN-4R TTATCCCTTGTAAATCAAATAC
RD-10F AAATCATTGATTGAGTCTATTC TN-5F TTGTACTTTTATTTGGTTACGA
RD-10R TCCTCCTTGATAACCAACTG TN-5R AACTCCGTCATACCTTCTTC
RD-11F AGAAATAATGTTTGAATCTTCC  RD-10J-F°  ATCATTGATTGGAAATCAAAAATTG
RD-11R ACAGTACCATCACTCTTAAC RD-10J-R ATCCTGATATTCCTCCTAACACAA

* Base pair changes are indicated in bold.
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Post-subtraction methods are diagramed in Figure 4.2. Nested PCR products
were cloned into pGEM-T Easy vector (Promega, Madison, WI) and transformed into
competent DH5a cells (Invitrogen, Carlsbad, CA). Transformants were screened on LB
medium supplemented with ampicillin (100 pg/ml), X-gal, and [PTG. For each
subtraction, 100 B-galactosidase/Amp" clones were picked for a total of 200 clones.
Clones were grown overnight in 5 ml of LB broth supplemented with ampicillin (100
pg/ml). Plasmid isolation was performed using the Qiagen mini prep kit (Qiagen Inc.,
Valencia, CA). The DNA was digested with BstZl and electrophoresed on a 1.5%
agarose gel to check for the presence of an insert. Inserts were sequenced by
Macromolecular Resources (Colorado State University, Fort Collins, Colorado) using
SP6 and T7 primers and an ABI 3130 Genetic Analyzer. BLAST analysis (blastn) of the

cloned fragment was performed using the NCBI website (http://www.ncbi.nlm.nih.gov/).
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Fig 4.1 Suppression subtractive hybridization. The first step in suppression
subtractive hybridization was to digest both tester and driver DNA with an enzyme that
yields fragment sizes smaller than 1 kb. Tester DNA was then ligated in two separate
reactions to adaptor 1 and adaptor 2. The first hybridization occurred when excess
digested driver DNA was mixed in separate reactions with each of the tester-adaptor
ligation reactions. The samples were heat denatured and allowed to anneal. The products
from the first hybridization were mixed together and were not heat denatured. Fresh
denatured driver DNA was added and allowed to anneal in a second hybridization. The
ends of all products were filled in with DNA polymerase. PCR using primers that anneal
to the adaptor ends exponentially amplified double stranded tester-specific DNA that had
both adaptors. A second PCR was performed using nested primers for background
reduction and further enrichment of tester-specific sequences.
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Figure 4.2 Post subtraction methods. Subtractive hybridization products were cloned
into the vector pGEM-T Easy. Positive clones were selected using ampicillin resistance
and blue/white screening. Cultures were grown and plasmid DNA was isolated. BstZI
digests were performed and clones containing an insert were sequenced. Sequence data
was used to design primers within the cloned insert.
4.2.3 PCR for validation of RDs and subpopulation A.I/A.II differentiation

Primers were designed within the cloned sequenced inserts (Table 4.1). For each
PCR reaction, 50 ng of template DNA (see Table 4.3 for strains used) and 1.2 uM of each
primer were used with PureTaq Ready-To-Go PCR beads (GE Healthcare,
Buckinghamshire, UK). PCR conditions consisted of 95°C for 5 min, followed by 30
cycles of 95°C for 45 sec, annealing temperature of 51-55°C for 30 sec, and 72°C for 45
sec. Positive (tester-specific fragments cloned into pGEM-T Easy vector) and negative
(no DNA template) controls were included in each run. Amplified fragments were

electrophoresed using a 1.5% agarose gel followed by staining with ethidium bromide

and visualization using a Gel Doc XR imager (Bio-Rad Laboratories, Hercules, CA).
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The multiplex assay was performed with PureTaq Ready-To-Go PCR beads, 2.5
mM MgCl, and 1 pM of each primer for RD-3 and RD-6 (Table 4.1). The PCR
conditions were the same as above except for the annealing temperature of 53°C for 45
sec. The A.l-specific PCR was performed with primers RD-10J-F and RD-10J-R (Table
4.1) as above except for an annealing temperature of 55°C for 45 sec. PCR reactions for
both assays were electrophoresed using precast 3.0% agarose gels with ethidium bromide
(Bio-Rad Laboratories, Hercules, CA).

4.2.4 Genome mapping, and bioinformatic analysis of predicted proteins and
genes

RDs were mapped using the whole genome sequences of F. tularensis subsp. type
A strains SCHU S4 (AJ749949) and WY96-3418 (NC 009257), F. tularensis subsp. type
B strains LVS (AM233362) and OSU18 (NC 008369), and F. tularensis subsp. novicida
strain U112 (NC_008601) available through NCBI (http://www.ncbi.nlm.nih.gov/) with
blastn analysis (http://www.ncbi.nlm.nih.gov/). Sequence alignments were also
performed using LALIGN (www.ch.embnet.org/software/LALIGN form.html) and
ClustalW (www.ebi.ac.uk/clustalw/#). Protein homologues were found using blastp
analysis ((http://www.ncbi.nlm.nih.gov/).

Bioinformatic programs including PSORT, a prediction program of protein
subcellular localization (http://www.psort.org/psortb/index.html); SignalP, a signal
peptidase cleavage site prediction program (http://www.cbs.dtu.dk/services/SignalP/);
TMHMM  program, for prediction of transmembrane helices in proteins
(http://www.cbs.dtu.dk/servicess TMHMM-2.0/); Pfam HMM search program that scans a
sequence against the Pfam protein families database (http://www.sanger.ac.uk

/Software/Pfam/search.shtml); and BPROM (http://www.softberry.com/berry.phtml
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?topic=bprom& group=programs&subgroup=gfindb), a prediction program for gram-
negative bacterial promoters were used to analyze proteins annotated within RDs and any
homologues within all genomes available. Translation of DNA sequence to protein
sequence for pseudogenes was performed using the ExPASy translate tool
(http://www.expasy.org/tools/dna.html).  Additional BLAST analyses were also
performed on hypothetical proteins using blastn and blastp against the non-redundant
database.

Junction regions, consisting of 30 nucleotides taken in both directions at each of
the two RD junctions, were aligned using the local alignment method of the alignment
program lalign.

4.3 Results
4.3.1 Subtractive hybridization

To generate DNA fragment sizes of < 1kb, the restriction enzyme Alul, a four-
base, blunt-end restriction enzyme was used in place of Rsal which generated DNA
fragment sizes > 1 kb. The efficiency of subtraction was verified by PCR amplification
of three control genes (23S, rpoH, and dnaK) present in both the tester and driver
genomic DNA (Figure 4.2). A marked reduction of PCR product for two of the three
control genes was considered efficient subtraction (Figure 4.3). The subtraction of
subpopulation A.Il from subpopulation A.I worked efficiently with an annealing

temperature of 58°C, whereas the reverse subtraction (A.l from A.II) was most effective

with 60°C as the annealing temperature.
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Figure 4.3 Subtraction efficiency using control genes dnaK, rpoH and 23S. A) PCR
amplification of control genes using F. tularensis subsp. type A DNA from strains
MAO00-2987 DNA and WY96-3418, and no DNA for the negative PCR control. Lane 1:
1 kb molecular weight ladder, lane 2: blank, lane 3: MA00-2987 using primer set rpoH,
lane 4: WY 96-3418 using primer set rpoH, lane S: negative PCR control using primer set
rpoH, lane 6: MA00-2987 using primer set 23S, lane 7: WY96-3418 using primer set
23S, lane 8: negative PCR control using primer set 23S, lane 9: MA00-2987 using
primer set dnaK, lane 10: WY96-3418 using primer set dnaK, lane 11: negative PCR
control using primer set 23S. B) Subtraction hybridization controls for A.I minus A.II.
Lane 1: 1 kb molecular weight ladder, lane 2: unsubtracted dnaK PCR at 18 cycles, lane
3: unsubtracted dnaK PCR at 21 cycles, lane 4: unsubtracted dnaK PCR at 24 cycles,
lane 5: subtracted dnaK PCR at 18 cycles, lane 6: subtracted dnaK PCR at 21 cycles,
lane 7: subtracted dnaK PCR at 24 cycles, lane 8:negative PCR control for dnakK, lane 9:
unsubtracted rpoH PCR at 18 cycles, lane 10: unsubtracted rpoH PCR at 21 cycles, lane
11: unsubtracted rpoH PCR at 24 cycles, lane 12: subtracted rpoH PCR at 18 cycles, lane
13: subtracted rpoH PCR at 21 cycles, lane 14: subtracted rpoH PCR at 24 cycles, lane
15: negative PCR control for rpoH, lane 16: 1 kb molecular weight ladder, lane 17:
unsubtracted 23S PCR at 18 cycles, lane 18: unsubtracted 23S PCR at 21 cycles, lane 19:
unsubtracted 23S PCR at 24 cycles, lane 20: subtracted 23S PCR at 18 cycles, lane 21:
subtracted 23S PCR at 21 cycles, lane 22: subtracted 23S PCR at 24 cycles, lane 23:
negative PCR control for 23S. U represents unsubtracted PCR amplified samples and S
represents subtracted PCR amplified samples.
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Of the resulting p-galactosidase/Amp® E. coli clones transformed with tester-
specific DNA, 100 clones were randomly selected from both subtractions (A.I-A.Il and
A.II-A.]), and plasmid DNA recovered. To verify the presence of tester-specific DNA
inserts, plasmids were digested with BstZ1, and those with an insert (137 clones) were
sequenced (Figure 4.2) and internal primers designed (Table 4.1). PCR with the internal
primers and DNA from F. tularensis subsp. type A strains MA00-2987 (A.I) and WY96-
3418 (A.Il) identified 24 regions of difference (RD) (Table 4.2). In this work an RD is
defined as a genomic region present in one subpopulation and absent from the other

subpopulation.

Table 4.2 Summary of suppression subtractive hybridization experiments.

Number of Number of  Number of RDs

Number of RDs anel verified < wi
R panel veritie . Genes with . .
PB-galactosidase’ A“fp .cloncs identified (minus IS- ln'sel‘l RD size putative function Hypoth(.:ncal RI.)S 'only RD.S . RPS
R with insert inus IS- ) size . ; proteins  within an associated identified
/Amp” clones creened b (minus IS ¢lement y range  associated with ated i s - |
digested s PC{; Y cloment associated and  TAnge (bp) RDs (may include associate intergenic with more than
associated)  repeated RDs) ®p) intergenic region) with RDs  regions  clements onee
SI' 82 s1 s2 AL ANl AL Al
100 100 77 60 9 10 5 8 202-768 15-1181 [} 9 1 5 2

" S| represents SSH A.I-ALIL
? $2 represents SSH A 1I-A L

Of these 24 RDs, 12 (RD-2, RD-3, RD-7, RD-§, RD-11, RD-14, RD-16, RD-17,
RDR-14, TN-1, TN-2, and TN-4) were present in F. tularensis subsp. type A strain
MAO00-2987 (A.I), and another 12 (RD-1, RD-4, RD-5, RD-6, RD-9, RD-10, RD-12, RD-
13, RD-15, RDR-5, TN-3, and TN-5) were present in F. fularensis subsp. type A WY96-
3418 (A.Il). It should be noted that primers used to define RD-1, RD-2, RD-7, RD-8§,
RD-9, RD-11, RD-12, RD-14, RD-16, RD-17, RDR-14, TN-2, and TN-4 yielded PCR

products from both subpopulation A.I and A.Il genomic DNA, but with different

127

- Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



amplicon sizes. Thus, in some cases one or both of the internal primers fell within the
RD present only in one subpopulation, resulting in the amplification of a product from
only the subpopulation containing the RD (Figure 4.9) and in other cases the internal
primers flanked the RD absent from one subpopulation (Figure 4.5) resulting in amplified
product in both subpopulations that differ in size. In the cases where there was a
difference in product size, both PCR products were cloned and sequenced.
4.3.2 Verification of regions of difference

To ensure that the 24 RDs represented conserved differences among either
subpopulation A.I or A.II strains, nine A.l and nine A.II clinical strains (Table 4.3) from
diverse geographical locations were PCR amplified using the internal primer sets (Table
4.1). All strains on the panel were identified as either subpopulation A.I or A.Il by PFGE
molecular subtyping. In addition to the subpopulation A.I and A.Il panel of strains, DNA
from three F. tularensis subsp. type B strains and three F. tularensis subsp. novicida
strains were also PCR amplified.

Ofthe 24 RDs, 19 (RD-1 to RD-13, RDR-5, and TN-1 to TN-5) were conserved
among the panel of nine A.I and nine A.II subpopulation strains (Tables 4.2). The five
non-conserved RDs (RD-14, RD-15, RD-16, RD-17, and RDR-14) were dropped from

further analysis. Figure 4.4 shows the results of an RD (RD-17) that did not panel verify.
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Table 4.3 Francisella strains used in this study.

CDC Accession Anatomic State of
Number Source® Exposure
F. tularensis subsp.
tularensis MA00-2987° Blood Massachusetts
subpopulation A.l
AR99-3448 Exudate Arkansas
MO002-1911 Node Missouri
NE03-1457 Pleural Fluid Nebraska
NY04-2565 Pleural Fluid New York
0OK01-2528 Wound Oklahoma
SCHU S4 Ulcer Ohio
SD00-3147 Wound South Dakota
VAQ00-1000 Blood Virginia
F. tularensis subsp.
tularensis WY96-3418° Wound Wyoming
subpopulation A.Il
AZ01-4999 Wound Arizona
CA02-0099 Wound California
GA02-5453 Node Wyoming
ID04-2687 Unknown Oregon
UT02-1927 Wound Utah
WYO01-3847 Blood Wyoming
WYO01-3911 Unknown Wyoming
WY03-1228 Eye Wyoming
F. tularensis subsp.
holaretion (type é’) KY99-3387 Wound Kentucky
LVS - Russia
OR96-0246 - Oregon
P tudarensis Subsp. 79,3548 Node Louisiana
novicida
GA99-3549 Blood California
GA99-3550 (U112) - Utah

* Anatomic source given for human isolates.

® A.I strain used as both tester and driver for SSH.

© A 1l strain used as both tester and driver for SSH.
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Figure 4.4 RD-17, a non-conserved RD. Panel verification of RD-17 illustrating an
RD that was conserved among subpopulation A.I strains, but was not conserved among
subpopulation A.II strains. Lane 1: 1 kb molecular weight ladder, lane 2: NE03-1457,
lane 3: MA0O0-2987, lane 4. Schu S4, lane 5. OK01-2528, lane 6: SD00-3147, lane 7:
NY04-2526, lane 8: VA00-1000, lane 9: M002-1911, lane 10: AR99-3448, lane 11:
WYO01-3847, lane 12: WY96-3418, lane 13: GA02-5453, lane 14: ID04-2687, lane 15:
WYO03-1228, lane 16: CA02-0099, lane 17: AZ01-4999, lane 18: UT02-1927, lane 19:
WYO01-3911, lane 20: negative control, lane 21: 1kb molecular weight ladder.

4.3.3 Mapping of the 19 regions of difference to the F. tularensis genome

To further verify the PCR results and to aid in selection of diagnostic markers, the
RDs were mapped via BLAST analyses (blastn and blastp) to whole genome sequences
of F. tularensis subsp. type A strains SCHU S4 (A.I) and WY96-3418 (A.ll), F.
tularensis subsp. type B strains LVS and OSU18 (type B), and F. tularensis subsp.
novicida U112. Mapping RDs to the different Francisella genomes also helped resolve
differences in annotation between genomes (Table 4.4).

One of the 19 verified RDs was identified more than once (RD-5/RDR-5), five
were associated with insertion sequence (IS) elements (TN-1 through TN-5), 12 were
gene/pseudogene-associated (RD-1,RD-2, RD-3, RD-4, RD-5, RD-6, RD-8, RD-9, RD-
10, RD-11, RD-12, and RD-13), and one mapped to an intergenic region (RD-7) (Table

42).
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Table 4.4 Mapped genome location of the 13 non-IS element associated conserved

RDs.

RD

SCHU $4 (A.)

Genome location of RD (bp)

WY96-3418 (A1)

LVS (type B)

O8UI8 (type B)

U112 (novicida )

RD-1
RD-2
RD-3
RD-4
RD-5
RD-6
RD-7
RD-8
RD-9
RD-10
RD-11
RD-12

RD-13

Size of RD present within
mapped F. tularensis
RD (bp)' AY AIl B* N
380 - + + +
148 + - + +
1181 + - ' }
674 -+
310 - + + +
138 - + + +
45 + - + t
264 + - + +
16 - + + +
33 - ! + +
15 + - +
179 - + - +
246 - + + g

1822217-1822364

1210749-1211929

866395-866439
100785-101048

1089471-1089485

1715859-1716238

855388-856061
427831-428140

1622469-1622606

130959-130944
1274365-1274397
1431642-1431464

301503-301748

153148-153527
1808260-1808407
742203-743383
1166893-1167576
617645-617954

1251432-1251569
329314-329358
1693922-1694185
1748784-1748799
309305-309337
1069151-1069165

1619237-1619475

152826-153205
1807894-1808041
745833-747013
1170844-1171527
621331621640
1254923-1255060
330896-330940
1693435-1693698
1748414-1748429
310886-310918
1073057-1073071

1618751-1618989

155315-155697
1836762-1836908
1242339-1243519

917978-918657
1478605-1478914

276175-276312

383249-383293
1724735-1724472
1780284-1780299

351043-351075

661139-661317

323557-323802

" The size corresponding to strains SCHU S4 (A1) or WY96-3418 (A.11) of F. tularensis subsp. tularensis is given,

'B represents both F. tularensis subsp. holarctica (type B) genomes, strains LVS and OSU18,

N represents F. tularensis subsp. novicida U112,

Of the non-IS element associated RDS, five (RD-2, RD-3, RD-7, RD-8, RD-11)

were present in subpopulation A.l and eight (RD-1, RD-4, RD-5, RD-6, RD-9, RD-10,

RD-12, and RD-13) were present in subpopulation A.Il. The size of these 13 RDs ranged

from 15 bp to 1181 bp (Tables 4.2, and 4.4). The predicted genes associated with these

13 RDs for subpopulations A.I and A.Il are shown in Table 4.5 and for their homologues

in other F. tularensis subspecies in Table 4.6.
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Table 4.5 Predicted proteins associated with RDs in F. tularensis subsp. type A
strains SCHU S4 (A.I) and WY96-3418 (A.II).

Accession Accession

RD number(s) within IdentlﬁgatﬁonsszD n number(s) within lden‘[\l)vﬂgat;(;il;;fl l;D n
RD in Schu S4 ch RD in WY96-3418 -
RD-1 - - FTW 1826 hypothetical protein
RD-2 FTT1733 hypothetical protein - -

conserved hypothetical
lipoprotein, intergenic

FTT1194¢/ .
RD-3 FIT1195¢ region, .conserveé - -
hypothetical protein
(pseudogene)

. intergenic region,
RD-4 - - ;2\&“%2;289/ hypothetical protein,
- hypothetical protein

hypothetical protein,

RD-5 i FTW_ 0430/ intergenic region, putative
FTW 0431 methyltransferase
(pseudogene)
RD-6 i i FTW 1709 C4—d1carboxylate anaerobic
- carrier (pseudogene)
RD-7 - intergenic region - -

hypothetical protein

RDS  FTTO096 ~ (milarily toa pulative _ _
biotin dependent

carboxylase)
RD-9 - . FTW 0121 magnesium chelatase
- (pseudogene)
RD-10 - . FTW 1356 DNA processing protein

DprA

conserved hypothetical
RD-11 FTT1078c protein (similarity to - -

FrpA/C)
chitinase family 18 protein
RD-12 - - FTW 2084 (pseudogenc)
RD-13 - - FTW 0298 putative drug transporter

(pseudogene)
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Table 4.6 Predicted proteins associated with RDs and their homologues in other

F. tularensis subspecies.

. . Accession
RD n?t)ccrfss)m\(:'?tl1in Identification of RD l:('(::s)ssl;mm Identification of RD in number(s) Identification of RD in
D i Lvs nLVS e OSUIS osu1g within RD in novicida U112
) novicida U112
RD-1  FIL 0147 hypothetical protein FIH ol40  conserved hypothetcal g ) hypothetical protein
- - protein (pseudogene) -
RD-2 - intergenic region FTH 1802 hypothetical protein FTN 1712 hypothetical protein
conserved hypothetical conserved hypothetical
Rp  FTLO750/ protein (pseudogene), FTH 0752/ pr?r:f;':,(ezsii“i"f:"e)‘ FTN_1171/ hypothetical protein,
FTL_0751 intergenic region, conserved FTH_0753 conservid h o%he?ic i FIN 1172 hypothetical protein
hypothetical lipoprotein VP A
protein
hypothetical protein, . consew§d !1yp0thctica| . intergenic region,
RD-4 FTL_1217 S . FTH 1195 protein, intergenic FIN_0864 . ;
intergenic region . hypothetical protein
region
methyltransferase probable hypothetical protein,
RD-5 FTL 0628/ (pseudogene), conserved FTH 0631/ methyltransferase. FTN 1399/ intergenic region, S-
FTL_0629 hypothetical protein FTH_ 0632 intergenic region, FTN_ 1400 adenosylmethionine-
(pseudogene) hypothetical protein dependent methyltransferase
RD-6 FIL 1313 short-chain fatty acid FTH 1284 S-tranferase FIN 0269 C4-dicarboxylate anaerobic
- transporter - (pseudogene) ! carrier
RD-7 - intergenic region - intergenic region - intergenic region
hypothetical protein with lzﬁzll:iel:;:lri[:rotteln hypothetical protein with
RD-8  FTL 1759 similarity to a putative biotin ~ FTH_1699 utative bi o i;’ % FIN 1615  similarity to a putative biotin
d tc " o
dependent carboxylase dependent carboxylase dependent carboxylase
RD9  FTL_I814 °"ela$i::‘:;'cyns)r°‘e‘" FIH 1750  ComM (pscudogenc)  FTN 1665 magnesium chelatase
nucleotide-binding . , .
RD-10 - intergenic region FTH 0322 DNA uptake proein  FTN_ 0345 DNA ””“’gfnp“m"’”" SMF
(pseudogene) Y
conserved hypothetical hypothetical protein
RD-11 FTI. 1123 protein with similarity to FTH_1097 with similarity to - -
FrpAiC FrpA/C
RD-12 - - - FTN_ 0627 ChiA
RD-13 FTL_1685 major facilitator superfamily FTH 1624 MFS family major FIN 0312 drug:H+ antiporter-1

transport protein

facilitator transporter (DHA1) family protein
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4.3.4 Analysis of gene and intergenic differences between subpopulations A.I and
A.Il for the conserved, non-IS element associated RDs.

Bioinformatic analyses were performed using the software programs PSORT,
SigP, TMHMM and Pfam to predict protein localization, signal sequences,
transmembrane helix domains, and protein families for hypothetical proteins encoded
within the RDs. When present, the corresponding homologues within other genomes
were also analyzed using these programs. The RDs within intergenic regions were
analyzed using the promoter prediction program BPROM. The analysis for each of the
13 conserved, non-IS element associated RDs is summarized below.
Detailed description of RD-1

RD-1 is present in subpopulation A.Il and absent from subpopulation A.I (Figure
4.5). RD-1 was determined to fall within a gene predicted to encode for a hypothetical
protein (FTW 1826) (Table 4.7). FTW 1826 is a 512 amino acid protein predicted to
contain an N-terminal signal sequence, one transmembrane helix domain and to localize
to the outer membrane. The absence of RD-1 in subpopulation A.l causes an in-frame
deletion of 380 bp, deleting the N-terminal signal sequence and shifting the start codon
for this hypothetical protein in subpopulation A.I. The subpopulation A.I homologue
(FTT0267) is predicted to encode for a 372 amino acid protein (Figure 4.6). RD-1 1is also
present in F. tularensis subspp . type B and novicida (Figure 4.5). The signal sequence is
conserved within F. tularensis subsp. type B strains OSU18, LVS and F. tularensis
subsp. novicida U112, however, F. tularensis subsp. type B strain OSU1R is truncated to
335 amino acids as compared to both F. tularensis subsp. type B strain LVS (512 amino

acids) and F. tularensis subsp. novicida strain U112 (513 amino acids) (Table 4.8).
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Figure 4.5 Agarose gel of PCR amplified F. tularensis strains using RD-1 primer
set. A) PCR amplification of F. tularensis subpopulations A.I, A.Il and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A Il strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.II) and
panel of novicida strains.

A)
ARD-1
FTT0267 (A.I) !...__ ................ ' 1119 bp
40bp 380bp
FTW_1826 (A.I1) )/ Y 1539 bp
B)
ARD-1
L
FTT0267 (A.T) O3 > 372 aa
19aa 126aa
FTW_1826 (A.I1) | > 512aa

Figure 4.6 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
1. A) Nucleotide alignment of regions encoding for homologous proteins FTT0267 in
subpopulation A.I and FTW 1826 in subpopulation A.Il. Green line represents
nucleotide sequence that is out of frame in comparison to the rest of the sequence; black
line represents homologous sequence between subpopulations A.l and A.II; dashed red
line represents the absence of RD-1 in subpopulation A.I; blue triangles represent start
codons; red triangles represent stop codons. B) Amino acid sequence alignment of
homologous proteins FTT0267 (A.I) and FTW_1826 (A.Il) represented by arrows.
Yellow represents amino acid sequence that differs between the two proteins. Dashed red
line represents the amino acids that are absent from A.I. Blue represents homology
between the two sequences.
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Table 4.7 Summary of BLAST analyses for RD-1 gene FTW_1826.

Percent
]E’r ];:;i; Description ORF E-value ]r:je;(:tel?; Query Positives
coverage
blastn F. tularensis subsp. tularensis WY96-3418 - 0 100 100 -
F. tularensis subsp. holarctica 1.NS - 0 99 100 -
F. tularensis subsp. novicida U112 - 0 99 100 -
F. tularensis subsp. holarctica OSU18 - 0 99 99 -
F. tularensis subsp. rularensis FSC198 - 0 99 75 -
F. tularensis subsp. tularensis FSC198 - 3.00E-39 98 -
F. tularensis subsp. tularensis SCHU S4 - 0 99 75 -
F. tularensis subsp. tularensis SCHU §4 - 3.00E-39 98 -
blastp F, wularensis subsp. mularensis WY96-3418 FTW_1826 0 100 - 512/512
F. tularensis subsp. novicida U112 FTN_0142 0 99 - S11/513
F. tularensis subsp. holarctica LVS FTL_0147 0 99 - 508/512
F. wlarensis subsp. holarctica 257 FTHG_00154 0 99 - 508/512
F. tularensis subsp. tularensis SCHU S4 FTT0267 6.E-178 99 - 354/354
F. tularensis subsp. tularensis FSC198 FTF0267 6.E-178 99 - 354/354
F. tularensis subsp. novicida GA99-3548 FTDG_00036  S.E-115 52 - 324/461
F. tularensis subsp. novicida U112 FTN_0444  6E-114 51 - 323/461
F. tularensis subsp. tularensis SCHU S4 FTT0918 7.E-114 51 - 319/461
F. tularensis subsp. novicida GA99-3549 FTCG_01635 2.E-113 51 - 322/461
F. tularensis subsp. holarctica 257 FTHG 00411 4.E-113 51 - 321/461
F. tularensis subsp. tularensis WY96-3418 FTW_1261  8.E-113 51 - 320/461
F. tularensis subsp. holarctica OSU18 FTH_0431 8.E-113 51 - 320/462
F. tularensis subsp. tularensis FSC198 FTF0918 4 E-109 47 - 314/452
F. tularensis subsp. novicida GA99-3548 FTDG_01243  3.E-109 48 - 345/509
F. tularensis subsp. novicida U112 FIN_1686  4.E-109 47 - 345/509
F. tularensis subsp. novicida GA99-3549 FTCG_ 01685  1.E-107 47 - 343/509
F. tularensis subsp. holarctica 1.VS FTL_1836  5E-107 47 - 343/509
F. tularensis subsp. holarctica OSUI8 FTH 1772 5.E-107 47 - 343/510
F. tularensis subsp. tularensis WY 96-3418 FTW_0100  7.E-107 47 - 343/509
F. tularensis subsp. rularensis SCHU S4 FTT0025¢  L.E-106 47 - 343/509
F. tularensis subsp. tularensis FSC198 FTFO025¢ 1 E-106 47 - 343/509
F. tularensis subsp. novicida GA99-3548 FTDG_00655  7.E-100 46 - 310/477
F. tularensis subsp. holarctica 1.VS FTI._0439 2.E-93 48 - 297/464
F. tularensis subsp. novicida GA99-3548 FTDG_00037  9.E-84 49 - 258/387
F. tularensis subsp. novicida U112 FTN_0445 9.E-84 49 - 258/357
F. wlarensis subsp. novicida GA99-3549 FTCG_01636  9.E-84 42 - 308/516
F. tularensis subsp. tularensis SCHU S4 FTT0919 1.E-83 49 - 258/357
F. tularensis subsp. tularensis FSC198 FTF0919 1.E-83 49 - 258/357
F. tularensis subsp. holarctica OSU18 FTH_0432 2.E-83 49 - 260/388
F. tularensis subsp. holarctica 257 FTHG 00412 2. E-83 49 - 260/388
F. tularensis subsp. mlarensis WY96-3418 FTW_1260  2.I-83 43 - 258/387
F. tularensis subsp. holarctica 1.VS FT1._0867 3 E-82 45 - 267/423
F. tularensis subsp. holarctica OSU18 FTH_0856 3.E-82 45 - 267/423
F.tularensis subsp. holarctica 257 FIHG 00800 4.1:-82 45 - 2067/423
F. tularensis subsp. tularensis SCHU S4 FTT0602¢ 6.E-82 45 - 266/423
F. tularensis subsp. wlarensis FSC198 FTF0602¢ 8.E-82 45 - 266/423
F. tularensis subsp. tularensis WY96-3418 FTW_1127 1.E-81 45 - 266/423
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Table 4.8 Summary of bioinformatic analyses for RD-1 associated proteins and
truncated homologue of subpopulation A.I.

Number of

;‘ a) '; - . i m
F ff’/ar.em” ORF Amino  Pseudogene PSORT S1gnall" TMHMM Pfa .
Strains . Analysis  Analysis Analysis
Acids
Proteins
associated WY96-3418 o a b ¢
with RD (AN FTW_ 1826 512 - OM*  1(1-23) 1(7-25) NP
region
OSU18 (type B) FTH_0140 335 + Ul 1(1-23)  1(7-25) NP
LVS (type B) FTL_0147 512 - OM  1(1-23) 1(7-25) NP
U112 (novicida) FTN 0142 513 - OM  1(1-23)  1(7-25) NP
Homologue SCHU (AT} FTT0267 372 - U NP NP NP

? OM represents proteins predicted to be localized to the outer membrane.
® Number of predictions followed in parenthesis by amino acid sequence postion.
° NP represents an analysis with no prediction.

d
U represents unknown,

Detailed description of RD-2

RD-2 is present in subpopulation A.I and absent from subpopulation A.Il (Figure
4.7). RD-2 is localized within the sequence encoding a hypothetical protein (FTT1733)
predicted to be functional in subpopulation A.I with no homologue in subpopulation A.Il
(Table 4.9). The absence of RD-2 in subpopulation A.Il results in a deletion of a 148 bp
region (Figure 4.8). RD-2 is present in F. tularensis subspp. type B and novicida (Figure
4.7). The homologues of hypothetical protein FTT1733 are annotated as functional in
OSU18 (FTH_1802) encoding a 103 amino acid protein (similar to subpopulation A.I)
and F. tularensis subsp. novicida (FTN_1712) that encodes for a 151 amino acid protein
predicted to localize to the cytoplasm (Table 4.10). In F. tularensis subsp. type B strain
LVS, this region i1s annotated as falling within an intergenic region. It should be noted

that nucleotide sequence comparison of this region revealed no sequence differences
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between F. tularensis subsp. type B strains LVS and OSU18 and F. tularensis subsp. type

A strain SCHU S4, thus differences in predicted proteins are due to annotation.

A)
A.l A.ll A.lll  typeB

ko | (] Tko | | -
0.65

0.5

0.4

12345678 910111213141516 17 18 19 20 21 22 23 24

B . .

) novicida

AJAND ()

1 2 3 4 5 6

Figure 4.7 Agarose gel of PCR amplified F. tularensis strains using RD-2 primer
set. A) PCR amplification of F. tularensis subpopulations A.I, A.Il and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and

panel of novicida strains.

Table 4.9 Summary of BLAST analyses for RD-2 gene FTT1733.

Percent
l?r I;gAreSl; Description ORF E-value ;eer ;;rtl; Query  Positives
coverage
blastn F. tularensis subsp. tularensis FSC198 - 1.E-161 100 100 -
F. tularensis subsp. tularensis SCHU S4 - 1.E-161 100 100 -
F. tularensis subsp. holarctica OSU18 - 2.E-158 99 100 -
F. tularensis subsp. holarctica LVS - 2.E-158 99 100 -
F. tularensis subsp. novicida U112 - 2.E-153 98 99 -
F. tularensis subsp. tularensis WY96-3418 - 2,E-48 100 c6 -
F. tularensis subsp. tularensis WY96-3418 - 1.E-26 100 -
blastp F. tularensis subsp. novicida GA99-3548 FTDG_01270 2.E-48 97 - 101/103
F. tularensis subsp. novicida U112 FTN_1712 2.E-48 97 - 101/103
F. tularensis subsp. tularensis SCHU $4 FTT1733 S.E-48 100 - 103/103
F. tularensis subsp. tularensis FSC198 FTF1733 5.E-48 100 - 103/103
F. tularensis subsp. holarctica OSU18 FTH_1802 1.E-46 98 - 101/103
F. tularensis subsp. holarctica 257 FTHG_01732 1.E-46 98 - 101/103
Chromohalobacter salexigens DSM 3043 Csal_1301 3.E-10 36 - 34/94
Aeromonas hydrophila subsp. hydrophila ATCC 7966 AHA 0046  4.E-05 32 - 33/101
Moritella sp. PE36 PE36 05013 5.E-05 30 - 32/105
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A)

FTT1733 (A.) Y '312bp
ARD-2
WY96-3418 IG region I 1
(AIT) L_____ ......... y 164 bp
148 bp
B)
FTT1733 (A.]) [ > 103 aa
No predicted homologue
of FTT1733 in A.Il

Figure 4.8 Alignment of subpopulations A.I and A.Il illustrating the effects of RD-2.
A)  Nucleotide alignment of homologous gene-encoding region F777733 in
subpopulation A.I and intergenic region in subpopulation A.Il. Black line represents
homologous sequence; dashed red line represents the absence of RD-2 in subpopulation
A.Il; blue triangle represents start codon; red triangle represents stop codon. B)
Ilustration of amino acid sequence of hypothetical protein FTT1733 represented by an
arrow. Pink represents no homology.

Table 4.10 Summary of bioinformatic analyses for RD-2 associated proteins.

F tula;jensis ORF oﬁinrﬁii) Pseudogene PSORT Signal].’ TMHMM Pfam.
Strains . Analysis Analysis Analysis
Acids
Proteins
associated gop Al FITIT33 103 ; b NP NP NP
with RD :
region”
OSUI18 (type B) FTH_ 1802 103 - U NP NP NP
U112 (rovicida) FTN_1712 151 - Cyto® NP NP NP

* No homologues were found in LVS (type B) or WY96-3418 (A.II).
® U represents unknown.
¢ Cyto represents proteins predicted to be localized to the cytoplasm.
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Detailed description of RD-3

RD-3 is present in subpopulation A.I and absent from subpopulation A.II (Figures
4.9). RD-3 was determined to be an 1181 bp region in subpopulation A.I that lies within
a gene encoding for a conserved hypothetical lipoprotein (FTT1194c), the adjacent
intergenic region, and a downstream pseudogene encoding a conserved hypothetical
protein (FTT1195¢) (Tables 4.11 and 4.12). Absence of RD-3 in subpopulation A.II
results in one functionally annotated gene (FTW_1242) that is homologous to the two
ends of the two coding sequences described for subpopulation A.I (Figure 4.10). The
conserved hypothetical lipoprotein is predicted to contain a DUF403 (domain of
unknown function) domain (Table 4.13). Homologue comparison between F. tularensis
subspp. type B and novicida to subpopulations A.I and A.Il reveals differences between

all genomes; however RD-3 is present in F. tularensis subspp. type B and novicida

(Figure 4.9).
A)
Al Al A Il type B
kb
12345678910111213141516 18 19 20 212223 24
novicida
AlLANY : ()

1 2 3 4 5 6

Figure 4.9 Agarose gel of PCR amplified F. tularensis strains using RD-3 primer
set. A) PCR amplification of F. tularensis subpopulations A.I and A.Il, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and

panel of novicida strains.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.11 Summary of BLAST analyses of RD-3 gene FTT1194c.

Pereent
BLAST Description ORF E-value Perce.m Query  Positives
Program [dentity
coverage
blastn F. tularensis subsp. tularensis FSC198 - 0.E+00 100 100 -
F. tularensis subsp. tularensis SCHU S4 - 0.E+00 100 100 -
F. tularensis subsp. novicida U112 - 0.E+00 99 100 -
F. tularensis subsp. holarctica OSU18 - 0.E+00 99 100 -
F. tularensis subsp. holarctica LVS - 0.E+00 99 100 -
F. tularensis subsp. tularensis WY96-3418 - 3.E-146 100 30 -
blastp® F. tularensis subsp. novicida U112 FIN 1171  5.E-163 100 - 308/308
F. tularensis subsp. novicida GA99-3549 FTCG 00699 5.E-163 100 - 308/308
F. tularensis subsp. tularensis SCHU S4 FTT1194c  S5.E-163 100 - 308/308
F. tularensis subsp. tularensis FSC198 FTF1194c  8.E-163 100 - 308/308
F. tularensis subsp. tularensis FSC033 FTBG 00549 8.E-163 100 - 308/308
F. tularensis subsp. novicida GA99-3548 FTDG_00744 1.E-160 99 - 306/308
F. tularensis subsp. holarctica LVS FTL 0751  S5.E-159 98 - 304/308
F. tularensis subsp. holarctica OSU18 FTH 0753  S5.E-159 98 - 304/308
F. tularensis subsp. holarctica 257 FTHG 00705 5.E-159 98 - 304/308
F. tularensis subsp. tularensis WY96-3418 FTW 1242 2.00E-47 100 - 94/94

* Hits at least 100 more hypothetical proteins of unknown function with significant e-values.

Table 4.12 Summary of BLAST analysis for RD-3 pseudogene FTT1195c.

BLAST Description E-value Perce.nt lg{zfylt
Program Identity

coverage

blastn F. tularensis subsp. tularensis FSC198 0.E+00 100 100

F. tularensis subsp. tularensis SCHU S4 0.E+00 100 100

F. tularensis subsp. holarctica OSUI18 0.E+00 98 100

F. tularensis subsp. holarctica LVS 0.E+00 98 99

F. tularensis subsp. novicida U112 0.E+00 98 100

F. tularensis subsp. tularensis WY96-3418 0.E+00 99 67
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Figure 4.10 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
3. A) Nucleotide alignment of regions encoding for proteins FT71194c and FTT1195¢
in subpopulation A.I with homologue FTW 1242 in subpopulation A.Il. Black line
represents homologous sequence; green line represents sequence that is out of frame in
comparison to the rest of the sequence; dashed red line represents absence of RD-3 in
subpopulation A.II; blue triangles represent start codons; red triangles represent stop
codons. B) Amino acid sequence alignment of subpopulation A.I proteins FTT1194c¢ and
FTT1195¢c (A.I) with FTW_1242 (A.II) with proteins predicted as functional represented
as solid blue arrows and the pseudogene represented as a dashed blue arrow. Yellow
represents amino acid sequence that differs between subpopulations A.I and A.Il. Blue
represents homology between the two sequences.

Table 4.13 Summary of bioinformatic analyses for RD-3 associated proteins and
homologue in subpopulation A.II .

. . Number of SignalP  TMHMM .
F. tularensis Strains ORF Amino Acids Pseudogene PSORT Analysis _Analysis Pfam Analysis
Proteins associated a b B
with RD region SCHU (A.) FTT119%c¢ 308 - Cyto NP NP DUF403 (1-295)
SCHU (A.) FTT1195¢ 67 + v NP NP DUF404(12-59)
OSU18 (type B) FTH_0752 160 + Cyto NP NP DUF404(12-159)
OSU18 (type B) FTH_0753 308 - Cyto NP NP DUF403(1-295)
DUF404 (1-175),
LVS (type B) FTL_0750 317 + U NP NP DUF407 (200-307)
LVS (type B) FTL_0751 308 - Cyto NP NP DUF403 (1-295)
U112 (novicida) FTN_1171 328 - Cyto NP NP DUF403 (1-315)
.. DUF404 (12-313),
U112 (novicida) FTN_1172 484 - U NP NP DUF407 (338-481)
Homologue WY96-3418 (A1) FTW 1242 422 - Cyto NP NP DUF404(15-316)

* Cyto represents proteins predicted to be localized to the cytoplasm.
> NP represents an analysis with no prediction.
¢ Protein family domain followed in parenthesis by amino acid sequence postion.

¢
U represents unknown.
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Detailed description of RD-4

RD-4 is present in subpopulation A.Il and absent in subpopulation A.l (Figure
4.11). RD-4 is 674 bp and encompasses an intergenic region and two adjacent
downstream regions encoding for hypothetical proteins (FTW_0888 and FTW_0889)
(Table 4.14). FTW _0888 is predicted to have a transmembrane helix domain. The
intergenic region is predicted to contain two putative promoter sequences. Both coding
sequences as well as the intergenic region are absent in subpopulation A.I (Figure 4.12).
In F. tularensis subspp. type B and novicida, there is only one hypothetical protein
homologous to this subpopulation A.Il region (FTL 1217, FTH 1195, for F. tularensis
subsp. type B strains LVS and OSU18, and FTN 0864 for F. tularensis subsp. novicida).
For all genomes, except F. tularensis subsp. type A strain SCHU S4, the upstream

intergenic regions are predicted to contain two possible promoter positions (Table 4.15).

A)
i Al Al type B
K|
2 \ | () kb
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
1 23 4 567 8 91011121314151617 181920212223 24
B)

novicida
%

R S £ 35

AlAI

Figure 4.11 Agarose gel of PCR amplified F. tularensis strains using RD-4 primer
set. A) PCR amplification of F. tularensis subpopulations A.I and A.Il, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.l
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and
panel of novicida strains.
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Table 4.14 Summary of BLAST analyses for RD-4 gene FTW_0888.

Percent
BLAST Description ORF E-value Perce'nt Query  Positives
Program Identity
coverage
blastn F. tularensis subsp. tularensis WY96-3418 - 2.E-70 100 100 -
F. tularensis subsp. holarctica OSU18 - 2.E-70 100 100 -
F. tularensis subsp. holarctica LVS - 2.E-70 100 100 -
F. tularensis subsp. novicida U112 - 2.E-65 97 100 -
F. tularensis subsp. tularensis FSC 198 - 7.E-100 99 48 -
F. tularensis subsp. tularensis SCHU S4 - 7.E-100 99 48 -
blastp F. tularensis subsp. tularensis WY96-3418 FTW_0888 2.00E-12 100 - 48/48
A) ARD-4
SCHU S4 IG 1egioN e s s s v v v m e
(A.]) 674 bp
WY96-3418 IG region,
FTW 0888 and y yy y

FTW_0889 (A.Il)

B) No predicted homologue of

SCHUSH(AD | FTW _0888and FTW_0880in A I

N
FTW_0888 and | )
FTW_0889 (A.IT) V
48 aa 123 aa

Figure 4.12 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
4. A) Nucleotide alignment of regions encoding for subpopulation A.I intergenic region
and gene-encoding regions FTW 0888 and FTW 0889 in subpopulation A.II. Black line
represents homologous nucleotide sequence between subpopulations A.I and A.1l; dashed
red line represents absence of RD-4 in subpopulation A.IL; blue triangles represent start
codons; red triangles represent stop codons. B) Arrows represent amino acid sequence
of FTW 0888 and FTW _0889. Pink represents no homology.
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Table 4.15 Summary of bioinformatic analyses for RD-4 associated proteins.

F. tularensis Strains~ ORF Nmberof o dogae PSORT SieralP TMHMM o s nalysis  BPROM
Amino Acids Analysi Analysis
Proteins 5
associated with  WY96-3418 (A.Il) FTW_0088 48 - U NP®  1(12-34)° NP Pf;f;ozzgg pos.
RD region’ ’
WY96-3418 (Al) FTW 0089 123 - U NP NP NP

OSU18 (typeB)  FTH_1195 123 ; U NP NP NP 2 p“g’;“’;‘;gpos'
LVS (typeB)  FTL 1217 123 . U NP NP NP 2 promoter pos.

69,518
- 2 promoter pos.

Ul12 (novicida)  FTN_0864 123 - 8] NP NP NP 64,420

* No homologues were found in SCHU (A.1).
by represents unknown.
© NP represents an analysis with no prediction.

¢ Number of predictions followed in parenthesis by amino acid sequence postion,

Detailed description of RD-5

RD-5 is present in subpopulation A.Il and is absent from subpopulation A.l
(Figure 4.13). RD-S was predicted by BLAST analysis to span a region of 310 bp that
encompasses the coding region of a hypothetical protein (FTW_0430), an intergenic
region, and a downstream pseudogene for a methyltransferase (FTW_0431) predicted to
be truncated after amino acid 122 (Table 4.16 and 4.17). Deletion of RD-5 in
subpopulation A.I results in a loss at the C-terminus of the methyltransferase fragment
(pseudogene) and a loss at the N-terminus of the hypothetical protein (Figure 4.14). Both
of the coding sequences (FTT1429c and FTT1430c) in subpopulation A.l are annotated
as pseudogenes. RD-5 is present in F. tularensis subspp. type B novicida (Figure 4.13).
In F. tularensis subspp. type B (OSUI18) and novicida, homologous to these coding
regions, FTH 0631 and FTH 0632 in OSUI18 and FTN 1399 and FTN 1400 in F.
tularensis subsp. novicida, are annotated as functional. In F. tularensis subsp. type B

strain LVS, both are annotated as pseudogenes (FTL 0628 and FTL 0629) (Table 4.18).
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Figure 4.13 E-gel of PCR amplified F. tularensis strains using RD-S primer set. A)
PCR amplification of F. tularensis subpopulations A.I and A.Il, and F. tularensis subsp.
type B strains. Lane 1-9: panel of A.l strains, lanes 10-19: panel of A.II strains, lanes
20-22: panel of type B strains, lane 23: negative control, lane 24: molecular weight
standard. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.II) and panel of
novicida strains.

Table 4.16 Summary of BLAST analyses for RD-5 gene FTW_0430.

Percent
BLAST Description ORF E-value Perce.nt Query  Positives
Program Identity
coverage
blastn  F. tularensis subsp. tularensis WY96-3418 - 0.0E+00 100 100 -
F. tularensis subsp. holarctica OSU18 - 0.0E+00 99 100 -
F. tularensis subsp. holarctica LVS - 0.0E+00 99 100 -
F. tularensis subsp. novicida U112 - 0.0E+00 98 100 -
F. tularensis subsp. tularensis FSC198 - 0.0E+00 99 91 -
F. tularensis subsp. tularensis SCHU S4 - 0.0E+00 99 91 -
blastp  F. tularensis subsp. tularensis WY96-3418 FTW_0430 9.0E-117 100 - 238/238
F. tularensis subsp. novicida U112 FTN_1399 5.0E-116 98 - 236/238
F. tularensis subsp. novicida GA99-3549 FTCG_00911 8.0E-116 98 - 236/238
F. tularensis subsp. novicida GA99-3548  FTDG_00963  8.0E-116 98 - 236/238
F. tularensis subsp. holarctica OSU18 FTH_0632 2.0E-114 98 - 236/238
F. tularensis subsp. holarctica 257 FTHG_ 00593  2.0e-114 98 - 236/239
F. tulavensis subsp. tularensis SCHU S4 FTT1429 3.0E-33 100 - 78/78
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Table 4.17 Summary of BLAST analysis for RD-5 pseudogene FTW _0431.

t

BLAST Description E-value Percent Igf;en
Program P Identity Y
coverage

blastn  F. tularensis subsp. tularensis WY96-3418 0.0E+00 100 100
F. tularensis subsp. holarctica OSU18 0.0E+00 99 100
F. tularensis subsp. holarctica LVS 0.0E+00 99 100

F. tularensis subsp. novicida U112 0.0E+00 99 100
F. tularensis subsp. tularensis FSC198 0.0E+00 99 65
F. tularensis subsp. tularensis SCHU S4 ~ 0.0E+00 99 65
A) ARD-5
SCHU S4 FrT1429¢,1G Y w ... ‘ Yy
region and FTTI430 (A.) 310 bp
WY96-3418 FTW _0430,1G '
region and FTW_0431 (A.II) Y vy -y
B) FTT1429¢ FTT1430c
SCHU S4 FTT1429¢ of*==} M- I
and FTT1430 (A.I) \;--J Np==-==d
88 aa 152 aa
FTW_0430 FTW_0431
FTW_0430and P2 S
FTW_0431 (A.IT) Sg====J
238 aa 122 aa

Figure 4.14 Alignment of subpopulations A.I and A.Il illustrating the effects of RD-
5. A) Nucleotide alignment of regions encoding for subpopulation A.I FTT1429c,
intergenic region and FTT1430c and FTW 0430, intergenic region and FTW 0431. Red
triangles represent stop codons; yellow triangles represent premature stop codons; blue
triangles represent start codons; dashed red line represents absence of RD-5 in
subpopulation A.L B) Amino acid sequence alignment illustration of
FTT1429¢/FTT1430c and FTW_0430/FTW_0431 for which the protein predicted to be
functional is depicted as a solid blue arrow and predicted pseudogenes are represented by
dashed blue arrows. Blue represents homology between the two sequences.
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Table 4.18 Summary of bioinformatic analyses for RD-5 associated proteins and
homologues in subpopulation A.I.

F. tularensis Strains ORF Nu.mber (?f Pscudogene PSORT Slgnall? TMHMM Pfam Analysis
Amino Acids Analysis  Analysis
Proteins associated v o0 s41g Aty FTW 0430 238 ; U NP NP NP
with RD region -

WY96-3418 (A1) FTW 0431 {22 + U NP NP methyltransf 4 (35-116)°
OSUIS (type B)  FTH_ 0631 29 - Cyto® NP NP methyltransf 4 (35-229)

OSUIS (type B)  FTH_0632 238 . U NP NP NP
LVS (type B) FTL_0628 229 + Cyto NP NP methyltransf 4 (35-229)

LVS (type B) FTL_0629 238 + U NP NP NP
U112 (novicida ) FTN_1400 229 - Cyto NP NP methyltransf 4 (35-229)

U112 (novicida ) FTN 1399 238 - U NP NP NP

Homologues SCHU (A.D) FTT1429¢ 88 + 0] NP NP NP
SCHU (A.l) FTT1430c 152 + U NP NP methyltransf 4 (35-152)

* U represents unknown.
" NP represents an analysis with no prediction.
¢ Protein family domain followed in parenthesis by amino acid sequence postion.

¢ Cyto represents proteins predicted to be localized to the cytoplasm.

Detailed description of RD-6

RD-6 is present in subpopulation A.Il and absent from subpopulation A.I (Figure
4.15). By BLAST analysis, RD-6 mapped to the C4-dicarboxylate anaerobic carrier
pseudogene (FTW _1709) in subpopulation A.Il (Table 4.19). However, this RD was
downstream of the premature stop codon that defined FTW 1709 as a pseudogene. The
same premature stop codon is present in the subpopulation A.I homologue. Thus, even if
the pseudogene resulted in a product it would not differ between subpopulations A.I and
A. II (Figure 4.16). RD-6 is present in F. tularensis subspp. type B and novicida (Figure
4.15). This coding region is annotated as a pseudogene in F. tularensis subsp. type B
strain OSU18 (FTH_1284) and as functional in strain LVS (FTL_1313). The homologue

in F. tularensis subsp. novicida FTN_0269 is predicted functional (Table 4.20).
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Figure 4.15 E-gel of PCR amplified F. tularensis strains using RD-6 primer set. A)
PCR amplification of F. tularensis subpopulations A.l and A.Il, and F. tularensis subsp.
type B strains. Lane 1-4: panel of A.I strains, lane 5: molecular weight standard, lanes
6-10: panel of A.I strains, lanes 11-17: panel of A.II strains, lane 18: molecular weight
standard, lanes 19-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
molecular weight standard. B) PCR amplification of MA00-2987 (A.I), WY96-3418
(A.II) and panel of novicida strains.

Table 4.19 Summary of BLAST analysis for RD-6 pseudogene FTW_1709.

t

BLAST Description E-value Percent 1:;:;6“
Program P Identity i
coverage

blastn  F. tularensis subsp. tularensis WY96-3418  0.0E+00 100 100

F. tularensis subsp. holarctica OSU18 0.0E+00 99 100
F. tularensis subsp. holarctica LVS 0.0E+00 99 100
F. tularensis subsp. novicida U112 0.0E+00 o8 100
F. tularensis subsp. novicida U112 1.0E-83 88 -

F. tularensis subsp. tularensis FSC198 0.0E+00 99 91

F. tularensis subsp. tularensis FSC198 7.0E-135 100 -

F. tularensis subsp. tularensis SCHU S4 0.0E+00 99 91

F. tularensis subsp. tularensis SCHU S4 7.00E-135 100 -
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Figure 4.16 Alignment of subpopulations A.I and A.Il illustrating RD-6. A)
Nucleotide alignment of regions encoding for pseudogenes F770375 in subpopulation
Adand FTW 1709 in subpopulation A.Il. Black line represents nucleotide sequence that
is homologous between subpopulations A.I and A.Il; dashed red line represents the
absence of RD-6 in subpopulation A.I; blue triangles represent start codons; yellow
triangles represent premature stop codons; red triangles represent stop codons. B) Amino
acid sequence of pseudogenes FTT0375 (A.I) and FTW_1709 (A.Il) represented as
dashed blue arrows. Blue represents homology between the two sequences.

Table 4.20 Summary of bioinformatic analyses for RD-6 associated proteins and
homologue in subpopulation A.L

Number of SignalP

F. tularensis Strain ORF Amino Acids Pseudogene  PSORT Analysis TMHMM Analysis Pfam Analysis
Pr'oteins ] . 6(13-32,103-122, 143-162, 172-194, 4
associated with 'WY96-3418 (A.Il} FTW_1709 283 + Cyto-Mem® NP B DcuC (9-282)
RD rexi 199-221, 225-247)
region
6(13-32, 103-122, 143-162, 172-194,
OSUI18 (type B)  FTH_1284 284 + Cyto-Mem NP 199-221. 225.247) DeuC (9-284)
6(23-45,50-72,93-112, 150-172, 192-
LVS (type B) FTL_1313 244 - Cyto-Mem NP 211, 221243 DeuC (1-242)
11(13-32, 103-122, 143-162, 172-
U112 (novicida) ~ FTN_0269 503 - Cyto-Mem NP 194, 199-221, 225-247, 280-302, 307- DcuC (9-499)
329..350-369..434-476,.483:302),
Homologue SCHU (A.T) FTT0375 283 + Cyto-Mem NP 6(13-32,103-122, 143-162, 172-194, |, (9-282)

199-221,225-247)

" Cyto-Mem represents proteins predicted to be localized to the cytoplasmic membrane.
" NP represents an analysis with no prediction.
¢ Number of predictions followed in parenthesis by amino acid sequence postion.

4 Protein family domain followed in parenthesis by amino acid sequence postion.

Detailed description of RD-7
RD-7 is present in subpopulation A.I and absent from subpopulation A.II (Figure
4.17). Using BLAST analyses, RD-7 was found to map within a predicted promoter

sequence of an intergenic region of subpopulation A.I upstream of a gene encoding an
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arsenical pump membrane protein (ArsB). Deletion of RD-7 in subpopulation A.Il
removes the predicted promoter sequence and creates an alternative promoter (Figure
4.18). Promoter sequences similar to those in subpopulation A.l were predicted for F.
tularensis subsp. type B strains OSU18 and LVS as well as for F. tularensis subsp.
novicida. The ArsB homologues in F. tularensis subsp. type B strains OSUIS8
(FTH_0346) and LVS (FTL_0350) are annotated as pseudogenes whereas the homologue

in F. tularensis subsp. novicida (FTN_0382) is predicted functional (Table 4.21).

A)
Al Al All typeB

1234567 8 910111213141516 17 18 19 20 21 22 23 24

B -
) novicida
ALAIT7 ()

Figure 4.17 Agarose gel of PCR amplified F. fularensis strains using RD-7 primer
set. A) PCR amplification of F. tularensis subpopulations A.I and A.Il, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and

panel of novicida strains.
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Figure 4.18 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
7. A) Nucleotide alignment of subpopulations A.I and A.Il intergenic regions. Brown
squares represent promoter sequence; dashed red line represents absence of RD-7 in
subpopulation A.Il. B) Illustration of the differences caused by the presence of RD-7 in
subpopulation A.I and the effects of its absence in subpopulation A.Il. Amino acid
sequences adjacent to the intergenic regions for subpopulations A.l and A.Il are
represented as solid blue arrows. Blue represents homology between the two sequences.

Table 4.21 Summary of bioinformatic analyses for RD-7 associated proteins and
homologue in subpopulation A.IL

Number of

F. tularensis Strsin~ ORF Amino  Psendogenc  PSORT A:;lgpsis TMHMM Analysis Pfam Analysis BROM
Acids Y
Proteins
associated a
with RD None
rcgion
Downstream CDS
12(5-22, 27-44, 59-81, 94-116, 131- .
SCHU (A.I) FTTO853 412 Cyto-Mem®  NP°  153,174-196,218-240, 247-266, 281- cﬁﬁzf(;lg?i)« ! P"’“;‘;‘;' pOs.
303, 316-338, 353-375, 388-410)° ! :
OSUI8 (type B  FTH 0346 201 + Cyto-Mem  Np  0(221,25-46, ?318?9 23-1 17129151, civusaie17s) | p“’";‘;";' pos.
LVS(type B)  FTL 0350 201 + Cyto-Mem ~ Np  0(2:21,25-46, 51’3'18‘1);2)5'1 17.029-15L, ovmisai-175) ! "'°“l‘§’2°’ pos.
12(4-21, 28-50, 60-82, 94-116, 131-
s 3 s -411), i .
UL12 (novicida) ~FTN 0382 412 Cyte-Mem NP 153, 174-196, 220-242, 249-266, 281- Cﬁ;’ﬁé 3 6)2) ! boskin
303, 316-338,353-375,.388:410)
12(5-22, 27-44, 59-81, 94-116, 131-
» ’ sB(5-411), i t 3
Homologue WY96-3418 (AIl) FTW 1331 412 Cyto-Mem NP 153, 174-196, 218-240, 247-266, 281- C’;;H‘S(m 6)2) prome o pos
303, 316-338, 353-375, 388-4{0)
# RD-7 falls within an intergenic region therefore downstream genes were analyzed.
4 Cyto-Mem represents proteins predicted to be localized to the ¢y
© NP represents an analysis with no prediction,
4 Number of predictions followed in parenthesis by amino acid sequence postion.
“ Protein famity domain followed in parenthesis by amino acid sequence postion.
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Detailed description of RD-8

RD-8 is present in subpopulation A.I and absent from subpopulation A.II (Figure
4.19). In subpopulation A.I, RD-8 falls within a region encoding a hypothetical protein
(FTT0096) (Table 4.22). FTT0096 is predicted to localize to the cytoplasm and to
contain an ATP GRASP 3 domain (ATP-binding domain) (Table 4.23). In
subpopulation A.Il, the absence of RD-8 results in an in-frame deletion of 88 amino acids
(of 346 amino acids in subpopulation A.l), including a portion of the ATP_ GRASP
domain. Nevertheless, the truncated hypothetical protein in subpopulation A.II has been
annotated as functional (Figure 4.20). Homologues within F. tularensis subsp. type B
strains OSU18 (FTH_1699) and LVS (FTL 1759) and F. tularensis subsp. novicida
(FTN_1615) are all predicted functional and to encode for a 426 amino acid protein

(Table 4.23).

Al Al type B
Kb o W | () Kb

0.65
0.5
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Figure 4.19 Agarose gel of PCR amplified F. tularensis strains using RD-8 primer
set. A) PCR amplification of F. tularensis subpopulations A.l and A.Il and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.l), WY96-3418 (A.Il) and

panel of novicida strains.
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Table 4.22 Summary of BLAST analyses for RD-8 gene FTT0096.

BLAST i Percent Percent "
Description ORF E-value . Query  Positives
Program Identity
coverage
blastn F. tularensis subsp. tularensis FSC198 - 0.0E+00 100 100 -
F. tularensis subsp. tularensis SCHU S4 - 0.0E+00 100 100 -
F. tularensis subsp. holarctica OSU18 - 0.0E+00 98 100 -
F. tularensis subsp. holarctica LVS - 0.0E+00 98 100 -
F. tularensis subsp. novicida U112 - 0.0E+00 98 100 -
F. tularensis subsp. tularensis WY96-3418 - 0.0E+00 99 75 -
F. tularensis subsp. tularensis WY96-3418 - 0.0E+00 100 -
blastp F. tularensis subsp. tularensis SCHU S4 FTT0096 0.0E+00 100 - 346/346
F. tularensis subsp. tularensis FSC198 FTF0096 0.0E+00 100 - 346/346
F. tularensis subsp. novicida U112 FIN_1615 0.0E+00 98 - 341/346
F. tularensis subsp. novicida GA99-3549  FTCG 01476  0.0E+00 97 - 341/346
F. tularensis subsp. novicida GA99-3548 FTCG 01476 0.0E+00 97 - 341/346
F. tularensis subsp. holarctica LVS FTL_1759 0.0E+00 96 - 336/346
F. tularensis subsp. holarctica OSU18 FTH_1699 0.0E+00 96 - 336/346
F. tularensis subsp. holarctica 257 FTHG_01632 0.0E+00 96 - 336/346
F. tularensis subsp. tlarensis WY96-3418  FTW_0178 7.08-73 93 - 144/150
F. tularensis subsp. tularensis WY96-3418 - 5.0E-62 100 - 121/121
A)
FTT0096 (A1) Y Y 10416p
ARD-8
Frworrsamn V. | [
264 bp

B)

FTT0096 (A.I) |

FTW_0179 (A.II)

> 346 2a

subpopulation A.l and FTW 0179 in subpopulation A.IL

A.II represented as solid blue arrows.

sequences.
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> 258 aa

Figure 4.20 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
8. A) Nucleotide alignment of regions encoding hypothetical proteins F770096 in
Black line represents
homologous nucleotide sequence between subpopulations A.I and A.II; blue triangles
represent start codons; red triangles represent stop codons; dashed red line represents the
absence of RD-8 in subpopulation A.IL
homologous proteins FTT0096 in subpopulation A.I and FTW_0179 in subpopulation
Blue represents homology between the two

B) Amino acid sequence alignment of
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Table 4.23 Summary of bioinformatic analyses for RD-8 associated proteins and
homologue in subpopulation A.IL

F. tularensis Strain ORF ATT::]:;::(‘!S Pseudogene PSORT /S\f:;;]; 1/\]\;::‘:;2:\: Pfam Analysis
Proteinsassociated  gepy a1y FTT0096 346 - Cyt' NP' NP ATP_GRASP 3 (68-255)°
with RD region -
OSUI8 (type B)  FTH_1699 426 - Cyto NP NP ATP_GRASP 3 (148-335)
LVS (type B) FTL_1759 426 - Cyto NP NP ATP_GRASP 3 (148-335)
UL12 (novicida) FIN_1615 426 - Cyto NP NP ATP_GRASP 3 (148-335)
Homologue WY96-3418 (A.I) FTW 0179 258 - Cyto NP NP ATP_GRASP 3 (68-255)

“ Cyto proteins predicted to be localized to the cytoplasm.
® NP represents an analysis with no prediction.

¢ Protein family domain followed in parenthesis by amino acid sequence postion,

Detailed description of RD-9

RD-9 is a small, 16 bp RD present in subpopulation A.Il and absent from
subpopulation A.l. The results obtained using primer set RD-9 for panel verification are
shown in Figure 4.21. The amplicon size for subpopulation A.l is larger than
subpopulation A.II implying that the RD is large and present in subpopulation A.L. After
sequence analysis, it was determined that this discrepancy was due to mispriming.
RD-9 lies within a magnesium chelatase pseudogene in subpopulation A.IT (FTW_0121)
(Table 4.24). Absence of RD-9 in subpopulation A.I results in deletion of 16 bp and
introduction of a premature stop codon to give an 81 amino acid product. In
subpopulation A.Il the gene is truncated prematurely to give a protein of 355 amino
acids. The genes in both subpopulations A.l and A.Il are annotated as pseudogenes
(Figure 4.22). Homologues in F. tularensis subsp. type B are annotated as pseudogenes

(FTH_1750 in strain OSU18 and FTL _1814c¢ in strain LVS). In F. tularensis subsp.

novicida, a functional 502 amino acid magnesium chelatase is predicted (Table 4.25).
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Figure 4.21 Agarose gel of PCR amplified F. tularensis strains using RD-9 primer
set. A) PCR amplification of F. tularensis subpopulations A.l and A.Il, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and

panel of novicida strains.

Table 4.24 Summary of BLAST analysis for RD-9 pseudogene FTW _0121.

BLAST Description E-value Percent Izizent
Program P Identity Y
coverage

blastn  F. tularensis subsp. tularensis WY96-3418  0.0E+00 100 100

F. tularensis subsp. tularensis FSC198 0.0E+00 98 100

F. tularensis subsp. tularensis SCHU S4 0.0E+00 98 100
F. tularensis subsp. novicida U112 0.0E+00 98 100

F. tularensis subsp. holarctica OSU18 0.0E+00 99 100

F. tularensis subsp. holarctica OSU18 8.0E-30 100 -
F. tularensis subsp. holarctica LVS 0.0E+00 99 100
F. tularensis subsp. holarctica LVS 8.0E-30 100 -
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Figure 4.22 Alignment of subpopulations A.I and A.II illustrating the effects of RD-
9. A) Nucleotide alignment of FTT0046 in subpopulation A.l and FTW 0121 in
subpopulation A.Il. Black line represents nucleotide sequence that is homologous
between subpopulations A.I and A.Il; blue triangles represent start codons; yellow
triangles represent premature stop codons; red triangles represent stop codons; dashed red
line represents absence of RD-9 in subpopulation A.I.  B) Amino acid sequence
alignment of homologous pseudogenes FTT0046 in subpopulation A.I and FTW_0121 in
subpopulation A.II represented as dashed blue arrows. Blue represents homology
between the two sequences.

Table 4.25 Summary of bioinformatic analyses for RD-9 associated proteins and
homologue in subpopulation A.L

F. tularensis Strain ORF Number of Pscudogenc PSORT Slgnal}" TMHMM
Analysis  Analysis

Amino Acids Pfam Analysis

Proteins

associated Mg_chelatasc(190-354), AAA(213-228),

WY96-3418 (A.I) FTW_0121 355 + 2 b NP )
with RD ? (AD) - Gyt NP AAA_ 5(213-231)°
region
OSUI18 (type B)  FTH_1750 25 + u? NP NP NP
Mg chelatase(65-271), AAA(88-103),
L B FTL_1814 288 + t NP P —
VS (ype B) —ehae Oyt N AAA 5(88-106)
. . Mg_chelatase(190-396), AAA(213-228),

U112 (novicida) ~ FTN_1665 502 Cyto NP NP AAA 5(213.231)

Homologue SCHU (A.) FTT0046 81 + U NP NP NP

? Cyto represents proteins predicted to be localized to the cytoplasm.

° np represent an analysis with no prediction.

¢ Protein family domain followed in parenthesis by amino acid sequence postion.
4 U represents unknown,

Detailed description of RD-10
RD-10 is present in subpopulation A.II and absent from subpopulation A.I (Figure
4.23). RD-10 falls within a region encoding a DNA processing protein DprA that in

subpopulation A.Il (FTW_1356) is annotated as functional (368 amino acids) (Table
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4.26). The subpopulation A.I homologue to DprA is annotated as a pseudogene (229
amino acids) due to the introduction of a premature stop codon upstream of the RD-10
deletion (Figure 4.24). The homologues within F. tularensis subsp. type B are annotated
as a pseudogene in strain OSU18 (FTH_0322) and as intergenic region within strain
LVS. The homologue in F. tularensis subsp. novicida (FTN _0345) is predicted

functional and to encode for a 368 amino acid protein (Table 4.27).

A)
Al Al All typeB

| \r N M1 (-)

Kb
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0.3 03
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A.l All ﬁ s (-)

Figure 4.23 Agarose gel of PCR amplified F. tularensis strains using RD-10 primer
set. A) PCR amplification of F. tularensis subpopulations A.l and A.II, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.l
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and
panel of novicida strains.
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Table 4.26 Summary of BLAST analyses for RD-10 gene FTW _1356.

t
BLAST Percent Percen

Program Description ORF E-value Identity . 3{1;:}1; . Positives
blastn® F. tularensis subsp. tularensis WY96-3418 - 0.0E+00 100 100 -
F. tularensis subsp. holarctica OSU18 - 0.0E+00 99 100 -
F. tularensis subsp. holarctica LVS - 0.0E+00 99 100 -
F. tularensis subsp. tularensis FSC 198 - 0.0E+00 99 96 -
F. tularensis subsp. tularensis SCHU S4 - 0.0E+00 99 96 -
F. tularensis subsp. novicida U112 - 0.0E+00 98 100 -
blastp®  F. tularensis subsp. tularensis WY96-3418  FTW_1356 0.0E+00 100 - 368/368
F. tularensis subsp. novicida GA99-3549  FTCG_01392  0.0E+00 98 - 365/368
F. tularensis subsp. novicida U112 FTN_0345 0.0E+00 97 - 365/368
F. tularensis subsp. novicida GA99-3548  FTDG_01583  0.0E+00 98 - 361/368
F. tularensis subsp. holarctica 257 FTHG 00311 3.0E-119 97 - 243/245
F. tularensis subsp. tularensis FSC033 FTBG 00195 3.0E-116 99 - 2251227

*Only Francisella hits are shown due to numerous significant hits.

A) ARD-10
' Stop '—;
FTT0830c (A.]) ! .
T3 bp 1109 bp
FIw 1356 (A1) Y y 1107 bp
B)
N
FTT0830c (A |  228aa
_____———_.},
FTW 1356 (AID) [ >368 aa

Figure 4.24 Alignment of subpopulations A.I and A.Il illustrating RD-10. A)
Nucleotide alignment of region encoding for pseudogene DprA in subpopulation A.I and
its DprA homologue FTW 1356 in subpopulation A.Il. Black line represents nucleotide
sequence that is homologous between subpopulations A.I and A.Il; blue triangles
represent start codons; yellow triangle represents a premature stop codon; dashed red line
represents absence of RD-10 in subpopulation A.I. B) Amino acid sequence alignment of
pseudogene FTTO0839c in subpopulation A.I and its homologue FTW 1356 in
subpopulation A.II for which the pseudogene is represented as a dashed blue arrow and
the protein predicted as functional is represented as a solid blue arrow. Blue represents
homology between the two sequences.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.27 Summary of bioinformatic analyses for RD-10 associated proteins and
homologue in subpopulation A.Il.

N ) . Number of e SigP TMHMM y .
F. tularensis Strain ORF Amino Acids Pseudogene PSOR' Analysis _ Analysis Pfam Analysis
- Proteins
af;;;’;';gd WY96-3418 (Al)  FTW_1356 368 - Ul NP NP SMF (72-281)°
region
OSU18 (type B)  FTH_0322 80 + U NP NP NP
U112 (novicida) FTN_0345 368 - U NP NP SMF (72-281)
Homologue SCHU (A.I) FTT0830c 228 + U NP NP NP

" U represents unknown.
> NP represents an analysis with no prediction.

° Protein family domain followed in parenthesis by amino acid sequence postion.

Detailed description of RD-11

RD-11 is present in subpopulation A.I and absent from subpopulation A.II (Figure
4.25). By BLAST analysis, RD-11 was determined to be 15 bp and present within
hypothetical protein (FTT1078¢) (Table 4.28). Its absence in subpopulation A.Il results
in an in-frame deletion of 5 amino acids within FTT1078c that is predicted to be
functional in subpopulation A.I (270 amino acids). Additionally, subpopulation A.Il
contains a non-RD associated frameshift that introduces a stop codon resulting in an
annotated pseudogene encoding an 86 amino acid truncated protein (Figure 4.26).
Functional homologues are found in F. tularensis subsp. type B strains OSU1S8
(FTH_1097) and LVS (FTL _1123) with only a weak homologue in F. tularensis subsp.

novicida (Table 4.29).
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Figure 4.25 Agarose gel of PCR amplified F. tularensis strains using RD-11 primer
set. A) PCR amplification of F. rularensis subpopulations A.I and A.Il, and F. rularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.Il strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and
panel of novicida strains.

Table 4.28 Summary of BLAST analyses for RD-11 gene FTW_1078c.

Percent
BLAST Description ORF E-value Perce.nt Query  Positives
Program Identity
coverage
blastn® F. tularensis subsp. tularensis FSC 198 - 0.0E+00 100 100 -
F. tularensis subsp. tularensis SCHU S4 - 0.0E+00 100 100 -
F. tularensis subsp. holarctica OSU18 - 0.0E+00 98 100 -
F. tularensis subsp. tularensis WY96-3418 - 0.0E+00 97 100 -
F. tularensis subsp. holarctica LVS - 0.0E+00 98 93 -
F. tularensis subsp. holarctica LVS - 5.0E-54 96 -
F. tularensis subsp. novicida U112 - 9.0E-67 82 36 -
blastp®  F. tularensis subsp. tularensis SCHU S4 FTT1078¢c 7.0E-111 100 - 270/270
F. tularensis subsp. tularensis FSC 198 FTF1078¢ 7.0E-111 100 - 270/270
F. tularensis subsp. tularensis FSC033 FTBG_00438  7.0E-111 100 - 270/270
F. tularensis subsp. holarctica OSU18 FTH_1097 2.0E-104 90 - 254/271
F. tularensis subsp. holarctica LVS FTL 1123 7.0E-88 97 - 205/207
F. tularensis subsp. novicida U112 FTN 0793 4.0E-25 82 - 84/91

*Only Francisella hits are shown due to numerous significant hits.
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Figure 4.26 Alignment of subpopulations A.I and A.Il illustrating RD-11. A)
Nucleotide alignment of region encoding FTT2078c in subpopulation A.I and its
homologue FTW 1384 in subpopulation A.Il. Black line represents nucleotide sequence
that is homologous between subpopulations A.I and A.IL; blue triangles represent start
codons; red triangles represent stop codons; dashed red line represents the absence of
RD-11 in subpopulation A.Il. B) Amino acid sequence alignment of FTT1078¢c in
subpopulation A.I represented by a pink arrow with solid blue outline and pseudogene
FTW 1384 in subpopulation A.II represented by the dashed blue arrow. Pink represents
no homology between the two protein sequences.

Table 4.29 Summary of bioinformatic analyses for RD-11 associated proteins and
homologue in subpopulation A.Il.

F. tularensis Strain ORF Ai?rf:cci.gs Pseudogene PSORT Af;lg;sis TMHMM Analysis A::zli;;is
Proteins
associated with SCHU (A.D) FTT1078¢c 270 u* NP® NP NP
RD region
LVS (typeB)  FTL 1123 300 U NP NP NP
OSU18 (type B)  FTH 1097 271 U NP NP NP
Homologue  WY96-3418 (A.II) FTW 1384 86 + U NP NP NP

* U represnets unknown.

® NP represents an analysis with no prediction.

Detailed description of RD-12
RD-12 is present in subpopulation A.Il and is absent from subpopulation A.l
(Figure 4.27). RD-12 falls within a chitinase family 18 protein pseudogene (chid) in

subpopulation A.II (Table 4.30). Absence of RD-12 in subpopulation A.I results in an in-
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frame deletion of 44 amino acids, but this shortened product (760 amino acids) is
annotated as functional. Subpopulation A.II contains a premature stop codon not present
in subpopulation A.I and allows for a 198 amino acid protein (Figure 4.28). RD-12 is
absent from F. tularensis subsp. type B although functional homologues are found in
strains OSU18 (FTH_1471) and LVS (FTL 1521). RD-12 is present within F. tularensis
subsp. novicida (FTN_0627) and is predicted functional, although it is not present among

all F. tularensis subsp. novicida strains (Table 4.31).

Al typeB

T

1234567 8910111213141516 17 18 19 20 21 22 23 24

B) novicida
Al Ay FRYIEI9G

Figure 4.27 Agarose gel of PCR amplified F. tularensis strains using RD-12 primer
set. A) PCR amplification of F. tularensis subpopulations A.l and A.Il, and F. tularensis
subsp. type B strains. Lane 1: 1 kb molecular weight ladder, lanes 2-10: panel of A.I
strains, lanes 11-20: panel of A.II strains, lanes 21-23: panel of type B strains, lane 24:
negative control. B) PCR amplification of MA00-2987 (A.I), WY96-3418 (A.Il) and

panel of novicida strains.
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Table 4.30 Summary of BLAST analysis for RD-12 pseudogene FTH_2084.

BLAST Description E-value Perce.nt l:;::;t
Program Identity
coverage
blastn F. tularensis subsp. tularensis WY96-3418 0.0E+00 100 100
F. tularensis subsp. holarctica LVS 0.0E+00 98 95
F. tularensis subsp. holarctica LVS 4.0E-99 94 -
F. tularensis subsp. tularensis FSC198 0.0E+00 99 95
F. tularensis subsp. tularensis FSC198 4.0E-99 94 -
F. tularensis subsp. tularensis FSC198 1.0E-64 97 -
F. tularensis subsp. tularensis SCHU S4 0.0E+00 99 95
F. tularensis subsp. tularensis SCHU S4 4.0E-99 94 -
F. tularensis subsp. tularensis SCHU S4 1.00E-64 97 -
F. tularensis subsp. novicida U112 0.0E+00 98 100
F. tularensis subsp. novicida U112 0.0E+00 99 -
F. tularensis subsp. holarctica OSU18 0.0E+00 99 95
F. tularensis subsp. holarctica OSU18 4.00E-99 94 -
F. tularensis subsp. holarctica OSU18 3.00E-66 98 -
F. tularensis subsp. tularensis VNTR locus Ft-M20 1.00E-64 97 14
F. tularensis subsp. tularensis VNTR locus Ft-M20 6.00E-48 90 -
F. tularensis subsp. tularensis VNTR locus Ft-M20 8.00E-22 98 -
ARD-12
FTT0715(A.)) )/ ---------—! 2283 bp
36 bp 179 bp
Stop
FIW 2084 (A1) L i ¥ 2518bp
FTT0715 (AD) | > 760 aa

FTW_2084 (AID)

-
D198 aa
l/

Figure 4.28 Alignment of subpopulations A.I and A.II illustrating RD-12. A)
Nucleotide alignment of region encoding FTT0715 in subpopulation A.l and its
homologue FTW 2084 in subpopulation A.Il. Black line represents nucleotide sequence
that is homologous between subpopulations A.I and A.Il; blue triangles represent start
codons; red triangles represent stop codons; yellow triangles represents a premature stop
codon; dashed red line represents the absence of RD-11 in subpopulation A.I as well as
another small region present in subpopulation A.II that is absent from subpopulation A.lL.
B) Amino acid sequence alignment of FTT0715 in subpopulation A.I and FTW_2084 in
subpopulation A.Il for which a protein predicted as functional is represented as a solid
blue arrow and a protein predicted to be a pseudogene as a dashed blue arrow. Blue
represents homology between the two sequences.
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Table 4.31 Summary of bioinformatic analyses for RD-12 associated proteins and
homologues in subpopulation A.l, and F. tularensis subsp. type B.

. Number of ido Sl i . .
I mlarensis Strain ORF Amino Acids Pseudogene PSORT SigP Analysis  TMHMM Analysis Pfam Analysis
Proteins
associated with  WY96-3418 (A1) FTW_2084 198 + U il -24)" NP* NP
RD region
U2 . Glyco hydro_18 (162-553); fn3 (570-642),
FTN_0627 870 - 9] 1(1-24 NP - o
(novicida) - ( ) CBM 5 12 (716-758, 782-82| 828-867)d
i : ’ ’ Glyco hydro 18 (163-553Y. n3 (570-642);
Homologues SCHU (A1) FTTQ715 760 U 1(1-24) NP CBM 5 12 (672711, 718-757)
Osui8 . p Glyca_hydro 18 (162-553), fn3 (570-642);
F 4 760 - - yea_hydro_
(type B) TH 1471 v 101-24) NP CBM 5 12 (672-711, 718-757)
LvS - . Glyco_hydro_18 (162-553); fn3 (570-642).
(type B) FrL 1521 164 v 11-24) NP CBM_5_12 (676-715, 722-761)

* U represents unknown.
® Number of predictions followed in parenthesis by amino acid sequence postion
“ NP represents no predictions

% Protein family domain followed in parenthesis by amino acid sequence postion

Detailed description of RD-13

RD-13 is present in subpopulation A.II and absent from subpopulation A.I (Figure
4.29). RD-13 is within a putative drug transporter pseudogene (FTW _0298) in
subpopulation A.Il (Table 4.32). The encoded protein is truncated in both subpopulations
A.Il and A.I; however in subpopulation A.l the putative product is 57 amino acids
compared to 210 amino acids in subpopulation A.Il. RD-13 is downstream of the
premature stop codon in subpopulation A.Il and its deletion is downstream of the
premature stop codon in subpopulation A.l (Figure 4.30). Functional homologues are
present in F. tularensis subsp. type B strains OSU18 (FTH_1624) and LVS (FTL 1685)

and F. tularensis subsp. novicida (FTN_0312) (Table 4.33).
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Figure 4.29 E-gel of PCR amplified F. tularensis strains using RD-13 primer set. A)
PCR amplification of F. tularensis subpopulations A.I and A.Il and F. tularensis subsp.
type B strains. Lane 1-9: panel of A.I strains, lanes10-12: panel of A.II strains, lane 13:
molecular weight standard, lanes 14-19: panel of A.II strains, lanes 11-17: panel of A.Il
strains, lane 18: molecular weight standard, lanes 20-22: panel of type B strains, lane
23: negative control, lanes 24-25: blank, lane 26: molecular weight standard. B) PCR
amplification of MA00-2987 (A.I), WY96-3418 (A.II) and panel of novicida strains.

Table 4.32 Summary of blastn analysis for RD-13 pseudogene FTW_0298.

BLAST - Percent | croot
Description E-value . Query
Program Identity

coverage

blastn F. tularvensis subsp. tularensis WY96-3418  0.0E+00 100 100

F. tularensis subsp. holarctica OSU18 0.0E+00 98 100

F. tularensis subsp. holarctica LVS 0.0E+00 98 100

F. tularensis subsp. novicida U112 0.0E+00 98 100

F. tularensis subsp. tularensis FSC198 0.0E+00 99 80

F. tularensis subsp. tularensis FSC198 5.0E-76 99 -
F. tularensis subsp. tularensis SCHU S4 0.0E+00 99 80

F. tularensis subsp. tularensis SCHU S4 5.00E-76 99 -
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Figure 4.30 Alignment of subpopulations A.I and A.Il illustrating RD-13. A)
Nucleotide alignment of FTT1618 in subpopulation A.I and its homologue FTW 0298 in
subpopulation A.Il. Black line represents nucleotide sequence that is homologous
between subpopulations A.I and A.Il; blue triangles represent start codons, yellow
triangles represent premature stop codons; red triangles represent stop codons; dashed red
line represents the absence of RD-13 in subpopulation A.I. B) Amino acid sequence
alignment of pseudogenes FTT1618 in subpopulation A.I and its pseudogene homologue
FTW_0298 in subpopulation A.Il represented by dashed blue arrows. Blue represents
homology between the two sequences.

Table 4.33 Summary of biocinformatic analyses for RD-13 associated proteins and
homologue in subpopulation A.L

Number of SignalP

F. tularensis strain ORF . X Psecudogene  PSORT . TMHMM Analysis Pfam Analysis
Amino Acids Analysis
Proteins
- = -101, 105- - MSF_1(19-190),
associated with WY96-3418 (A.I) FTW_0298 210 + Cyto-Mem® 1(1-29)b 6(13-30,53-72, 79-101, 105-127, 140 -1 )c
RD revi 162, 172-191) sugar_tr(53-117)
region
12(13-30, 53-72, 79-101, 105-127, 140
0sU18 > > ’ j MSF_1(19-377
(type B) FTH_1624 395 - Cyto-Mem  1(1-29) 162, 172-194, 214-236, 251-269, 309- su ar_t£(593—l 17)5
i 331, 344-366, 370-389) Ba
12(13-30, 53-72, 79-101, 105-127, 140-
LVS ’ ¢ M ’ MSF_1(19-377),
(type B) FTL_1685 395 - Cyto-Mem  1(1-29) 162, 172-194, 214-236, 251-269, 282- su ar_t£(53-117))
P 304, 309-331, 344-366, 370-389) gar
12(13-30, 53-72, 79-101, 105-127, 140-
112 > > ; ’ MSF_1(19-363
(m}iia_ o) FTN_0312 396 - Cyto-Mem  1(1-29) 162, 172-194, 214-236, 251-269, 282~ susar— t£(593_3“7);
304,.309-331..340-362,.372-390) Ear
Homologue SCHU (A.]) FTT1618 57 + U 1(1-29) 1(13-30) NP

? Cyto-Mem represents proteins predicted to be localized to the cytoplasmic membranc.
® Number of predictions followed in parenthesis by amino acid sequence postion.
¢ Protein family domain followed in parenthesis by amino acid sequence postion.

‘U represents unknown.

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A large number of the proteins encoded within the RDs were annotated as
conserved hypothetical proteins. Thus additional BLAST analysis was performed to
obtain potential insight into the function of the conserved hypothetical proteins. BLAST
analysis of the nine RD-associated hypothetical proteins against the non-redundant
database predicted similarity for two subpopulation A.I (strain SCHU S4) hypothetical
proteins encoded by other bacterial genomes. Specifically, hypothetical protein FTT0096
(RD-8) shows weak similarity in a 251 amino acid region of a putative biotin dependent
carboxylase of Bacillus circulans (E-value of 2e-8). Hypothetical protein FTT1078c
(RD-11) showed similarity to several regions of the FrpA/C-related proteins of M.
meningitidis. These regions of homology ranged in size from 157 to 186 amino acids and
yielded E-values ranging from 4e-36 to 7e-33.

The analyses for the 5 conserved, 1S element associated RDs are summarized

below in Table 4.34.

Table 4.34 Summary of conserved, IS element associated RDs

S RD present within
Size of cloned Size of

- ; F. wdarensis . ati > ents
Clone insert (bp) map(;;ec; RD Mapped Location Comments
P Al ALl B N
352550-352668, T i . - )
TN-1 293 19 . © 4 - 381229-381347, and Maps to region 1(»un(]islgt:;plf;zzt:i;:ttI;:dA;Ih},er;(:;:leﬁl\:]th ::::e&D falling between an
1286318-1286436 = g VP P

Maps to intergenic region between ISFtu2 (FTW_0764) and
TN-2 245 17 - + ND° ND  744356-744373 Glutamate/Leucine/Phenylalanine/Valine
dehydrogenase (FTW_0766)

TN-3 578 1155 B o 79228879344 In AL, 477 bp of TN-3 fall wnh.m a putative 1elr.0n reverse \Ial.'ISCleaSe pseudogene
and 678 bp of the downstrean intergenic region

TN-4 191 ND + - + ND ND

TN-5 244 67 - t - ND ND

“ B vepresents a panel of F. aularensis subsp. holarctica strains.
"N represents a panel of /. tualrensis subsp. novicida strains.
“ ND represents not determined,
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4.3.5 PCR assays for differentiation of subpopulation A.I from subpopulation A.II

Two regions of difference (RD-3 and RD-6) were targeted for development of a
multiplex diagnostic PCR that could identify subpopulations A.I and A.Il as well as
discriminate from F. tularensis subspp. type B and novicida. The RD-3 primer set (Table
4.1) amplifies a product in subpopulation A.I (570 bp) and not subpopulation A.Il,
whereas the RD-6 primer set (Table 4.1) results in an amplicon for subpopulation A.Il
(396 bp) and not for subpopulation A.I. PCR was performed using DNA from a panel of
F. tularensis subspp. type A (A.l and A.ll), type B, and novicida strains (Table 4.3).
Both of these primer sets amplify the corresponding regions in F. tularensis subspp. type
B and novicida strains. However, when these two primer sets are used in a multiplex
PCR, three different banding patterns are observed that distinguish subpopulation A.I
from subpopulation A.II strains and further differentiate these two subpopulations from

F. tularensis subspp. type B and novicida strains (Figure 4.31).
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Figure 4.31 Multiplex PCR assay for differentiation of subpopulation A.I and A.Il
strains. PCR assay differentiating A.I from A.II using two RD primer sets: RD-3 and
RD-6. Lane 1: 1 kb molecular weight ladder, lane 2: NE03-1457, lane 3: MA00-2987,
lane 4: Schu S4, lane §: OK01-2528, lane 6: SD00-3147, lane 7: NY04-2526, lane 8:
VAO00-1000, lane 9: M002-1911, lane 10: AR99-3448, lane 11: WY01-3847, lane 12:
WY96-3418, lane 13: GA02-5453, lane 14: 1D04-2687, lane 15: WY03-1228, lane 16:
CA02-0099, lane 17: AZ01-4999, lane 18: UT02-1927, lane 19: WY01-3911, lane 20:
KY99-3387, lane 21: LVS, lane 22: OR96-0246, lane 23: GA99-3448, lane 24: GA99-
3449, lane 25: GA99-3550, lane 26: negative control, lane 27: 1 kb molecular weight
ladder.

An A I-specific PCR was also developed by targeting the junction region resulting
from the deletion of RD-10 in subpopulation A.I. The forward primer RD-10J-F (Table
4.1) was designed with three base pair changes in order to ensure specificity for

subpopulation A.I (Figure 4.32).
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A)

Al AATCATTGATTGGATATCTA-~---=-=---=-----mmmmme o AATTTGCCTAGAGATCATTATTA

A.ll  AATCATTGATTGAGTCTATTCCTGGTGGATATATAAATATTCAATAATTTGCCTAGAGATCATTATTA

\ J
!
RD-10

B)

A.llJunction AATCATTGATTGGATATCTAAATTTGCCTAGAGATCATTATTA

AlllandRD-10  AATCATTGATTGAGTCTATTCCTGGTGGATATATAAATA

A.l-specificprimer  ATCATTGATTGGAAATCAAAAATTG
RD-10J-F

Figure 4.32  Subpopulation A.I-specific primer design. A) Alignment of
subpopulations A.I and A.Il showing the presence of RD-10 in subpopulation A.Il and
absence of RD-10 in subpopulation A.I. Red and blue represent the A.I junction region.
The black letters in the A.Il sequence represent nucleotides that differ from the A.I
sequence. The underlined sequence represents RD-10. B) Subpopulation A.I junction is
shown first. Red and blue represent the junction sequence present in A.I and where they
meet represents where RD-10 is present in A.Il and absent in A.I. A.Il region with RD-
10 is shown below. The black letters in the A.Il sequence represent nucleotides that
differ from the A.I sequence. The underlined sequence represents RD-10. The bottom
sequence is primer RD-10J-F targeting the junction region and specific for A.I. Green
letters show the nucleotides that were changed from thymine to adenine for specificity to
subpopulation A.L

The primer set for this junction was used to amplify DNA employing the panel of
F. tularensis subspp. type A (A.I and A.Il), type B, and movicida strains. All
subpopulation A.I strains were amplified and no cross-reactivity was observed with F.
tularensis subsp. type A subpopulation A.Il, F. tularensis subspp. type B, or F. tularensis
subsp. novicida strains. Thus, demonstrating use of this primer set as a diagnostic

specific for subpopulation A.I (Figure 4.33).
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Figure 4.33 Subpopulation A.l-specific assay. An A.l-specific PCR assay was
developed using primer primer set RD-10J-F and RD-10J-R. Lane 1: 1 kb molecular
weight ladder, lane 2: NE03-1457, lane 3: MA00-2987, lane 4: Schu S4, lane 5: OKO1-
2528, lane 6: SD00-3147, lane 7: NY04-2526, lane 8: VA00-1000, lane 9: M002-1911,
lane 10: AR99-3448, lane 11: WYO01-3847, lane 12: WY96-3418, lane 13: GA02-5453,
lane 14: ID04-2687, lane 15: WY03-1228, lane 16: CA02-0099, lane 17: AZ01-4999,
lane 18: UT02-1927, lane 19: WY01-3911, lane 20: KY99-3387, lane 21: LVS, lane 22:
OR96-0246, lane 23: GA99-3448, lane 24;: GA99-3449, lane 25: GA99-3550, lane 26:
negative control, lane 27: 1 kb molecular weight ladder.
4.3.6 RD junctions

To assess possible mechanisms by which RDs were deleted, bioinformatic
(sequence alignments) analyses were performed to determine the homology of the
junctions between the RDs and adjacent sequences. Figure 4.34 summarizes the results
of these alignments for 13 conserved, non-IS associated RDs. As shown, there was
considerable homology (68%-100%) for the left and right junctions of 11 of the 13 RDs.

Further, these left and right junction regions were oriented as direct repeats, providing

evidence that RD deletions occur through homologous recombination for 11 of the RDs.
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A)

RD-2 junction 1 RD-2 junction 2
15nt | 15nt 150t | 15nt
Direct Direct
Repeat 1 Repeat 2
RD-2

RD-2junctionl TGTGGCAAAAAATCATT 88.2% identity

EERERRRRARRRI S overa17bp
RD-2junction 2 TCTGGCAAAAAATCAAT overlap
B)
RD Junction Alignment nt % ID RD Junction Alignment ot % ID
AAACAGATT GCTGTAATTATGCCAAGAGCA
RD-1 (1T 1] 9 778 RD-8 NI 11l 21 714
ATACAGCTT GCTGTAATTGAGTTATGTGCA
A Unable to ali
RD-3 AMTCATETEC 11 909 RD-9 nable to align S
TTATCATCTGC
ATATAAAATCAAGATGT TTAAATCATT
RD-4 (1 L (L 111l 1 11 17 706 RD-10 RN 10 80.0
ATTTTAATTCAACAAGT TTCAATAATT
ATCAAAATGT Unable to align
RD-5 CLTHE T 10 80.0 RD-11 . B
ATCAATATTT
TGGCTCAAATCCCGAAG TGGTGGACACAAGGTGAAAATCC
RD-6  [[iil] ] 1 17 706 RD-12 | VRiTiibiita bl v 1l 23 913
TGGCTCAGGTCAAGCAG TGGTGGACACAAGGTAATAATCC
TATTTTTATTCAAAA GGTAATTATACCTTCAGCAATATTT
RD-7Z  1fiitiirtirrir 15 1000 RO-13 7707 (T T Triliii1 25 68.0
TATTTTTATTCAAAA GATAGGTGTTGCATCGGCAATATTT

Figure 4.34 Alignment of junction regions for the 13 conserved non-IS element
associated RDs. A) Illustration of junction regions of RD-2 that consist of direct repeat
1 and direct repeat 2 on either side of RD-2. For each junction, 15 nucleotides (nt) were
taken in both directions and designated a junction region. Junction regions were aligned
as shown and the percent identity determined. For RD-2, the 30 nucleotides aligned from
each junction region gave a percent identity of 88.2% over a 17 nucleotide region. B)
Junction alignment results for RD-1 and RD-3 through RD-13. RD-9 and RD-11 were
not aligned due to their limited size.
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4.3.7 Screening of previously identified regions unique to type A

The literature was searched for regions identified as unique to F. tularensis subsp.
type A and these were compared between the subpopulations A.l and A.Il using the
whole genome sequences for F. tularensis subsp. type A strains SCHU S4 (AJ749949)
and WY96-3418 (NC 009257) by BLAST analyses (blastn and blastp). Forty-five non-
IS element associated regions were screened. Table 4.35 summarizes 11 differences

identified.

Table 4.35 Summary of differences found between subpopulations A.l and A.II by

screening previously identified regions unique to F. tularensis subsp. type A

Region Presence of Sequence Accession Accession
Scregcne g blastn blastp Number in Number in Comments Reference
Al AN Al Al SCHUS4 WY96-3418
FITI068¢ +  + . . i Hypothetical pr'otem; 8 aa truncation 14
inA.l
FTT1791 + - + - - - Hypothetical protein in A.l 14
FTT0432 + + + - - - Putative arginine decarboxylase in A.l 14
Hypothetical membrane protein in A.l;
FTT0754¢c + + + - - - 64 bp not present in A.Il; 20 aa 14
missing in Al
FTT1122¢ 4+ n N n . Hyp()tl1et1§al l‘lpoprotcm n A.l'; 25 aa 14
truncation in A.Il at N-terminus
FTT1784¢c + + + - - - Hypothetical protein in A.l 14
RD-1 + + + - FTT1579¢ FTW 0348 Type I restriction enzyme 17
Oligopeptide transporter, subunit F,
ABC transporter, ATP-binding protein
. + +
RD-2 FTTO126 FTW_0214 in A.l; FTW _0214 has an N-terminal 17
truncation compared to A.l
FTW 1020 Conserved hypothefxcal prqt?ln in .A.l;
RD-5 + + + - FTT0523 FTW 1020 has a frameshift and is a 17
(pseudo) -
pseudogene
Conserved hypothetical protein; both
FIT1716/ pseudogenes in Al one functional in
RD-6 + + - + FTwW .
FTT136lc 0333 Al (FTW_0533 is upstream of 17
pdpD2)
RD-7 + N i + FTT0427 FTW 1647/ Homoserine kinase; 159 bp missing in 17
(pseudo) FTW 1648 Al
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44  Discussion
Human infections caused by subpopulations A.I and A.II were previously shown
to differ with respect to geographical location (Figure 4.35), modes of transmission,

anatomical source of recovered isolates, and disease outcome (8, 19).

Figure 4.35 Geographical distribution of A.I and A.Il strains. The map above,
created by Kiersten Kugeler (CDC, Fort Collins, CO) illustrates the geographical
distribution of A.I strains in orange and A.II strains in blue.

Molecular subtyping methods MLVA and PFGE resulted in two separate clusters
representing the two F. tularensis subsp. type A subpopulations; however, the molecular
differences between these two subpopulations have not been identified. In our study,
SSH was used to identify RDs between the genomes of subpopulation A.I and A.Il
clinical isolates. The representative A.I subpopulation isolate used in this study, strain
MAO00-2987, was recovered from the blood of a human case of pneumonic tularemia on
Martha’s Vineyard in 2000. The genome sequence is not available for this
subpopulation A.l strain. F. tularensis subsp. type A strain WY96-3418 was chosen as

the A.II subpopulation representative. This isolate was recovered from a finger wound of

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a human ulceroglandular case of tularemia in Wyoming in 1996. At the time this study
was initiated, no whole genome sequence was available for a subpopulation A.II isolate.
However, the genome sequence became available for /. tularensis subsp. type A strain
WY96-3418 during the later course of this study and was used to verify and map the RDs
present in this strain.

SSH performed in both directions (A.I-A.Il and A.II-A.I) resulted in the
identification of 24 RDs. For diagnostic development and identification of potential
differences related to pathogenesis, it was critical to focus on analyses of RDs conserved
among a panel of diverse strains. Of the 24 RDs identified, 13 were non-IS element
associated and conserved across a panel of subpopulation A.l and A.Il strains. Our
analyses also identified five conserved RDs that are IS element associated, five RDs that
were not conserved among the subpopulation A.l or A.Il strains, and two RDs that were
repeated (of which only one was conserved). The five conserved IS element-associated
RDs were not candidates for diagnostic development because these elements are more
likely to be associated with additional polymorphisms (9). Due to this reason, the focus
of our study was on the 13 conserved, non-IS element associated RDs.

Based on the 13 conserved, non-IS element associated RDs, two different
diagnostic PCR assays were developed. The 13 RDs were found to be present within at
least one of the non-type A genomes and therefore, for the first PCR assay developed, a
multiplex approach was used. The multiplex PCR assay developed is based on RD-3 and
RD-6 and can distinguish between subpopulations A.l and A.Il as well as differentiate
these subpopulations from F. tularensis subspp. type B and novicida strains. In addition

to the multiplex assay, an assay specific for subpopulation A.l was developed targeting
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the junction region (representing the deleted RD in A.I) in subpopulation A.L. In several
subpopulation A.l junction regions (RD-4, RD-9 and RD-10) nucleotide differences
occurred and degenerate primers specific for subpopulation A.I could be designed. Thus,
a PCR, based on the RD-10 junction, was developed. All subpopulation A.I isolates
tested were recognized with this assay and no cross-reactivity was detected with F.
tularensis subsp. type A subpopulation A.ll, F. tularensis subspp. type B or novicida
strains. An A.ll-specific PCR can be developed using the same principle of targeting
subpopulation A.II junction regions where RDs have been deleted. Currently, the only
methods available for distinguishing these subpopulations are PFGE and MLVA, both of
which are time consuming and labor intensive. The two PCR assays developed provide
new diagnostic tools for identification of subpopulation A.l and A.Il isolates. The
conserved RDs identified here are also amenable for future development of a RT-PCR
assay. Such an assay could be used in combination with existing F. tularensis RT-PCR
assays (13, 23) so that strains could be identified at the subspecies and subpopulation
level in a single run.

The RDs identified in this study were not restricted to the A.I or A.Il
subpopulations; they were also found in the genomes of either F. rularensis subspp. type
B or novicida. Given the high similarity between the F. tularensis subspecies, a better
approach for identification of unique subpopulation A.I and A.II RDs would have been to
subtract a combined driver composed of a representative F. tularensis subspp. type B
strain, novicida strain and subpopulation strain from either the subpopulation A.l or A.Il
representative strain. This approach has been shown to be successful in other SSH

experiments (2). The results obtained were consistent with the study of Svensson et al.
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that compared genomic differences between F. tularensis subspp. type A, type B,
novicida and mediasiatica that did not find any unique RDs for one given subsp.
However, the RDs identified by Svensson ef al. were considerably larger (300 bp to
~11,500 bp) than those found in our study (20).

RDs, such as those found in this study, could result from genetic deletions or
insertions. It is likely that direct repeat mediated homologous recombination was the
primary mechanism leading to the subpopulation A.I and A.Il RDs, since direct repeats
such as those described for other deletions within the F. tularensis genomes (3) were
observed flanking the RDs. The percent identities for the junction alignments ranged
from 68% to 100% over a range of 9 to 25 nucleotides. These findings are similar to the
9- to 38-bp direct repeat motifs flanking RD regions described previously for Francisella
(3). It is unclear whether homologous recombination was the mechanism for all RDs, in
particular the smaller RDs, RD-9 and RD-11 that are 16 bp and 15 bp respectively.
Alignments could not be performed for these RDs due to their size limitation. Short
sequences are not ideal for RecA-mediated recombination and therefore short sequences
may have been deleted by errors during chromosomal replication or by non-specific
recombination events. Of the 13 non-IS associated RDs identified here, 12 were present
in F. tularensis subsp. novicida, supporting the idea that at least these 12 RDs arose via a
recombination mediated deletion since this subspecies is considered evolutionarily the
oldest (20). RD-11 is not present in F. tularensis subsp. novicida and whether this RD is
an insertion or a deletion is unclear.

Genome reduction is a phenomenon characteristic of multiple bacterial pathogens

with narrowly restricted biological niches (4, 6, 27). Like other intracellular pathogens,
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F. tularensis subspp. type A and type B contain large numbers of putative pseudogenes,
201 and 325 respectively (16). It is unknown whether these pseudogenes are expressed
and if so whether these proteins are functional or if function is altered. All of the genes
associated with the conserved RDs identified in this study were present and annotated as
functional in the genome of F. tularensis subsp. novicida, also consistent with previous
observations that this subsp. is evolutionarily oldest and an environmental strain (20).
Interestingly, among the conserved RDs identified in this study, RDs were more
commonly missing in subpopulation A.I as compared to subpopulation A.Il, suggesting
that the A.l subpopulation may have undergone greater gene reduction than
subpopulation A.Il and may have a more specialized niche as compared to subpopulation
A.Il.  The comparison of complete genome sequences from multiple subpopulation A.I
and A.Il isolates will further elucidate the evolutionary connection between the
subpopulations.

We hypothesized that identification of major genomic differences between
subpopulations A.I and A.Il via SSH would provide potential leads to explain differences
in the disease outcomes associated with subpopulation A.l and A.II isolates. Differences
in hypothetical proteins accounted for much of the genomic variability associated with
the defined RDs. For example, an in-frame deletion leads to removal of an N-terminal
signal sequence in a hypothetical protein in subpopulation A.l strains, with the resulting
prediction that this protein is secreted in subpopulation A.II (FTW_1826), but not in
subpopulation A.I (FTT0267). Interestingly, in F. tularensis subsp. type B (OSU18) this
hypothetical protein is annotated as a pseudogene due to truncation by a premature stop

codon resulting from a frameshift, and in F. tularensis subsp. novicida, it is predicted as
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functional and secreted. Differences in secretion are already noted to correlate with
virulence in F. tularensis. In particular, the secretion of PepO of F. tularensis subsp.
novicida is linked to reduced virulence of this bacterium, and the more virulent F.
tularensis subspp. type A and type B contain a mutation in the PepO coding sequence
that abolishes secretion (10). Other hypothetical proteins are absent from either
subpopulations A.I (FTW_0888 and FTW _0889) or A.Il (FTT1733) strains, or are
predicted to be pseudogenes (FTT1195c, FTT1429¢c, FTW 1356, FTW_ 1384, and
FTW 2084). With respect to proteins that are assigned functionality by sequence
homology, the protein FTT1078c that displays similarity to the Frp proteins in Neisseria
meningitides and other repeat-in-toxin (RTX) proteins is predicted functional in
subpopulation A.I and is annotated as a pseudogene in subpopulation A.Il (21, 22). In N.
meningitides, the iron-regulated frp genes (frpA, frpC and frpC-like) encode large
secreted proteins of unknown biological activity (15). These proteins contain an RTX
motif and are therefore thought to act as cytotoxins that may play important for virulence.
The significance of this protein in subpopulation A.I is unclear, as the similarity observed
occurs only over a 185 and 157 amino acid region of the FrpA and FrpC proteins of N.
meningitidis (serogroup C). Nonetheless, Frp-like proteins are linked to virulence in a
broad range of pathogenic Gram-negative bacteria (24), and the predicted protein in
subpopulation A.I may be of interest for further study(24).

Differences between the chid (chitinase gene) were also found between F
subpopulations A.I and A.Il. ChiA is predicted functional in subpopulation A.l and as a
pseudogene in subpopulation A.Il (regardless of the presence of RD-12 within A.II).

Differences were also found among chid and other predicted chitinase genes (including
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chiB and a chitinase-binding protein gene) when compared across the genomes of F.
tularensis subsp. type A (A.l and A.Il), type B, and novicida. In F. tularensis subsp. type
A subpopulation A.I, ChiA, ChiB and a truncated chitin-binding protein are annotated as
functional, although ChiB lacks a signal sequence and is not predicted to be secreted. F.
tularensis subsp. type A subpopulation A.II has one chitinase (non-ChiA/B) and a chitin-
binding protein, both annotated as functional. F. tularensis subsp. type B contains three
chitinases (ChiA and ChiB and a non-ChiA/B chitinase) and a chitin-binding protein
(non-secreted) predicted functional; F. tularensis subsp. novicida has two chitinases
annotated as functional (ChiA and ChiB) and a chitin-binding protein. This is of interest
since previous studies demonstrate a role for chitinases in parasite transmission, during in
vivo infections by Legionella pneumophila, and for environmental survival (5, 11). Thus,
these proteins may have some role in determining the different host vectors between
subpopulations A.l and A.1l, as well as environmental survival or possibly having a role
in modification of host environment leading to differential disease outcome.

The remaining conserved, non-IS element associated RDs not discussed in detail
appear to be important for environmental survival and metabolism. These include a
magnesium chelatase, several transporters, and a DNA uptake protein among others.
Obvious links to pathogenesis were not found with these RDs, however, given the little
information that is known about this bacterium and its maintenance within the
environment, any of these RDs could potentially be important differences between
subpopulations A.I and A.II contributing to its ability to survive and cause infection.

Additional findings are specific to F. tularensis subsp. novicida. Two genes

associated with RD-3 and RD-9 (FTN 1172, a hypothetical protein, and FTN 1665, a
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magnesium chelatase) are predicted functional (non-pseudogenes) only in F. tularensis
subsp. novicida and one (FTN_ 0269, a C4-dicarboxylate anaerobic carrier) is predicted
functional only in F. tularensis subsp. type B (strain LVS) and novicida. Further studies
are necessary to determine if other functional homologues to these proteins are present in
the other subspecies and to determine the importance of these proteins in F. tularensis
subsp. novicida.

IS elements have been shown to be a source of genomic variability between
similar bacterial strains and have been recognized as the cause for the numerous
rearrangements between the /. tularensis subspp. type A and type B genomes (16).
Given the difference in number and type of IS element-associated regions within the
different F. tularensis subspecies (79 in type A subpopulation A.l strain SCHU S4, 109
in type B OSU18, and 26 in F. tularensis subsp. novicida), analyses of RDs associated
with these elements may provide insight into the differences described for the different
subspecies, including virulence factors. Five conserved, IS element-associated RDs
were identified in this study. Mapping of these RDs was challenging given the numerous
blastn hits obtained when analyzing the sequences and two RDs, TN-4 and TN-5 will
require further sequence analysis for precise mapping. TN-1 through TN-3 are not within
regions that have an obvious link to pathogenesis; however, further studies and detailed
mapping and analysis of these and adjacent regions are needed to better address this
question.

Previous studies comparing F. tularensis subspp. type A to type B identified RDs
and ORFs unique or only functional in type A (3, 17). Screening of these regions using

BLAST analyses revealed several differences between subpopulations A.I and A.IL
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Nucleotide sequences for all regions were present in both subpopulations A.l and A.Il
with one exception, the sequence encoding hypothetical protein FTT1791 was found only
in subpopulation A.I with no protein homologues in subpopulation A.Il. The remaining
differences observed were due to predicted pseudogenes for subpopulations A.l or A.Il
with its homologue in the other subpopulation predicted functional. Of particular interest
are RD-6 and RD-7. RD-6, a conserved hypothetical protein found in duplicate in
subpopulation A.I (both annotated as pseudogenes) was found in subpopulation A.Il
directly upstream of the virulence factor pdpD2, that encodes for the pathogenicity
determinant protein D (14). RD-7 was found to be associated with a homoserine kinase
that is predicted functional in subpopulation A.Il with no apparent functional homologue
in subpopulation A.l. Two membrane-associated hypothetical proteins were also among
some of the differences identified. A hypothetical membrane protein (FTT0754c) and
hypothetical lipoprotein (FTT1122c¢) are predicted functional in subpopulation A.I with
no homologue in subpopulation A.Il. Differences found in these regions were found by
bioinformatic analyses and require panel verification to determine if they are conserved
within the subpopulations. These RDs offer additional options for diagnostic
development and targets for future studies.

The list of RDs identified in this study is not a complete list of RDs between
subpopulation A.l and A.Il. While further studies are required to determine the true

biological relevance of any of the gene products encoded by the RDs, this study, along

with future genome comparisons of subpopulations A.l and A.II, provide a basis for the

development of hypotheses that can be experimentally tested.
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Chapter V

Final Discussion

F. tularensis is one of the most pathogenic bacteria known (6). The use of this
pathogen as a potential bioweapon has renewed research interest for this bacterium (5, 6,
24). Recent identification of subpopulations within F. fularensis subsp. type A
demonstrates the advances in molecular methods developed for typing Francisella strains
(10, 33), but also brings forth numerous gaps in our understanding of this bacterium in
regards to its evolution, ecology and pathogenesis. It was our goal through subtractive
hybridization to identify genomic regions of difference between the two F. tularensis
subsp. type A subpopulations (A.I and A.Il) to facilitate target identification for
diagnostic methods, as well as to identify genomic regions that may be related to the
differential disease outcomes described for the two subpopulations (33). Through this
work, we were able to develop the first PCR assay for differentiating A.I and A.II strains,
and we described 18 regions of difference between the two subpopulations for which
comparisons between the two subpopulations, F. tularensis subspp. type B, and novicida
were also performed.

In a separate study, aerobactin produced by E. coli was identified as an inhibitory
substance against £. tularensis. The relevance of this finding is unclear at this time, but

does provoke interesting hypotheses for future work aiming to better understand this
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bacterium’s ecology. This includes the ability of /. tularensis to survive in the presence
of other bacteria within clinical samples or possibly within the environment.

5.1 Relevance of RDs for future directions for Francisella detection and
diagnostics

As discussed in Chapter 3, it was our goal to develop a PCR assay capable of
differentiating A.I from A.II and to show proof of concept for the use of identified RDs in
the development of a RT-PCR assay. A RT-PCR assay that can differentiate A.I from
A.Il would compliment the existing RT-PCR assays available for Francisella (19, 41).
With the assays developed as part of this dissertation it is now possible to accurately
differentiate A.I and A.Il. Differentiation of A.I and A.Il is important in the surveillance
of these two strains in North America and a useful tool for investigating natural
outbreaks. Additionally, in order to better understand the ecology and evolution of the
highly virulent F. tularensis subsp. type A strains, it is necessary to have appropriate
diagnostic tools that reliably identify these strains in an easy, affordable and convenient
manner. In July 2007, an outbreak of 16 tularemia cases occurred in Utah Lake among
275 youths attending a camp. The outbreak was associated with deer-fly exposure and
evidence of a rabbit die-off was reported. During the investigation of the outbreak, lead
by a team of CDC scientists, deerflies and rabbit carcasses were collected and human
samples were sent to CDC. Five of the human cases were culture confirmed as F.
tularensis subsp. type A. PFGE was performed on the isolates and resulted in three
typing as subpopulation A.I and two as subpopulation A.Il. Real-time PCR was
performed on bone marrow samples from the rabbit carcasses and 11 of 12 rabbits were
positive for F. tularensis subsp. type A. The multiplex assay developed in this study was

used to determine if the rabbits were infected with F. tularensis subsp. type A.l or A.IL
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Due to the low sensitivity of conventional PCR, only six of the rabbit isolates were typed
to the subpopulation level; however, four were positive for A.l and one was positive for
A.IL. These results demonstrate that both A.l and A.II isolates are found within this area
and could have simultaneously caused this outbreak. This is the first evidence suggestive
of two different isolate types causing a tularemia outbreak and opens up many new
questions concerning the maintenance and transmission of F. tularensis subsp. tularensis.

As Chapter 2 discusses, there are several subtyping methods developed for
Francisella (9, 11, 13, 17, 37). Among these, MLVA efficiently provides the strongest
resolution between strains (9, 10, 16, 17), but is currently the only method available that
will reliably provide this power of resolution. A single nucleotide polymorphism (SNP)
analysis has not been developed for F. tularensis. Several groups are working on this
technology and their efforts should provide additional means for subtyping Francisella
strains (18). Moreover, as whole genome sequences becomes more readily available, it is
not unlikely that every strain will be sequenced and that this will be the definitive method
for understanding evolution as well as for forensic analyses. The current methods will
remain as tools for quicker, more specific comparisons between strains, but ultimately,
each strain will have its own complete “fingerprint”.

Given the weaponization of F. tularensis subsp. type A in the past, and the little
we know and understand about this bacterium’s ecology, the need for rapid and accurate
diagnostics for the detection of this bacterium in a clinical setting and the environmental
is warranted. Furthermore, the potential use of this bacterium as a bioweapon enhances
the need for surveillance and evolutionary characterization of Francisella strains,

particularly that of F. tularensis subspp. type A and type B strains. Current clinical
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diagnostics for tularemia use traditional methods such as culturing, immunofluorescence,
and serology (36). Culturing this fastidious bacterium can be challenging and is not
always possible. The introduction of CHAB-A medium has tremendously improved the
ability to culture this bacterium from samples containing other bacteria, but even with
this advancement, cultures are not always obtained (26).

The current diagnostics for tularemia are effective for diagnosing and confirming
infections; however, most are not rapid methods and are labor intensive. The
development of a defined diagnostic for both clinical and environmental detection of F.
tularensis, mainly those that are rapid and handheld would be beneficial. Tetracore
(Rockville, MD) and New Horizons Diagnostics Inc (Columbia, MD) have developed
rapid lateral flow diagnostics for tularemia. The SMART™ Tularemia diagnostic
developed by New Horizons Diagnostics Inc takes only 20 seconds and can be stored at
room temperature. Although both companies offer rapid diagnostics for tularemia,
neither of them have disclosed the target antigen used or have tested their product. Given
the few number of tularemia cases that occur, particularly within the United States,
testing any new diagnostics is difficult. In particular, the development of a defined rapid
diagnostic that could be used to assay for £ fularensis in the environment and to directly
test environmental samples would be useful. A similar format has been used successfully
by Binax, Inc. (Scarborough, ME) to develop a rapid immunochromatographic diagnostic
Now® Strep A for detection of Streptococcus pyogenes Group A antigen from throat
samples. The test requires three simple steps and can be performed in five minutes. The
advantages to this type of diagnostic are that it does not require a host antibody response,

typically it is highly sensitive and specific (Now®™ Strep A has a sensitivity of 92% and
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specificity of 100%, with an overall agreement of 98%), it is a standardized diagnostic
from one laboratory to another, the sample is contained within the apparatus used, it does
not require additional equipment, and necessitates only minimal training to perform (14).
In addition, because the detection targets a specific product or enzyme produced of the
bacterium, and it does not require the presence of whole cells, giving this format a much
higher sensitivity as compared to other methods. Since it’s 1986 FDA clearance for the
Now® Strep A, Binax Inc. has developed several additional antigen-based diagnostics
including NOW Streptococcus pneumoniae Antigen Test (7), and NOW Legionella
Urinary Antigen Test (23), both that test urine samples. The difference in number of
Streptococcus infections, as compared to those caused by F. tularensis, makes it
necessary to have an assay like the Now®™ Strep A for clinics to use and allows for such
diagnostics to be tested thoroughly and become FDA approved.

5.2 Relevance of current work for future directions in the study of disease
ecology

The increase in Francisella research during the past five years has focused
primarily on development of new detection methods, vaccines, as well studies on the host
immune response, and more recently, studies on the pathogenesis of this organism. The
amount of information known at this time is limited, but continues to increase. The
current technologies and studies being performed are important, especially if the misuse
of this agent were to occur or if tularemia were to become an emerging infectious disease.
However, research is moving towards the development of stronger, more reliable
antibiotics. Currently, there are several drugs available now that can be used to treat
tularemia, all of which (including any new antibiotic developed) may or may not be

useful against a strain that is engineered to be resistant to such drugs. Other studies are
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focusing on the development of a new vaccine. If an attack with this agent were to occur,
having an effective and defined vaccine that could be administered to all individuals
would be of great importance not only for future protection but for panic control among
the population.

Given that tularemia is not an infection with high priority (aside from bioterror)
and that the interest in studying this disease is driven by its potential use as a biological
weapon, it is unusual that a higher priority is not given to understanding the ecology of
this bacterium. The consequences of releasing this agent into the environment are
currently unknown, and the long-term problems associated with this are undefined. The
possibility that this bacterium would continue to cause infections long after an attack in
both the human and animal population is possible. Moreover, this bacterium is capable
of infecting more hosts than any other known bacterium, and whether this bacterium is
capable of re-emerging as the pathogen that it once was, or even as a greater potential
with or without its use as a biological weapon is unknown.

Several questions surrounding the ecology of this bacterium have gone
unanswered. In particular, it is surprising that we do not recover more isolates from the
environment, and it is particularly interesting that /. tularensis subspp. type A or type B
isolates have never been recovered outside of its host cells. Given the high virulence of
this bacterium, it could be that F. tularensis subspp. type A and type B stops its own
transmission by rapidly killing its host; however, this does not explain how subsequent
outbreaks occur. This suggests that a reservoir exists and there must be reasons as to why
it cannot maintain itself outside of a host if indeed this is the case. F. tularensis subsp.

type B has been detected in the environment by PCR but it has never been cultured from
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the environment. The inability to culture F. tularensis subspp. type A and type B from
the environment could be attributed to its absence outside of host cells or it may be that a
sufficient search has not been performed. F. tularensis subsp. type B has been associated
extensively with natural waters, specifically with protozoa that are predicted to serve as
reservoirs for this bacterium (1, 2). To date, this is not the case for F. tularensis subsp.
type A and the reasons for this are unknown, but are of high importance in understanding
this bacterium’s ecology. If F. tularensis subspp. type A and type B strains cannot live
outside of host cells, it would be of interest to investigate the differences in gene decay
between these two virulent F. tularensis subspecies to understand why F. tularensis
subsp. type B can be detected from water and F. fularensis subsp. type A cannot.
Additionally, it is necessary to compare both F. tularensis subspp. type A and type B to
the genomes of the environmental F. tularensis subspecies. This analysis has been done
to a minimal extent by bioinformatics where the whole genomes of three strains were
compared: the SCHU S4 strain of F. tularensis subsp. type A, the LVS strain of F.
tularensis subsp. type B, and the U112 strain of F. tularensis subsp. novicida (29). It
would be interesting to use a similar approach but on a much wider scale for more
accurate comparisons, as well as to use a more relevant strain besides the LVS strain of
F. tularensis subsp. type B.

As discussed in Chapter 4, genome reduction appears to be occurring in the
pathogenic F. tularensis strains (21, 27). Of the 13 non-IS element associated RDs
identified, 12 were present in F. tularensis susbp. novicida, supporting the idea that these
12 RDs arose via a recombination mediated deletion and suggests that genome decay is

occurring within F. tularensis subsp. type A strains. Additionally, the genes annotated as
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pseudogenes within F. tularensis subsp. type A were not annotated as such in F.
tularensis subsp. novicida and the difference in number of pseudogenes between F.
tularensis subspp. type A and novicida is large, with 201 and 14 annotated pseudogenes
respectively. Further genome decay between these two subspecies is represented in
several of their biochemical characteristics. For example, F. tularensis subsp. type A
requires cysteine for growth and cannot utilize sucrose, whereas F. tularensis subsp.
novicida does not require cysteine for growth and can utilize sucrose (32). All of these
observations are consistent with the previous findings that F. tularensis subsp. novicida is
evolutionarily the oldest and exhibits the lowest virulence among F. tularensis subspecies
(35). It is quite possible that F. tularensis subsp. type A has lost the ability to survive
outside of host cells due to gene decay.

Given that many of the RDs identified were associated with hypothetical proteins
and pseudogenes, it would be interesting to try and determine the role (if any) of these as
they relate to difference between the two subpopulations and between these and the other
subspecies of F. tularensis. Pseudogenes are commonly defined as inactive sequences of
DNA that have a similar sequence to known functional genes. Inactivation is usually due
to the introduction of a premature stop codon within the coding sequence that result from
frameshift mutations, or as shown in this study, deletions of DNA sequence.
Pseudogenes are also considered to be evolutionarily related to normally functioning
genes. Although pseudogenes are considered inactive and non-functional, this may not
necessarily be the case and until pseudogenes are analyzed and tested for function (which

may be altered compared to its related functioning gene), it cannot be discarded as non-
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functional. In order to determine the function of pseudogenes and hypothetical proteins,

a general approach, as diagramed in Figure 5.1 could be taken.

Bioinformatic Analyses

1) Search for functional domains or motifs
2) Searchagainst protein fold databases
3) Evaluateadjacentgenes

4) Mine proteomic and expression data

Hypothesisgenerating Non-hypothesis
information generatinginformation
Experimental Design Experimental Design

1) Enzyme assay to test catalytic activity 1) Evaluate expression profile under defined

2} Geneknock-outs to assess predicted phenotype conditions

3) Expression studies to evaluate regulation 2) Proteininteraction studies to identify protein
4) Proteininteraction studies to assess predicted complexes

protein complexes 3)  Assess subcellular location

4)  Gene knock-outs followed by global defined
analyses {lipidomics, proteomics, virulence, etc.)

Hypothesisgenerating
information

Figure 5.1 Approach for determining the function of hypothetical proteins and
pseudogenes. The diagram above illustrates the approach that can be taken when trying
to determine the function of a hypothetical protein or a pseudogene. The initial step is to
perform thorough bioinformatic analyses of the genomic and predicted protein sequence
for the region of interest. Depending on the data gathered, experimental designs for both
hypothesis generating information and non-hypothesis generating information can be
developed. If the bioinformatic analyses lead to non-hypothesis generating information,
several experiments can be performed to gain more information so that a hypothesis can
be generated and experiments to test these hypotheses can be carried out.

Keeping with the theme of gene decay and strict nutrient requirements the work
described in »Chapter 3 describes how [ coli can inhibit F. tularensis through its
production of the siderophore aerobactin. [t is unknown at this time if other siderophores
would also inhibit Francisella and the results from this study lead to the question: are

other organisms suppressing this bacterium in the environment by sequestering nutrients
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such as iron. Little is understood about the iron requirements of F. tularensis. Fortier et
al. (12) demonstrated using F. tularensis subsp. type B strain LVS (F. tularensis subsp.
type B) that acidification of the endosome is essential for iron release from transferrin for
survival of this bacterium within the macrophage. Sullivan et al. (34) showed the
production of a siderophore structurally similar to rhizoferrin by both F. tularensis subsp.
type B strain LVS and F. tularensis subsp. type A strain SCHU S4. 1t is interesting that
rhizoferrin is a siderophore that is also produced by fungi that live at an optimal pH of 5
(3). Keeping in mind that no other iron uptake system is described for Francisella, it
could be possible that pathogenic F. tularensis subspp. type A and type B strains (unlike
the other F. tularensis species and subspecies) require an acidic environment for
appropriate uptake of nutrients when under nutrient limitation. An approach to study this
might include obtaining expression profiles of F. tularensis subsp. type A compared to
the other subspecies of F. tularensis grown at different pH. A simpler experiment would
be to measure the production of rhizoferrin at different pHs and compare the amounts
produced among the other subspecies of /. tfularensis. In addition, studies to test if F.
tularensis can utilize other siderophores have not been performed. Interestingly, the
bacterium Morganella morganii is found in the open environment and is also a
component of the normal intestinal flora of humans, mammals and reptiles and although
this organism does not produce rhizoferrin, it is known to uptake rhizoferrin and
staphyloferrin A as a source of iron (20). A brief BLAST analysis of the nucleotide
sequence for the described uptake system of M. morganii was performed against the F.
tularensis database with no significant hits. It would be interesting to search for

homologous rhizoferrin uptake systems that have already been described for other
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bacteria to try to identify the uptake system used by F. tularensis. Furthermore, the
search for other iron uptake mechanisms might be important for understanding the
ecology and pathogenesis of this bacterium. Given the unique properties already
identified for this bacterium, including LPS structure (15) and its novel macrophage entry
mechanism (30), it would not be unexpected to discover a novel system of iron uptake by
this bacterium.
5.3  Relevance of current work for future work in the study of pathogenesis

As discussed in Chapter 4, the differential characteristics described for
subpopulations A.l and A.ll, including geographical separation, preferential vectors,
anatomical source of recovered isolates, and disease outcome, are intriguing given how
closely related these two subpopulations are (9, 16, 33). The results obtained from our
subtractive hybridization study did not reveal any obvious regions of difference
associated with previously characterized genes linked to virulence. However, given how
little we understand about this bacterium, one cannot eliminate the possibility that any of
the products encoded for by the 18 RDs identified may be important for pathogenesis
either alone, or in conjunction with other proteins. Each of these regions can be used to
form new testable hypothesis for comparing A.l and A.IL

Staples et al. established that among the F. tularensis subsp. type A tularemia
cases studied, A.I had a statistically higher case fatality ratio than A.II (14% compared to
0%) (33). One controversy of these is A.Il has a lower case fatality than F. tularensis
subsp. type B thus moving away from the F. tularensis dogma that all F. tularensis
subsp. type A strains are more virulent than /. tularensis subsp. type B that has always

been documented as less virulent and as causing milder forms of tularemia as compared
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to F. tularensis subsp. type A (32). To better understand the virulence determinants and
pathogenesis associated with the two F. tularensis subsp. type A subpopulations A.I and
A.Il, and between these and F. tularensis subsp. type B, experimental animal infection
studies would be beneficial. Unfortunately, there is currently no optimal animal model
for infection studies using F. tularensis subsp. type A strains (28). When studying
infectious diseases using animal models, most models can not be utilized to answer all
questions. Instead, the model selected needs to be done based on the question being
asked. In the case of F. tularensis subsp. type A, with its high virulence the murine
model does not provide the ability to appropriately assess differences in virulence among
strains. Mouse models for type A studies using BALB/c and C57BL/6 mice were
recently developed (4, 42). However, tularemia infections caused by F. tularensis type A
and type B using these models gave similar results and infection by the two and cannot be
differentiated. Additionally, mice are also susceptible to infection with both F. tularensis
type B strain LVS and subsp. novicida that are generally not infectious to humans;
therefore, questions concerning the translational value of data gained from these studies
to humans need to be addressed. Only one study, by Twine et al., has directly compared
virulence between two type A strains using the mouse model. In their study, they were
able to show subtle differences that were statistically significant through measurements
of time to death by vaccinating mice with /. tularensis subsp. type B strain LVS prior to
infection with F. tularensis subsp. type A strains (40). Using the approach of Twine et
al., or even trying to expand pathogenesis studies to a more suitable model such as the
rabbit (this model is only susceptible to F. tularensis subsp. type A strains) to test several

F. tularensis subsp. type A subpopulations (A.l and A.Il) isolates, and F. tularensis
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subsp. type B isolates would be ideal. Rabbits are natural transmitters of this infection
(8). They have a slightly higher LDsy that may allow for increased accuracy in
inoculation, and have been previously shown to develop symptoms that more closely
resemble those described for human infections (28). Disadvantages to using rabbits
include the limitations associated with an undeveloped model such as the lack of reagents
to assess the host response.

Although advances in genetic tools such as allelic exchange strategies have
progressed for studying F. tularensis subsp. type A strains (22, 38, 39), without an
appropriate animal model in which non-manipulated and manipulated strains can be
tested the limitations for the use of these tools are numerous. The same constraints apply
to future studies on the 18 RDs we identified by subtractive hybridization. The lack of
appropriate animal models for bacterial pathogenesis is not unique to F. tularensis. In
some cases such as Mycobacterium leprae no animal model exists (31). However, in
case of leprosy and other bacterial diseases there is the availability of human tissues that
can be studied to assess host-pathogen interactions of the true disease states.
Unfortunately this is not the case for tularemia. The diagnosis of disease is generally
confirmed after treatment has been completed thus limiting the availability of useful
clinical samples and low prevalence of the disease does not facilitate use of clinical
samples. Consequently, a significant portion of data being generated in this field for F.
tularensis type A results in the generation of lists of genes and proteins for which their

significance cannot be appropriately assessed outside of the macrophage model.
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5.4  Concluding remarks

As discussed in previous chapters, research on Francisella is primarily dominated
by studies using F. tularensis subsp. type B strain vaccine strain LVS or F. tularensis
subsp. novicida strains due the minimal safety requirements needed to work with these
strains. A slight movement away from this is currently underway, and increasingly more
studies using F. tularensis subsp. type A are being performed. However, there are still
numerous studies and technologies being developed using strains that are not relevant to
human infection. In addition, the data acquired from these studies is rarely tested in
clinically relevant human strains and inferences are made that many times do not hold
true for the virulent strains. As Chapter 1 describes, the subsp. of F. tularensis differ in
almost every aspect studied, including virulence, ecology, structure, genetic makeup, and
growth requirements (32). Given that the priority for researching Francisella is currently
to be prepared for the potential use of this bacterium as a biological weapon, the focus for
this research should be on enhancing understanding and describing the virulent subsp.
The use of F. tularensis subsp. type B strain LVS and F. tularensis subsp. novicida are
useful tools for identifying possible virulence determinants through comparisons between
these strains and the clinically relevant strains and work with these strains should be
limited to such studies.

The future and potential of this pathogen is unknown. Emergence of F. tularensis

into new, non-endemic areas has occurred and will likely continue to occur (25).
Appropriate diagnostics and surveillance methods for F, tularensis are essential in

prevention and preparedness for both natural and provoked increases in this infection.
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In closing, the work presented in this dissertation has provided tools for
enhancing our ability to identify F. tularensis subsp. type A subpopulations A.l and A.II
in a quick manner and provided proof-of-concept for RT-PCR development specific for
A.l and A.Il. In addition, the regions of difference identified between A.I and A.Il and
the discovery that aerobactin inhibits Francisella provoke multiple hypotheses that can

be tested and will further enhance out knowledge of this bacterium.
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